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Abstract This paper describes the soil layering effects on
response of the stone column and stone column improved
ground through a series of small scale laboratory tests and
numerical analyses. Two types of layering systems, i.e. soft
clay overlying stiff clay and vice versa are considered for
the present study. The entire laboratory tests were carried
out on 88 mm diameter stone columns installed in a two
layered soil systems. Unit cell concept is used to idealize
the behaviour of a single column within an infinite group of
stone columns. Entire unit cell and only the stone column
area were loaded to evaluate the stress versus settlement
response of the entire improved ground and that of the
stone column. Effects of the top soft and stiff clay layer
thickness on the axial stress of the whole improved ground
and stone column only are evaluated through laboratory
tests. A detailed parametric study using finite element
based software Plaxis was also carried out. Elastic-per-
fectly plastic Mohr—Coulomb failure criterion with drained
conditions was used for the soil and stone columns in the
numerical analyses. Result shows that the limiting axial
stress of the stone column is found to be influenced by the
top clay layer thickness up to two times the diameter of the
stone column beyond which it remains constant for both
the layering systems. The limiting axial stress of the whole
improved ground is found to be influenced by the presence
of the top layer up to a depth of four times the diameter of
the stone column for both the layering systems. The stiff-
ness improvement factor of the improved ground increases
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with increase in the thickness of the top soft clay layer and
attains maximum value for the full depth of soft clay
whereas it remains constant for different depth of the top
stiff clay. The vertical extent of the bulging increases with
increase in the thickness of the top soft clay up to two times
the diameter of the stone column for both the layering
systems.

Keywords Stone column - Plaxis - Stiffness - Bulging -
Unit cell - Layered soil

Abbreviations

Ly Layering system soft clay overlying
stiff clay (mm)

L, Layering system stiff clay overlying
soft clay (mm)

A, Area replacement ratio, dimensionless

C, Undrained shear strength (kPa)

SIF Stiffness improvement factor,

Etreatedv Euntreated

dimensionless
Stiffness of treated and untreated soil
respectively (kPa)

T Thickness of top soft clay (mm)

D Diameter of stone column (mm)

Uy Displacement in the lateral direction
(mm)

Y Depth along length of the stone column
(mm)

Introduction

Due to the rapid development of infrastructures, avail-
ability of suitable construction sites is decreasing day by
day. Therefore, the use of marginal sites and weak soils for
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construction of civil structures has become inevitable.
Among a variety of methods used for the ground
improvements, stone columns are widely used to improve
the bearing capacity of the very soft/soft soils and to reduce
the total and differential settlements of the super structures.
Stone columns are successfully used to support the earthen
embankments, LPG storage tanks, raft foundations, bridge
approach fills, to increase the stability of slopes and to
reduce the liquefaction potential of loose cohesionless soil
[1]. Stone columns acts as an effective ground treatment
method because of the three primary reasons. First, it acts
as a stiffer medium and increases the load bearing capacity
and stiffness of the improved ground due to its higher
frictional strength than the surrounding soils. It also
accelerates the rate of consolidation and reduces the post
construction settlements [29, 41]. Third, radial deformation
and subsequent increase in the lateral earth pressure co-
efficient of the surrounding soft clay occurs during the
installation of stone columns [9, 10, 12]. Therefore, in
cohesive soils, the stone column method of ground
improvement techniques works very efficiently when the
undrained shear strength of the in situ soil is in the range of
15-35 kPa.

