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ABSTRACT: Utilizing stone columns proves highly effective in altering the behavior of
challenging ground conditions. The combined application of stone columns with
surrounding reinforcement enhances the methods efficiency for layered ground
formations. The current study investigates the effectiveness and behavior of unreinforced
and geotextile-reinforced stone columns integrated into sandy ground containing a soft
clayey lens. This problem was investigated employing a Frustum Confined Vessel (FCV)
in physical models and using ABAQUS software in numerical analyses. The results of
experimental tests, demonstrated that reducing soft lens thickness significantly
augmented the bearing capacity of both unreinforced and geotextile-encased stone
columns. As soft lens depth increased, both unreinforced and reinforced stone columns
exhibited approximately 40% and 10% increases in bearing capacity, respectively. The
results of numerical analysis showed that in the presence of soft lens, the change in the
length of a stone column had no effect on the occurrence of bulging failure and decreasing
placement level of the soft lens, increased the bulging failure occurrence proportional. On
the other hand, increasing the thickness of the soft lens reduced the bearing capacity of
the ordinary and reinforced stone column. The phenomenon of bulging can occur at the
level of the lens placement and up to a depth of about 4 times the diameter of the ordinary
column because of existence of a soft lens in a relatively loose sandy bed, while
mechanism of failure is not bulging anymore if using encasement.

Keywords: Frustum Confined Vessel (FCV), Stone Column, Bearing Capacity, Clayey
Lens, ABAQUS, Reinforcement.

1. Introduction

In the realm of constructing engineered
structures  like  buildings and road
embankments, grappling with soft or loose
soil beds that display inadequate bearing
capacity and susceptibility to settlement
exceeding permissible limits remains an

* Corresponding author E-mail: N.Ganjian@srbiau.ac.ir

unrelenting challenge. By embedding stone
columns within such soil beds, the bearing
capacity is augmented, and settlement is
curtailed. These columns are effective for
reinforcing soft and loose soils to depths of
up to 20 meters. The method involves
substituting a fraction, ranging from 15% to
35%, of the loose bed volume with gravel
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or crushed stone. This material is
meticulously placed within wells of
predetermined dimensions, thereby
enhancing soil bearing capacity and
minimizing settlement. However, the
presence of soft lenses within the soil bed
introduces complexity. These soft lenses
encompass zones of diminished shear
strength within the soil matrix, thereby
increasing the probability of bulging
failure. In many instances, this failure is
observed at depths spanning 2 to 3 times the
diameter of a stone column. Notably, this
failure mode is accentuated in cases where
the column length greatly exceeds 4 to 6
times its diameter, particularly within a
uniform  soil  matrix. In  regions
characterized by the existence of soft
lenses, it becomes crucial to bolster soil
bearing capacity and mitigate
compressibility through the reinforcement
of stone columns. This reinforcement
strategy is pivotal in evaluating the soft lens
is impact on these key parameters.

Moreover, the presence of
heterogeneous layers, such as fine-grained
strata within sandy beds, contributes to the
intricacy of  decision-making  when
assessing the behavior of geotechnical
structures. Engineering guidelines
(Schaefer et al., 2017), based on valid
principles further reveal that the failure
mechanism of a stone column in a sandy
bed housing an extremely soft lens hinges
on the thickness and depth of the lens. Lone
et al. (2015) performed experimental
studies of the behavior of stone columns by
changing the column diameter and length as
well as the length and stiffness of the
geosynthetic encasement material. They
concluded that the bearing capacity of the
column increased after encasement with an
appropriate geosynthetic in the rigid-base,
semi-encased and floating states.

Most studies have reported that bulging
failure occurs at a depth of Dto 2.5 D (D =
stone column diameter) from the top of the
stone column (Ghazavi and Afshar, 2013;
Afshar and Ghazavi, 2014; Mehrannia et
al., 2018). Studies on the behavior of stone

columns having different diameters with
and without geotextile encasement in
layered soil have shown that soil improved
by such columns had a greater bearing
capacity than did unimproved soil (Prasad
etal., 2017). Mohanty and Samantha (2015)
conducted experimental and numerical tests
on the response of stone columns in layered
sand and concluded that the behavior
differed in layered and homogeneous soils.
Shamsi et al. (2019) performed
experimental and numerical studies of the
behavior of sand columns reinforced by
vertical ~ geotextile encasement and
horizontal geotextile layers. Gu et al. (2020)
conducted numerical tests on the bearing
capacity of footing supported by geogrid
encased stone columns on soft soil.
Nazariafshar et al. (2022) performed
experimental studies of the effect of
construction method on the performance of
ordinary and geotextile-encased stone
columns. Danish et al. (2021) by numerical
modeling the behavior of stone column in
soft clay soil, found that increasing the
diameter of the column and the internal
friction angle of gravel materials increase
the bearing capacity of the stone column.
Also, Pereira et al. (2021) by numerical
analyzing a soft embankment that has got
improved with a stone column using plaxis
and slide software, concluded that the
mohr-coulomb behavior model predicts
vertical displacements better than the cam-
clay behavior model. Saxena and Roy
(2022) analyzed the effect of using two
different types of gravel materials in the
construction of stone columns on the
behavior of the column with plaxis software
and compared the length and diameter of
the stone column in both cases. Hajiazizi
and Nasiri (2019) conducted experimental
and numerical tests on the stabilizing of
reinforced sand slope using geogrid encased
stone column. Also, Shahraki et al. (2018)
performed studies on the behavior of stone
columns in saturated soft grounds using
Finite Element (FE) numerical method. Gu
et al. (2022) performed model test on the
behavior of floating stone columns
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reinforced with geogrid encasement. This
study, uniquely, investigates the impact of
soft lenses on the failure mode and defects
in stone columns situated within sandy beds
containing such lenses. This examination is
driven by excavation logs from northern
Iran indicating the presence of layered
conditions beneath the surface in specific
areas. Here, the results of experimental
models in FCV are used to validate the
software, and along with, the effect of
different parameters on the behavior of a
stone column in sandy ground contains
clayey lens will be investigated
numerically.

