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Abstract

This article presents a comparative study of the behaviour of clayey soil reinforcements using stone column ground improvement by
means of numerical analyses. Two-dimensional finite element analyses with commercially available software, PLAXIS, were performed
on end-bearing stone columns using 15-noded triangular elements to investigate the impact of the modelling type on the stress concentra-
tion ratio and failure mechanism of an improved foundation system. Consolidation analyses were conducted throughout the study using
Mohr-Coulomb’s criterion. The computed values of the stress concentration ratios were compared for different key parameters, including
the diameters of stone columns, c/c spacing of columns, friction angle of stone column material, and undrained cohesion of soft soil. The
major conclusions of this study were that the stone column in the unit cell model shared between 2.5 to 3.14 times more loads than the
surrounding soil, whilst in the plane strain model it shared between 1.7 to 2.9 times more loads. The use of plane strain approach to mod-
el the stone column gave a more comprehensive representation of the stress distribution and load transfer between the soil and columns,

in addition to being a better method than the unit cell concept to evaluate the failure mode in this system.
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1. Introduction

Stone columns play a definite role in the area of ground improve-
ment. Stone columns are best suited for the reinforcement of sites
involving soft clays and soft compressible silts, and for loose, silty
sands. So far, the design of stone columns is still limited to empir-
ical and past experiences, where practice plays an important role
in the design. The stone column technique of ground treatment has
proven to be successful in improving the stability of embankments
and natural slopes, increasing the bearing capacity, reducing total
and differential settlements, mitigating the potential for liquefac-
tion as well as improving shear resistance. Since most of the stone
column designs that have been adopted are based on the unit cell
concept, so the authors in this study tried to examine the accuracy
of this concept by comparing it to the plane strain model. The unit
cell (axisymmetric model) involves a single stone column with its
equivalent modelled circular influence zone [1], whilst in the plane
strain model; the cylindrical columns are designed as stone
trenches, which are widely used below long loads like embank-
ments [2].

The stress concentration ratio SCR is one of the most important
factors in the design of stone columns. Since there is no accurate
method for obtaining a rational estimate of this ratio, it has to be
determined either through an empirical estimation of field meas-
urements or based on an engineer’s previous experience. General-
ly, the stress distribution is defined in terms of the SCR, and is
expressed as:

SCR= = 0

Oy

where: @ is the stress in the column, and @, is the stress in the
surrounding soil.

As the stone column is stiffer than the natural soil, the stress will
be concentrated in the stone column with an accompanying reduc-
tion in stress in the surrounding soil [3]. Numerous studies have
been carried out into the behaviour of stone columns, and they
have shown that the stress concentration ratio for stone column-
reinforced foundations range typically between 2 to 6, with the
usual values being 3 or 4 [4], [5]. On the other hand, Greenwood
[6] obtained a much different result, where very soft clay at a low
stress level produced a very high SCR of 25. However, Abusharar
and Han [7] reported that below an embankment (close to a flexi-
ble foundation), a stress concentration ratio of 1.0 is reasonable
and conservative. In addition, several parameters have a great
influence on the SCR, as examined by numerous researchers. For
instance, Ng [8] studied the effect of an applied load on the SCR,
and stated that as the load was increased, a very small increase
was noted in the SCR, i.e. SCR = 3.9 to 4 for g = 50 to 400 kPa,
respectively. Ichmoto [9] and Kim [10] drew the same conclu-
sions, while other researchers like Watts et al. [11] reported that,
based on a field load test; the increase in the stress concentration
ratio was due to the increased load. However, Bergado et al. [12]
suggested the opposite.