A number of theories have been developed to estimate
the bearing capacity and settlement of the stone column
reinforced ground considering the different failure mech-
anisms of the stone columns. Greenwood [11] estimated
the ultimate bearing capacity considering that the stone
column fails in bulging and its capacity is governed by the
passive resistance offered by the surrounding soft soils.
Vesic [39] based on the cavity expansion theory estimated
the ultimate bearing capacity of the stone columns as a
function of angle of internal friction and cohesion of the
stone column material and the elastic material properties of
the surrounding soil. Hughes and Withers [13] and Madhav
et al. [24] established that the stone column fails in bulging
and the ultimate capacity of the stone column is governed
by the passive lateral resistance offered by the surrounding
soils against bulging. Madhav and Vitkar [23] and Barks-
dale and Bachus [3] presented the ultimate bearing capacity
equation of a multicolumn reinforced ground considering
the shear failure mechanism. Bergado et al. [5] reported
that the settlement of the reinforced ground does not
improve much compared to the unimproved ground when
centre to centre spacing between the stone columns is
greater than four times of its diameter. Priebe [30] esti-
mated the settlement improvement factor, defined as ratio
of the settlement of the unimproved to improved ground of
a rigid foundation supported by infinite number of stone
columns as a function of area replacement ratio, angle of
internal friction of the stone column material, constrained
modulus of the surrounding soils and stone column. The
‘unit cell” concept introduced by Baumann and Bauer [4]
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was used to isolate a single column within an infinite group
of stone columns. Mckelvey et al. [26] carried out labo-
ratory model tests in strain controlled manner on partially
penetrating stone columns having length to diameter ratio
of 6 and 10. Three failure modes of the stone columns
namely bulging, bending and shearing were clearly
observed during the tests. Stone columns, having length to
diameter ratio >6, does not further increase the bearing
capacity of the reinforced soil. Pulko and Majesh [31]
presented a closed form solution to estimate the settlement
of a rigid foundation supported by end bearing stone col-
umn considering the unit cell concept. The study shows
that the settlement reduction and stress concentration factor
increases with increase in the area replacement ratio and
the peak shear strength of the granular material. The set-
tlement reduction factor also increases with increase in the
dilation angle of the granular materials. Castro and Saga-
seta [8] presented a closed form solution of the radial
consolidation considering the vertical and lateral defor-
mations of the stone columns in elastic and elasto-plastic
state. The equivalent co-efficient of consolidation of the
stone column stabilized ground was found to be higher in
elastic state of column deformation than plastic state and
was dependent on modular ratio of the stone column and
surrounding soils, friction angle and dilation of the column
materials. Ambily and Gandhi [2] developed a design
charts to estimate the settlement of the stone column
reinforced ground through the model tests and finite ele-
ment based numerical analyses using unit cell concept.
McCabe et al. [25] compared the measured and predicted
settlement improvement factors of the stone column
improved grounds subjected to embankment and footing
loading from 20 recorded case histories on soft cohesive
soil. A comparison was also made based on the predicted
and measured settlement improvement factors among dif-
ferent construction techniques of the stone columns and
concluded that the dry bottom feed techniques is preferred
method for the stone column construction in soft cohesive
soil. Shahu and Reddy [36] studied the group behavior of
the stone columns through small scale laboratory and
numerical study. Result shows that the response of a group
of floating stone columns depends mainly on the area
replacement ratio and slenderness ratio, stress conditions of
the surrounding soil and relative stiffness between the
stone column and surrounding soil. Sivakumar et al. [38]
investigated the pressure distribution along the length of a
fully penetrating stone column through instrumented tri-
axial test for the consolidation and foundation loading.
During the consolidation stage, due to compression of the
surrounding soft clay, negative skin friction develops
which results in an increased pressure distribution at the
bottom third length of the column. An increase in the axial
stress along the length up to five times the diameter of
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stone column due to foundation loading was observed.
Black et al. [6] investigated the settlement behavior of
single and small group of stone columns through model
study on a specially developed triaxial cell. The influence
of slenderness and area replacement ratios on the settle-
ment performance of the stone column improved ground
was investigated. The settlement inprovement factor
increases with increase in the area replacement and slen-
derness ratio of the stone column up to 30-40 % and 8-10
respectively, beyond which these parameters have negli-
gible influence.

The above literature review shows that the experimental,
analytical and numerical study on the settlement and
bearing capacity of the stone column improved soil has
been investigated considering surrounding soil to be
homogeneous in nature. However in reality, soils are lay-
ered with variable degree of stiffness of different layers
[22]. Shivashankar et al. [37] investigated the response of
the stone column in layered soil through laboratory model
tests considering the unit cell concept. Stiffness of the
entire stone column improved unit cell and the axial
capacity of the stone column in soft clay overlying stiff
clay was investigated. The response of the stone column on
stiff clay overlying soft clay and the influence of different
parameters like area replacement and slenderness ratios,
relative stiffness of two layers on the response of stone
column improved ground has not been investigated. The
present study aims to investigate the response of the stone
column in two layered soil system through the laboratory
model study and the finite element based numerical study.
Detailed experimental study considering the unit cell
concept has been carried out to investigate the response of
the stone column on soft clay overlying stiff clay and vice
versa. A detailed parametric study has also been carried out
using finite element based software package Plaxis. The
influence of the top soft and stiff clay layer thickness and
area replacement ratio on the axial capacity of the entire
improved layered soil and stone column has been investi-
gated. It is to be noted that the coupled modelling of the
time-dependent soil behaviour is not adopted, since long
term settlement is targeted here. Therefore, a drained
behaviour is assumed in all the analysis. Also construction
process of the stone column has not been modelled in the
present analysis. Experimental procedure including mate-
rial properties, preparation of the stone column and layered
soil bed are described first in the paper. Material modelling
and parametric study through finite element based software
Plaxis has also been described. The results from the
experimental and numerical study are presented in the last
section. Influence of the thickness of the top soil layer of
both the layering system on axial capacity of the stone
column, stiffness of the whole improved ground and bul-
ging behaviour of the stone column for different area

replacement ratios has been investigated and presented. It
is to be noted that the present study used the unit cell
concept to isolate a single stone column from an infinite
group of stone columns and its behaviour in the two lay-
ered soil system has been investigated. The study does not
include the behaviour of the floating/end bearing stone
columns of small group.