2. Experimental Modelling

2.1. Material

The sand used to form the bed was the
relatively medium sand from Bandar-e-
Anzali in Iran that has a relative density of

60% and a moisture content of about 8%,
with other specifications given in Table 1.

To prepare the soft clayey lens, the dry
unit weight was set at 80% of the maximum
dry density resulting from the standard
compaction test (ASTM D 698). Uniaxial
compressive strength testing (ASTM D
2166) was conducted on a sample with a
20% moisture content to find out
unconfined compressive strength (q.) of
lense. The specifications of the clayey
materials are given in Table 2. The
materials used for the stone column were
crushed stone with a particle size of 2-10
mm, as suggested by Nayak (1983) and
Fattah et al. (2011) as presented in Table 3.

Calculating the minimum  and
maximum dry densities (14.1 and 16.5
kn/m?, respectively), the dry unit weight of
stone column material was set at 15.7
kn/m?, which was equal to a relative density
of 70% (Mehran Nia et al., 2018).

Table 1. Properties of bandar-e-anzali sand

Parameters Unit Value
Specific gravity (Gs) - 2.7
Maximum dry unit weight kn/m? 15.4
Minimum dry unit weight kn/m? 13.3
Internal friction angle (¢) at 60% relative density ° 32
Dry unit weight for test at 60% relative density kn/m? 14.4
Moisture content % 8
Uniformity coefficient (Cy) - 1.65
Curvature coefficient (C.) - 1.01
Unified soil classification system - sp
Table 2. Properties of clay
Parameters Unit Value
Specific gravity (Gs) - 2.67
Maximum dry unit weight kn/m? 18.1
Optimum moisture content % 14.6
Bulk unit weight at 20% water content kn/m? 17.4
Plasticity index % 12
Liquid limit % 29
Unified soil classification system - cld
Table 3. Properties of stone column material
Parameters Unit Value
Specific gravity (Gs) - 2.7
Maximum dry unit weight kn/m? 16.5
Minimum dry unit weight kn/m? 14.1
Internal friction angle (¢) at 70% relative density ° 45
Bulk unit weight for test at 70% relative density kn/m? 15.7
Uniformity coefficient (Cy) - 2
Curvature coefficient (Cc) - 1.23
Unified soil classification system - ep
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The sand, stone and clay particle size
distribution curves resulting from the soil
gradation tests (ASTMD 422) are depicted
in Figure 1. The reinforcing material
specifications were determined based on the
scale effect. Considering the similar strain
conditions:
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where ¢: is the encasement strain, 7~ is the
tension force per length unit of encasement,
J: is the encasement stiffness, o: is the
vertical stress, k: is the lateral pressure
coefficient, /: is the length of encasement
and 1/A: is the model-to-real-condition
scale. The geotextile material stiffness
under real conditions is usually less than
about 2000 kN/m. In the current study, a
scale factor of 1:10 was used based on the
scale effect for selection of the reinforcing
material stiffness. Specifications of the

100

geotextile reinforcing material are given in
Table 4.

2.2. Experimental Investigation
(Frustum Confined Vessel)

Testing of a full-scale model that is
conducted on-site produces the best results.
However, the heavy cost of full-scale
testing and the inability to repeat tests under
exactly equal conditions have led to the
popularity of small-scale physical model
tests. A physical model is, in fact, a smaller
version of an actual geotechnical structure.