In this study, a series of 2D finite element analyses using the soft-
ware package, PLAXIS, was employed to simulate a single and
group of end-bearing stone columns in soft clay soil. In addition,
the paper focused on the factors influencing the SCR and load
transfer in the unit cell and plane strain models. Furthermore, the
study highlighted the main difference between using a unit cell
and plane strain approach in numerical models.
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2. Case study description

The selected case study was the Lebuhraya Pantai Timur 2 (LPT2)
project, which is a continuation of the first phase of the East Coast
Expressway (LPT1) between Karak and Jabor (in Malaysia). The
embankments used in this project have heights varying from 10 to
12.5 m, with a minimum top width of 32 m, and side slopes with a
gradient of 1V:2H. Berms, with a width of 2 m and height of more
than 5 m, are provided on both sides of the embankments, as can
be seen in a typical cross section of the geometry of the embank-
ment in Figure 1. The presence of clayey silts up to a depth of 8 m
with shear strength values varying between 8 to 11 kPa posed
serious problems with regard to stability and long-term settlement.
Since the soil with these properties was unable to safely support
the required height of the embankment, so, the vibro replacement
technique was adopted for the treatment of the underlying soft
soil. A stone column with a diameter of 1 m was used for the
treatment, depending on variations in the road geometry and soil
condition, where the columns were distributed by a square grid
pattern with a 2 m c/c spacing.
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The results of a typical single-column plate load test that was car-
ried out on the project are presented in Figure 2. In the first load-
ing cycle, the allowable design load was applied and maintained
for a period of 24 h, while in the second cycle, a maximum load of
1.5 times the design load was applied. The acceptable requirement
for the load test was that the settlement should not exceed 50 mm
under the allowable load design and 80 mm under 1.5 times the
allowable design load.

The construction of embankments over soft soil is often done in
stages to ensure their stability and to minimize the post-
construction settlement, as indicated in Figure 3. The duration of
each stage includes two parts, namely, the construction time and
the waiting time. The waiting time is set in order to allow for the
partial dissipation of excess pore water pressure. The modelling
was extended to 1000 days after the end of the second stage in
consideration of the serviceability condition (long-term). More
detailed information about this case history can be found in Qasim
[13].
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Fig. 1: Cross Sections Showing the Geometry with Fine Mesh of Embankment Project Modeled.
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Fig. 2: Load-Settlement Curves of a Single Column Plate Load Test.
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Fig. 3: Stage of Cconstruction Sequences of Embankment.

3. Numerical modelling and material proper-
ties

Finite element analysis based on the PLAXIS 2D v8.2 package
was used to simulate this case study. All the numerical analyses
were carried out with regard to the geometry of the unit cell in one
and the plane strain in another, with a square arrangement of the
stone columns. For the unit cell concept, the circular, isolated
columns had an equivalent diameter of influencing area that was
equal to de=1.13S, where S is the spacing between adjacent col-
umns. Due to the symmetry in both models (unit cell and plane

strain), only half of the cross sections were simulated to save
computing time. The Mohr-Coulomb failure criterion was adopted
for the materials of all the elements with drained behaviour that
were assumed for the stone columns and fill materials, while the
undrained soft clay was assumed for the soil. The properties of the
soft clay, stone column, and sand can be found in the literature
[13]. The input parameters for the Mohr-Coulomb model involved
the stiffness modulus (E), drained cohesion (c), internal friction
angle (), dilation angle (), Poisson’s ratio (v), and unit weight
(y). All these parameters and the interface strength between the
stone column and soft clay (Rinter) are set out in Table 1.

Table 1: Soil Data Sets Parameters Used for Validation of PLAXIS

Mohr-Coulomb Blanket layer Fill material Firm clay Soft clay Stone column
Type Drained Drained Undrained Undrained Drained
¥ et [KN/m3] 19 17 16 15 12

¥t [KN/m3] 22 18 17 16 22

Ky [m/day] 1 1 7.36*10° 7.36*10° 1

ky [m/day] 1 1 3.68*10° 3.68*10° 0.5

E [kN/m2] 20*10° 20*10° 15*10% 2*10° 20*10°
) [-] 0.333 0.333 0.4 04 0.333

c [KN/m2] 0.1 0.1 23 28 0.1

® [] 35 30 28 1 38

] [] 0.0 0.0 0.0 0.0 8

Rinter. ['] 1 1 1 1 1

The mesh and mechanical boundary conditions of the unit cell and
plane strain models are included in Figure 1. As far as the dis-
placement boundary is concerned, no displacements in the direc-
tions perpendicular to the symmetry planes and to the base were
allowed. In the plane strain cross sectional view, the right bounda-
ry was assumed to be impervious since there were no flows cross-
ing the symmetry plane. The left boundary was assumed to be
impervious as well since it was located far enough to have a minor
influence on the results. The bottom was also impervious, thereby
accounting for the low permeability of the underlying firm clay.
The fine mesh arrangement was generated with fifteen-node trian-
gular elements having three translational degrees of freedom per
node to achieve high accuracy at the beginning of the consolida-
tion process in both models (the average number of elements was
290 and 1189 in the unit cell and plane strain models, respective-
ly). The gravity loading was considered to generate the initial
stress and pore water pressure, where the phreatic level was set at
1 m below the top surface.