Experimental Programme

All the tests were carried out in a cylindrical mild steel tank
of 600 mm in height and 185 mm in diameter as shown in
Figs. 1 and 2. The cylindrical test tank represents the unit
cell i.e. the influence area of a single stone column within
an infinite group of stone columns. The diameter of the
stone column was kept 88 mm in all the tests. The stone
column was extended to the full depth of the unit cell to
achieve length to diameter ratio >4.5, which is essential to
develop the full axial stress in the stone column [28].
Diameter of the stone column in the unit cell represents an
area replacement ratio of 22 % in an equilateral triangular
arrangement. An area replacement ratio of 22 % was
chosen for the present study because an area replacement
ratio less than 10 % does not show any significant
improvement and greater than 35—40 % is not economical
[3]. A two layered soil systems, soft clay overlying stiff
clay and vice versa were taken for the present investiga-
tions. The thickness of the top soft and stiff clay layers
were varied to see its effects on the response of the stone
column and the whole improved ground. Two types of
loading, the whole unit cell area was loaded to estimate the
load-settlement characteristics and stiffness of the whole
improved layered soil and the stone column area alone was
loaded to evaluate the axial capacity of the stone column in
the layered soil. All the tests were carried out in stress
controlled manner. Table 1 provides layering systems,
types and numbers of tests performed in the present study.
The load was applied through a hydraulic jack of 10 ton
capacity and was measured with the help of duly calibrated
proving ring and the corresponding settlements were

Top layer (soft/stiff)

Stone column

Bottom layer
(stiff/soft)

Fig. 1 Schematic diagram of model test setup
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Fig. 2 Unit cell with stone column

measured through the dial gauges having least count of
0.01 mm.

Material Properties

Clay, stones and sand are used for the preparation of clay
bed, stone column and sand blanket. Laboratory tests were
carried out to determine the relevant properties of these
materials. The properties of these materials are given
below.

Stones

Crushed stone aggregates of size 10—1.18 mm were used to
form the stone column. The grain size distribution of the
stone aggregates is shown in Fig. 3. The mixture of the
stone aggregates is classified as poorly graded gravel or GP
as per IS classification. The maximum (},.x) and minimum
(Ymin) dry density of the stone aggregates are 17.1 and 14.9
kN/m? respectively. Angle of internal friction of the stone
aggregates was determined by carrying out a series of
direct shear tests at a relative density of 60 % on a box of
size 300 x 300 x 200 mm. The stone aggregates were

Table 1 Experimental program

sheared in a direct shear box at a constant rate of 1.25 mm/
min under the normal pressure of 100, 150, 200 and
300 kPa to determine its angle of internal friction.

Sand

Clean river sand used in the present study was collected
from the nearby sites. The grain size distribution curve of
the sand is presented in Fig. 3. The maximum and mini-
mum dry density of sand are 17.2 and 14.6 kN/m’
respectively. The angle of internal friction and modulus of
elasticity of the sand were determined by carrying out a
series of drained triaxial tests.

Clay

The finer soil used for the present study was excavated and
collected locally. It was sieved through a 0.75 mm sieve to
remove the coarser fractions. After removing the coarser
fraction, the wet sedimentation analysis was carried out to
determine its grain size distribution. The particle size dis-
tribution curve is shown in Fig. 3. Other properties are:
specific gravity = 2.7, liquid limit = 42 %, plastic
limit = 31 %, optimum moisture content =21 % and
maximum dry density = 16.6 kN/m’. The soil sample is
classified as CI-MI according to IS classification system.
The unconfined compressive strength tests were carried out
by preparing the sample on standard proctor compaction
energy with different water contents. The amount of water
content was varied to produce the clay samples with dif-
ferent consistencies, evaluated through unconfined com-
pressive strength tests. Based on the test results, the water
content and corresponding undrained shear strength values
are plotted in Fig. 4. All the model tests were performed
with the clay samples having two different consistencies.
The required amount of water was added to the dry clay
samples and compacted in standard proctor energy to
obtain the desired undrained shear strength. Based on the
UCS test results, water content of 27 and 35 % were
selected to achieve the required undrained shear strength of

Layering system

Thickness
of top soft
and stiff clay

Loading Condition

Stone column
alone loaded
Treated soil

Entire area loaded

Untreated soil Treated soil

(i) Soft clay overlying Area replacement 1d v v v
stiff clay (L) ratio, A, = 22 % 2d v v v
(ii) Stiff lay overlying 3d v v v
soft clay (L) 4d v v v
Homogeneous v 4 v
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Fig. 3 Grain size distribution curve for clay, sand and stone

54 and 15 kPa representing the stiff and soft clay respec-
tively [33]. Modulus of elasticity of the soft and stiff clay
used in the numerical analysis was determined from the
consolidation tests. Modulus of elasticity of the clay is
inverse of the coefficient of volume compressibility
obtained from the consolidation test corresponding to a
pressure range of 100-200 kPa. The confinement offered
by the surrounding columns justify the use of constrained
modulus values obtained from the consolidation tests as all
the tests are intended to predict the behavior of interior
stone columns in a group [2].

Preparation of Layered Clay Stratums

For preparation of each test bed, the pulverized clay was
oven dried for 24 h and the required amount of water was
added to it. The soil sample was mixed thoroughly to form
a uniform paste. Two different water content as determined
from the UCS test were used to create the stiff and soft
clay. Before filling the soil, a thin coat of grease and
polythene sheet were applied along the inner surface of the

Undrained shear strength
(kPa)

20 25 30 35 40
Water content(%)

Fig. 4 Variation of undrained shear strength with moisture content

unit cell tank. Grease and polythene sheets were applied to
simulate the zero shear stress at the boundary of the unit
cell in loaded condition [4]. The stiff clay layer was filled
at the bottom of the unit cell tank up to a fixed height and
followed by the soft clay stratum and vice versa to create
two different layering systems. The clay soil was filled in
the test tank in five equal layers and each layer was
properly compacted with a hammer of 0.045 kN to achieve
a compacted height of 120 mm. After compaction of each
layer, representative clay sample was taken out for the
UCS test to check its undrained shear strength. The density
as determined through the standard proctor compaction
tests in the laboratory was maintained in each layer for both
the stiff and soft clay. Special care was also taken to ensure
that no air voids are left in the prepared soil stratum. The
layering systems, soft clay overlying stiff clay and stiff
clay overlying soft clay are referred to as L, and L,
respectively in the subsequent sections.

Construction of Stone Column

Replacement technique was used to construct the stone
column for the present study. Though the other methods
like forced intrusion, displacement and frozen techniques
of the stone column formation are more representative of
the field situations but these are difficult to implement in a
small scale model and the replacement method is proved to
produce the stone columns of excellent consistency [6]. A
thin seamless steel pipe of 88 mm inner diameter and
2 mm wall thickness was pushed into the clay soil with the
help of a hydraulic jack to construct the stone column
within the unit cell. The clay inside the pipe was scooped
out using a helical auger of 65 mm diameter. The borehole
thus formed was filled with the stone aggregates in five
equal lifts. The stones were compacted at a relative density
of 60 % within the stone column. The compaction of the
stone aggregates were done by a 0.045 kN hammer. The
trial compactions were carried out using a hammer to
calibrate the numbers and height of fall to get the required
compacted density of the stone aggregates. The quantity of
stones required in a single stage was estimated and sub-
sequently poured in the bore hole and compacted to the
desired density. The pipe was then slowly lifted up
ensuring a minimum penetration depth of 20 mm below the
top level of compacted stone aggregates to prevent caving
of the clay from surrounding into the hole. Special care was
taken during the construction to maintain a uniform
diameter along the length of the stone column. The above
mentioned procedure was repeated to complete the column
up to the full height. When the entire area of the unit cell
was loaded, sand blanket of 20 mm thickness at required
density, constructed through compaction technique was
placed on the top of the clay layer.

@ Springer
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Test Procedure

The entire testing process consists of three phases. The first
phase consists of preparation of the layered clay bed and
installation of the stone column. The second phase consists
of application of load on the entire unit cell and the stone
column area alone. In the third phase, the load and the
corresponding settlement were measured with the help of
calibrated dial gauges and proving ring to evaluate the
axial stress versus settlement characteristics of the entire
improved ground and the stone column separately. The
load-settlement behavior of the stone column and the entire
improved unit cell was studied by applying the vertical
load from the hydraulic jack supported by a loading frame.
The load on the entire unit cell area was applied through a
5 mm thick steel plate having diameter 5 mm less than the
inside diameter of the unit cell. A sand blanket of 20 mm
thickness was placed at a relative density of 80 % on the
top of clay bed before the entire unit cell area was loaded.
The role of the top sand blanket is to distribute the load
uniformly and also to serve as a horizontal drain [14]. All
readings of the proving rings and dial gauges were taken
manually. A constant load of 0.057 kN was applied in each
successive loading stage. It was observed from the Casa-
grande’s Logarithmic Time Fitting method that the soil
sample almost reaches 90 % of the total consolidation in
2-2.5 h under this load. Therefore, each successive load
was constantly maintained for a minimum period of 2.5 h.
The settlement was assumed to cease when the dial gauges
moves less than 0.001 mm/min. A steel plate of 88 mm
diameter and 5 mm thickness was used to apply the load on
the area of the column alone. The load was applied up to
the failure of the stone column. After the failure of the
column, cement slurry was poured on top of the stone
column and left undisturbed for 2 days to investigate the
failure shape of the stone columns. As the cement slurry
was too viscous to penetrate into highly impermeable clay
area, it forms into a thick paste around the stone column
area only. The clay soil surrounding the stone column was
carefully extracted to examine the shape of the failed stone
columns once the cement slurry get hardened.