The soft soil reinforced with ordinary stone columns was investi-
gated using a consolidation analysis during and after each con-
struction stage (this type of analysis should be selected to analyse
the dissipation of excess pore water pressure in water-saturated
clayey soils as a function of time). The calculation was continued
until the excess pore water pressure reached at least 1 kPa. The
outcomes obtained from the numerical analysis to achieve the

purpose of this study were the stress concentration ratio at the
ground surface, and the failure mechanism.

4. Parametric study

To make the investigation more thorough and representative, a
parametric study was conducted through a series of analyses to
evaluate the performance of each stone column model used and to
investigate the influence of each key factor, as summarized in
Table 2.

Table 2: Values of Influence Factors Used

Item Parameter Range of value

Stone column  Diameter ratio (d/S) 0.4, 0.45, 0.5,0.55 & 0.6
Internal friction angle (¢) 30, 38,40 & 45
c/c spacing ration (S/d) 2,26,3&34

Soft clay Undrianed cohesion (kPa) 15, 28,30 & 35

5. Results and discussion

The effects of the abovementioned factors on the SCR and failure
mechanism were evaluated and rated in this study.

5.1. Failure mechanism and load transfer
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In the FEM of this particular soil body, plastic points were ob-
served at the end of the second construction stage, as shown in
Figure 4. Further deformations and strain variations were expected
to occur at these points. The use of stone columns with better
quality material would deter the occurrence of plastic points due to
the material yield limit of the column material [14].

By comparing the plastic point’s distribution of the two models, it
could be concluded that the unit cell model represented one of the
interior columns of the plane strain model but did not represent the
exterior column. This was probably one of the limitations of the
unit cell, and the benefit of using the plane strain approach to
model stone columns, especially in studies of slope stability and
failure mechanisms.

O Plastic points

Considering the fact that stress redistribution was a key mecha-
nism in this system, and that the properties of the embankment fill
and foundation soil were stress dependent, the higher the stress
concentration ratio, the more the stress that would be transferred
onto the columns. Fig. (5) and Figure 6 display the stress distribu-
tion in the system that resulted from the plane strain and unit cell
analysis, respectively. The plane strain model showed a reduction
in the stress distribution whenever it moved away from the centre,
and this observation could not be detected through the use of the
unit cell concept. However, the use of the unit cell model resulted
in a higher stress transfer to the column than the plane strain mod-
el.

Stone columns of
d=1m & S=2m
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Fig. 5: Stress Distribution Between Stone Columns and Surrounding Soil in Plane Strain Model.

There is a clear difference between the failure modes of a group of
stone columns and an isolated column, where the columns can
interact and restrain the expansion of the adjacent columns [15].
According to McKelvey et al. [16], in a group of stone columns,

the central column deforms or bulges uniformly, whereas the col-
umn at the edge bulges away from neighbouring columns, as oc-
curred in the current study (see Figure 7).
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Fig. 7: Deformation Mode of Unit Cell and Plane Strain Models.

5.2. Stress concentration ratio (SCR)

As a load is applied on top of stone columns, it will cause an in-
crease in the shear strength of the stone columns and a reduction
of settlement in the surrounding soft soil. Thus, the concentration
of stress will lead to the stone columns becoming considerably
stiffer than the surrounding soil. Since the deformation of the two
main materials (stone and soil) is approximately the same, the
stress in the stiffer stone column material should be greater than
the stress in the surrounding soil in terms of equilibrium.

For the different key factors that were investigated in this study,
the developments in the SCR at the surface for both approaches
were simulated and compared, as in Figure 8. The SCR changed
with some factors, including the spacing ratio (S/d), column diam-
eter ratio (d/S), friction angle of the stone column, and the un-
drained cohesion of the soft soil.