Parametric Study

Finite element based package Plaxis has been used for the
present numerical analyses. All the numerical analyses has
been carried out considering the unit cell geometry in tri-
angular arrangement of the stone columns. The numerical
model has been validated with the published data of model
load tests on the stone columns. The details of the
numerical model, validation, material properties and
parametric studies are presented in the following sections.

@ Springer

Validation

Results of the model load tests on stone columns area only
reported by Ambily and Gandhi [2] has been used for
validation purpose in the present numerical model. A
100 mm diameter stone column in homogeneous soft clay
in the unit cell tank of 500 mm in height and 210 mm in
diameter was used in the model test. The centre-to-centre
spacing was kept two times the diameter of the stone col-
umn in triangular pattern arrangement and the same has
been modelled in Plaxis for the validation purpose. The
material properties, reported in the paper and subsequently
used in the analysis has been presented in Table 2. Fifteen-
noded triangular elements has been used for discretization
of the soil and stone column. Axisymmetric analysis has
been carried out using elastic-perfectly plastic Mohr—
Coulomb failure criterion for the soft clay, stones and sand.
A drained behavior has been assumed for all the materials.
Figure 5 shows the comparison of the load-settlement
behaviour between the model test and the present numer-
ical analysis. A close match is observed between the pre-
sent numerical study and model test results.

Material Modelling

Axisymmetric analyses has been carried out using the
elastic-perfectly plastic Mohr—Coulomb failure criterion for
soft clay, stiff clay, stone and sand. All the analyses has been
carried out in the drained condition. The gravity loading has
been considered to generate the initial stress conditions. The
construction process of the stone column and thus the stress
generated due to it has not been modelled in the present
analysis. Fifteen nodded triangular elements having three
translational degrees of freedom per node have been used to
discretise the stone column and the surrounding soil.
Young’s modulus, angle of internal friction and cohesion of
all the materials has been determined from the relevant
laboratory tests. Dilation angles have been determined from
the relationship ¥ = ¢ — 30° and the value of poisson ratio
of the corresponding soil taken from Bowels [7]. The input
parameters (E, Cy,, ¢, yary, ¥) are given in Table 3. Figure 6
shows a typical finite element mesh used for the simulation

Table 2 Properties of the material (Ambily and Gandhi, [2])

Properties Materials

Clay Stone
Modulus of elasticity (kPa) 5500 55,000
Poisson’s ratio (L) 0.42 0.3
Shear strength (kPa) 30 0
Angle of internal friction (&) 0 38°
Dilatancy angle (‘) 0 4°
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Fig. 5 Load versus settlement curve of stone column in clayey soil

of the stone column in the present numerical analysis. The
mesh convergence study reveals that increasing the number
of elements beyond 500 does not have any effect on the
settlement response of the geometry under consideration.
Subsequently 500-550 numbers of elements with the aver-
age element size of 11 x 107> m or less has been used in all
the numerical analysis. In the numerical model, all the nodes
along the lateral periphery of the tank are restrained from
moving in radial directions and all the nodes in the bottom
surface of the tank are restrained to move in both radial and
vertical directions. The top surface is free to move in any
directions. The prescribed displacements available in Plaxis
library has been applied in all the numerical analyses. The
interface elements between the stone column and the sur-
rounding soil has not been modelled in the present analysis
since the stone column fails due to bulging and there is no
possibility of generation of shear stresses at the interface of
the stone column and soil [27, 34].

Results and Discussions
Detailed parametric study considering different parameters

influencing the behaviour of the stone column and the
whole improved layered soil has been carried out in the

e

< Radial deformation = 0

amas :t m

Fig. 6 Finite element mesh and boundary conditions

Radial and vertical deformation = 0

present study. Effects of changing the top soft and stiff clay
layer thickness and the area replacement ratio on the lim-
iting axial stress of the stone column and whole improved
layered soil has been investigated in the present numerical
analysis. The area replacement ratio of the stone columns
has been varied from 15 to 30 % for different layered soils.
The axial stresses have been evaluated corresponding to
various settlement level of 5-25 mm. When the entire area
is loaded, because of the confinement from the boundary of
the unit cell, failure does not occur and therefore the stress
acting on the top surface of the whole unit cell corre-
sponding to 20 mm settlement has been taken as limiting
axial stress of the whole unimproved and improved soil.
Axial stress on the whole unimproved soil corresponding to
different level of settlement values vis-a-vis experimental
and numerical results has been summarized in Table 4. The
load-settlement characteristics of the whole improved
layered soil corresponding to an area replacement ratio of
22 % are presented in Fig. 7. Table 4 and Fig. 7 shows a
close match of the axial stress between the experimental
and numerical results for unimproved and improved lay-
ered soil. Stiffness of the stone column improved layered
soil, change in the limiting axial stress of the column,

Table 3 Properties of the
material used in the present
study

Properties Materials

Soft clay Stiff clay Stone Sand
Modulus of elasticity (kPa) 1100 6000 50,000 24,880
Poisson’s ratio (L) 0.42 0.35 0.3 0.3
Shear strength (kPa) 15 53 0 0
Angle of internal friction (&) 0 0 42 41
Dilatancy angle (V') 0 0 12 11
Ppure (KN/m?) 18.4 19.6 16.2 16.7
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extent of bulging of the stone column and the depth of
maximum bulging have been investigated and presented in
the following subsections.

Effect of Area Replacement Ratios

The area replacement ratio is one of the most significant
parameters controlling the response of the stone column
improved soil. Effects of the area replacement ratios on
different parameters of the stone column improved layered
soil have been investigated and presented in the following
sub-sections.

Limiting Axial Stress of Improved Soil

Figure 8a, b shows the variation of the limiting axial stress
of the whole improved layered soil for different top soft
and stiff clay layer thickness. A close match is observed
between the experimental and numerical results for both
the layering system for an area replacement ratio of 22 %.
The limiting axial stress of the whole improved ground
increases with increase in the area replacement ratio of the
stone column for a fixed top soil layer thickness for both
the layering systems. The area of the stone column in a
given unit cell increases with increasing the area replace-
ment ratio. As the stone column possess higher stiffness
than surrounding soil, the composite stiffness and load
carrying capacity of the whole improved unit cell increases
with increasing the area replacement ratios. The limiting
axial stress of the entire improved soil decreases as the top
soft clay layer thickness increases. The extreme right points
in each curve of Fig. 8a, b represent the limiting axial
stress of the homogenous improved soil corresponding to
the full depth of either soft or stiff clay. The limiting axial
stress of the improved layered soil is significantly influ-
enced by the presence of the top soft clay layer for layering
system L;. For example, the limiting axial stress of the
entire improved layered soil is found to be higher by 140 %
as compared to the entire improved homogeneous soft clay

Table 4 Axial stress of untreated clay soil

Load intensity (kPa)

0.00 50.00  100.00 150.00 200.00 250.00
0.00 T T T T 1

—— 4d soft clay Experimental
-5.00 - —a— 4d soft clay Numerical
—*— 2d soft clay Experimental
-10.00 - —— 2d soft clay Numerical
—— 1d soft clay Experimental

-15.00 4 —e— 1d soft clay Numerical

Settlement (mm)

-20.00 A

-25.00 -

Fig. 7 Load versus settlement curve of treated soil for entire unit cell
area loading (L)

for an area replacement ratio of 30 % when top soft clay
layer thickness is one times the diameter of the stone col-
umn. It can be observed from the figures that the limiting
axial stress of the improved layered soil is affected by the
presence of the top soft clay layer thickness up to four
times the diameter of the stone column. For the top soft
clay thickness more than four times the diameter of the
stone column, the underlying stiff clay does not contribute
in improving the limiting axial stress of the entire improved
soil significantly. Therefore, the limiting axial stress of the
entire improved unit cell may be taken equal to the full
depth of the soft clay for layered soil having top soft clay
layer thickness more than four times the diameter of the
stone column. For layering system L,, the limiting axial
stress increases with increase in the top stiff clay layer
thickness. When whole unit cell area is loaded, the total
stress is shared by the stone column and the surrounding
soil of the unit cell. The contribution of the bottom stiff
clay on the axial stress decreases with increase in the top
soft clay layer thickness, resulting in reduction in the
limiting axial stress of the improved layered soil. For L,
layering system, axial capacity of the surrounding soil
increases with increase in the thickness of the top stiff clay
which results an increase in the limiting axial capacity of
the improved layered soil.