The SCR was calculated at the surface of the ground at the end of
the last construction stage using the average vertical stresses at the
A-A reference section, as presented in Figure 5 and Figure 6. The
SCR decreased along the length of the stone column and increased
with consolidation time [17]. Since the surrounding soil became
stiffer with depth, whilst the column became more yielding, this
caused a reduction in the SCR. Therefore, the ground surface was
used to evaluate the stress concentration ratio.

Figure 8.a demonstrates the resulting stress concentration values
under an increased c/c spacing ratio (S/d). The ratio of the stress in
the column to the surrounding soil was measured to be around 3
and 2.59 at a low spacing ratio, decreasing at the rate of 3% and
7.8% when (S/d) was increased from 2 to 3.4, based on the unit
cell and plane strain analysis, respectively. Ambily and Gandhi [5]
stated that the use of the unit cell concept with a small c/c spacing
ratio gives questionable results.

The relationship between the SCR and the column diameter was
plotted in Figure 8.b. The outcomes from the plane strain model
indicated a gradual increase in the SCR at a rate of about 10% as
the diameter of the stone column increased from 0.4S to 0.6S,
while the unit cell model showed a slight increase in the rate of the
SCR with changes in the diameter of the column. The SCR
reached a higher value of 2.77 when d/S = 0.6 and 3.088 in the
plane strain and unit cell models, respectively.

The different developments in the SCR at the ground surface in
both approaches were simulated, as shown in Figure 8.c, for vari-
ous values of the friction angle of the stone column. When the
friction angle of the column was increased, there was a rapid in-
crease in the SCR, especially in the plane strain model, where the
rate increased by up to 66% as the friction angle was increased
from 30° to 45°. The SCR reached the maximum value of 3.144
and 2.93 when =45 in the plane strain and unit cell models,
respectively.
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Figure 8.d shows the results of the SCR versus the shear strength
of soft clay from an analysis of the unit cell and plane strain mod-
els. The SCR trends for both models were approximately similar,
which showed that the stress concentration ratio reduced as the
undrained cohesion of the soil increased. This phenomenon was
due to the increase in the stiffness of the surrounding soft soil. The
increase in the overall stiffness of the surrounding soil led to a
reduction in the stress concentration in the column and in the
stress transfer from the surrounding soil. When the soft soil had a
cohesion of 28 kPa or more, there was no significant change in the
SCR, and it was almost constant, based on the two approaches
used in the current work. The difference between the two models
became smaller, changing from 3.3% to 2.7% and 2.6%, as the
undrained cohesion values of the soft clay became higher from
28kPa to 30 and 35 kPa, respectively. Ambily and Gandhi [5]
carried out laboratory tests on the stone column group model, and
finite element analyses on the single and group columns. The re-
sults, which were similar to the results of the current study,
showed that the stress concentration ratio decreased as the shear
strength of the surrounding soil increased.
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Within the scope of this study, the stress concentration ratio varied
from 1.76 to 2.93 and 2.48 to 3.14, with an average of 2.56 and
2.95 in the plane strain and unit cell concept, respectively. Barks-
dale and Bachus [18] reported that the stress concentration ratio
below an embankment supported by a square grid of stone col-
umns has an average value of 2.8, which is close to the result of
this study. The SCR was observed to decrease with increasing c/c
spacing ratio as well as increasing surrounding soil strength, while
increasing the column diameter and friction angle of the column
led to an increase in the SCR.

6. Conclusions

The present study investigated the accuracy of two types of model
systems, namely, the individual stone column (unit cell model)
and a group of stone columns (plane strain model) by means of a
numerical analysis. The following conclusions were derived from
the current study:

1) The stress concentration ratio was found to be slightly high-
er in the unit cell model than in the plane strain model. The
SCR was found to lie between 1.76_2.93 for the plane strain
model, and between 2.48 3.14, for the unit cell model.

2) From the results that were obtained, the use of the unit cell
model indicated that the stress transferred to the column was
greater compared to the plane strain model.

3) Finally, it was concluded that the unit cell concept seems to
be unsuitable for use in some stone column studies, such as
for studies into failure mechanisms.
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