Axial stress (kPa)

Settlement (mm)  Homogeneous soft clay 4d Soft clay on top

3d Soft clay on top 2d Soft clay on top 1d Soft clay on top

FEM Exp. FEM Exp. FEM Exp. FEM Exp. FEM Exp.
5 214 23.00 32.03 29.56 39.07 35.32 49.0 44.00 60.1 55.0
10 442 45.00 65.44 61.23 78.5 7167 103.1 98.21 120.8 1125
15 66.99 66.03 101 9331 1135 105 144.3 136.2 180.2 169.6
20 89.60 97.30 124 115.9 146.2 142.3 175.0 164.3 232.0 2242
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Fig. 8 a Limiting axial stress versus top soil thickness for entire unit
cell area loading (L,). b Limiting axial stress versus top soil thickness
for entire unit cell area loading (L;)

Stiffness of Improved Soil

The settlement of a ground under the applied load is
inversely proportional to the stiffness of the ground. So, the
stiffness of the entire improved ground is of particular
interest to estimate the settlement of the improved ground.
Also to highlight the efficacy of the stone column
improvement, the stiffness of the improved ground is
expressed with respect to stiffness of the unimproved
ground. The load-settlement graphs are linear when the
entire unit cell area is loaded as shown in Fig. 7. So, the
stiffness of the improved and unimproved layered soil can
be calculated from the average slope of the individual plots
corresponding to the different layering systems. The effect
of top soft and stiff soil layer thickness on the stiffness of
the improved ground has been evaluated in terms of stiff-
ness improvement factor (SIF) and is expressed as follows.

SIF = (Eimproved — Euimproved) /Eunimproved x 100
(1)

The stiffness of the improved and unimproved layered
soil has been calculated from the corresponding linear
load-settlement plots of different layering system for the
whole unit cell area loading case. Figure 9a, b shows the
effects of top layer thickness on the stiffness improvement

factor of the improved layered soil for L, and L, layering
system respectively. The results show that the stone col-
umn method of ground improvement technique is effective
to reduce the settlement as the stiffness improvement factor
is positive for both the layering systems. The increase in
the stiffness improvement factor with increase in the area
replacement ratio for both the layering system also indi-
cates that the effectiveness of the stone column to reduce
the settlement also increases with increase in the area
replacement ratio. The stiffness improvement factor
increases with increasing the thickness of the top soft clay
and attains maximum for the entire depth of soft clay for L,
layering system. The above results shows that the benefi-
cial effects of stone column techniques is maximum when
the entire depth is soft clay as stiffness improvement factor
is maximum in this case. For L, layering system, the
stiffness improvement factor remains constant for different
depth of top stiff clay. Figure 10a, b shows the comparison
of the stiffness improvement factors for different area
replacement ratios from the present study and other pub-
lished results with L; and L, layering system respectively.
Figure 10a shows the stiffness improvement factor from
the present study matches well with the results of Priebe
[30] and Castro and Sagaseta [8] for the full depth soft clay
and is higher than Pulko et al. [32]. For different thickness
of the top soft soil, the stiffness improvement factor from
the present study lies in between Priebe [30], Castro and
Sagaseta [8] and Pulko et al. [32]. Figure 10b shows the
stiffness improvement factor from the present study mat-
ches well with the results of Priebe [30] and Castro and
Sagaseta [8]. Pulko et al. [32] underestimate the stiffness
improvement factor when compared with the present study
for L, layering system.

Limiting Axial Stress of Stone Column

As the stone column improved ground derives its strength
from the limiting axial stress of the surrounding soil as well
as that of the stone column, the study of the later is
required. Figure 11a, b shows the load-settlement beha-
viour of the stone column for L; and L, layering system
respectively. The load-settlement behaviour has been
obtained by loading the stone column area only. The lim-
iting axial stress of the stone column has been determined
for each type of layered soil using the double tangent
method corresponding to its load-settlement curve. Fig-
ure 11a, b shows the variation in the limiting axial stress of
the stone column for different area replacement ratios for
L, and L, layering system respectively. The limiting axial
stress of the stone column increases with the increase in
area replacement ratio for both the layering systems. The
limiting axial stress of the stone column decreases with
increase in the thickness of top soft clay up to two times the
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diameter of the stone column beyond which it almost
remains constant and equals to the limiting axial stress of
the corresponding homogenous soft clay. For top soft clay
thickness more than 2d, the effect of the bottom stiff layer
on the limiting axial stress on the stone column diminishes.
Figure 11b shows that the limiting axial stress of the stone
column increases with increase in the top stiff clay thick-
ness up to two times the diameter of the stone column
beyond which it remains constant for different area
replacement ratios. The stone columns mainly derive its
capacity from the resistance offered by the surrounding
soils against its bulging in the upper portion. As the bulging
mostly happen in the upper portions, the limiting axial
stress of the stone column remain unchanged when the
thickness of the top soil thickness changes from two times
the diameter of stone column for both the layering system.

@ Springer

Bulging of Stone Column

Figure 12a, b shows the bulging of the stone column for L,
and L, layering systems respectively. The bulging of the
stone column occurs when only the stone column area is
loaded. The bulging shown in figures is the lateral dis-
placement at the interface of the stone column and sur-
rounding soil for an area replacement ratio and settlement
of 15 % and 25 mm respectively. For L, and L, layering
systems respectively the horizontal extent of bulging
decreases as the thickness of top clay layer increases. The
horizontal extent of bulging of the stone column is more for
layered soil than homogeneous soft soil. The vertical extent
of bulging denotes the depth of bulge zone from top of the
stone column. When the surrounding soil has only top 1d
soft clay, the bulging is limited in top 1d portion. As the
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Fig. 13 Extracted stone
columns (column area alone
loaded) from L to R:

a homogeneous soft clay,

b layered soil having 2D soft
clay (L,), c¢ layered soil having
1D soft clay (L;)
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depth of the top soft clay increases, the extent of bulging
also increases and remains constant at two times the
diameter of the stone column which is also observed from
the extracted stone columns after test and shown in Fig. 13.
For the top clay layer thickness more than two times the
diameter of stone column, the underlying soil layer does
not influence the bulging behaviour of the stone column for
both the layering systems L; and L, respectively.

The depth of maximum bulging has been plotted for
different depths of the top clay thickness in Fig. 14 for the
layering system L;. It can be observed that there is no
significant variation in the depth of maximum bulging for
L, layering system. The maximum bulging happens in top
0.5d-0.8d portion. The depth of maximum bulging for 1d
soft clay is at a shallow depth than rest of the layered soils
which is also observed from the extracted shape of stone
column after test (Fig. 13c). The point of maximum bul-
ging shifts downward for 2d and 3d depth of top soft clay
and beyond which it almost remains constant. The depth of
maximum bulging for A, = 15 % is more when compared
with the higher area replacement ratios. This happens as
the shear stress near the bulging portion in case of
A, = 15 % is not fully mobilized as in case of higher area
replacement ratios. The similar findings were also observed
by Wood et al. [40]. They observed that as the area
replacement ratio increases, the columns bulge more in the
upper zone of the soil layers and subsequently transfer the
load to the greater depth.

Conclusions

The present study investigates the soil layering effects on
the performance of the stone column through laboratory
model tests and the numerical study. Two types of layering
systems, the soft clay overlying stiff clay and vice versa
have been taken for the present study. The finite element
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based software package Plaxis has been used for numerical
analysis. The limiting axial stress of the improved ground,
limiting axial stress of stone column and the stiffness
improvement factor of the treated ground have been
investigated for different area replacement ratio and dif-
ferent top soft and stiff clay layer thickness. Following
conclusions may be drawn from the observations of the
present work.

(i) The behaviour of the stone column in layered soil
is significantly different from the homogeneous
soil up to a certain thickness of top soil. The
behaviour of the improved layered soil and stone
column alone depends on the thickness of the top
layer and the area replacement ratios of the stone
column.

(i) The limiting axial stress of the entire improved
soil is found to be influenced by the top soft soil
up to four times the diameter of the stone column
and beyond which the thickness of the top soft
clay has negligible effects on the limiting axial
stress of the treated soil. For stiff clay overlying
soft clay, the limiting axial stress of the entire
improved soil increases with increase in the
thickness of top stiff clay. The limiting axial
stress of treated layered soil also increases with
the increase in the area replacement ratios.

(iii) From the linear load—displacement relation, the
stiffness of the improved soil may be calculated
by taking the average slope of the curves. The
stiffness improvement factor of the treated layered
soil is found to be dependent on the thickness of
top soft soil and attains maximum value for the
homogenous soft clay. The improvement in stiff-
ness of the improved layered soil increases with
increase in the area replacement ratios.

(iv)  The stiffness improvement factor of the improved
layered soil for stiff clay overlying soft clay
increases with increase in the area replacement
ratios. The improvement factor is independent of
the thickness of the top stiff layer and remains
constant for different thickness of the top stiff layer.

(v)  The limiting axial stress of the stone column
increases with increase in the area replacement
ratio. Limiting axial stress decreases with increase
in the thickness of the soft clay up to two times the
diameter of the stone column. For top soft clay
layer thickness is more than two times the
diameter of stone column, the effect of bottom
stiff layer on the limiting axial stress of stone
column diminishes.

(vi)  For stiff clay overlying the soft clay, the limiting
axial stress of the stone column increases with
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(vii)

increase in the thickness of top stiff clay up to two
times the diameter of the stone column beyond
which it remain constant.

The vertical extent of bulging increases with the
increase in the thickness of the top clay layer and
remains constant at two times the diameter of the
stone column for both the layering systems. For
the top clay thickness more than two times the
diameter of stone column, the underlying clay
layer does not influence the bulging behaviour of
the stone column improved ground. The depth of
maximum bulging was found to be at a depth of
0.5-0.8 times the diameter of the stone column
and is also found to be independent of top soil
when its thickness exceeds two times the diameter
of the stone column.
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