For small-scale physical modeling of
geotechnical structures such as stone
columns, the scale selected is usually 1:10
so that the model is not unduly large to
complicate working with it and not unduly
small to cause a considerable difference in
the behavior of the model and the prototype.
In conventional small-scale physical
models (1 g), limitations concerning stress
conditions exist because the stress level is
much lower than the actual stress.
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Fig. 1. Particle size distribution of Bandar-e-Anzali sand, clay and stone

Table 4. Properties of geotextile (manufacturer information)

Parameters Unit Value

Mass g/m? 500

Thickness mm 3.6

Tensile strength (md) kn/m 37

Tensile strength (cd) kn/m 37

Tensile elongation (md) % 55

Tensile elongation (cd) % 50
Tensile modulus (md) at 55% tensile elongation kn/m 67.3
Tensile modulus (cd) at 50% tensile elongation kn/m 74
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In conventional small-scale physical
models (1 g), limitations concerning stress
conditions exist because the stress level is
much lower than the actual stress.
Moreover, the small dimensions of a
centrifuge model can complicate the
installation of measurement tools having
fixed volumes and weights, which would,
thus, change the soil behavior (Mitchell,
1991). When using an FCV as a part of
regular physical modeling (1 g), actual
stresses can be applied. The FCV is a
container in the shape of a frustum in which
the sandy soil layer (bed soil materials) and
fine-grained lens are prepared by layer by
layer soil compaction.

In the current research, the FCV
developed by Jassim et al. (2022) was used
for geotechnical modeling. The FCV
physical model used as the main container
had an upper base diameter of 50 cm, lower
base diameter of 170 cm and height of 100
cm. Seling and Mckee  (1961) and
Chummer (1972) showed that wedge failure
occurring under a foundation will extend
from the center to the sides up to a distance
of 2 - 2.5 times that of the foundation width.
In the current study, the distance of
container walls to the foundation center was
more than 3 times the loading plate width.
The stone column had a constant diameter
of 80 mm and length of 600 mm (constant
length to diameter ratio of 7.5). To prevent
deformation of the walls of the FCV
boundaries of the physical model, the
cylindrical container wall was composed of

[ DIA 0.5 m
—D=0.08 m

DIA L1 m

0.5m

0. .‘ T

DIA 1.8 m

a rigid, thick steel sheet. The hydraulic
pressure was transferred to the soil from the
bottom of the test device through a flexible
rubber membrane.

To this end, a compressor transferred
compressed air to the air-water tank,
thereby forcing the water into the flexible
rubber membrane between the bottom of
the device and the soil. This transferred the
water pressure from the bottom of the
device to the soil. Figure 2 is a 3D
schematic view of the FCV device showing
the dimensions of its parts and physical
modeling.

Due to the specific geometrical shape of
the container, along with the application of
upward vertical pressure proportionate to
the actual conditions from the bottom of the
frustum, the horizontal stress increased as
the depth increased along the device axis.
Thus, the stress above the soil surface (in
contact with the air) was 0 and increased
proportionally as the depth increased. As
stated, due to the geometrical shape of the
device, the lateral pressure of the soil as a
coefficient of the vertical stress and a
function of the soil geotechnical properties
also increased as the soil depth increased.

This means that the FCV device
conditions were similar to the site
conditions, which 1is a considerable
advantage over other physical modelling
devices. The distribution of vertical stress in
the test device was  evaluated
experimentally (Mitchell, 1991).

Central axis
D=46 cm>24 cm(3D)

Soft clay

Stone column
—
-

L=60 cm

D=8cm

K

Medium sand

Fig. 2. Schematic profile of FCV and physical modeling
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The loading setup comprised the
loading device frame, a 5 ton (500 kN)
hydraulic load application device and a
circular loading plate (foundation) with a
diameter of 180 mm. The data measurement
system included a regular load cell,
miniature load cell and two LVDTs. The
data collection and recording system
comprised an eight-channel data logger and
a laptop (Figure 3). Two LVDTs are placed
on the loading plate to record displacement.

A load cell with a capacity of 5000 kg
revealed the total force applied to the
loading plate. A miniature load cell with a
capacity of 500 kg was placed on the stone
column to determine the stone column
bearing force and the stress distribution on
the stone column to determine the stress
concentration ratio. Loading was based on
the force control with a velocity of 10
kg/min.

The loading plate (diameter of 18 cm
and thickness of 3 cm) was made of rigid
steel with its center positioned over the
center of the stone column. All tests

continued until the loading plate had settled
for 45 mm. The capacity and combined
error of load cell are 10 tf and 0.03%,
although for the miniature load cell these
are 500 kgf and 0.15% respectively. LVDT
measurement stroke and linearity is also
100 mm and +/- 0.2%, respectively, based
on the factory catalogs.

2.3. Experimental Plan

Ten small-scale tests were conducted.
Control tests were also carried out to ensure
the repeatability and consistency of the
results and showed good compatibility
between the findings. Table 5 presents a
summary of the test plans. The models
comprised a stone column with a constant
length of 60 cm (L/D = 7.5) placed in a
sandy bed containing a soft lens. The
encased (ESC) and unreinforced (OSC)
forms had different thickness to column
diameter ratios (H/D) and lens depth to
column-diameter ratios (h/D). Figure 2
shows the parameters of physical modeling.

Fig. 3. Overview of FCV apparatus”él’ld C accesoies: a) FV; b) Load cell; ¢) Mini-load cell, loading plate;
and d) Data logger and laptop

Table 5. Outline of load tests on stone column

Test description Reinforcement Lens level (mm) Lens thickness (mm)
0-200-80 - 200 80
0-200-160 - 200 160
E-200-80 geotextile 200 80
E-200-160 geotextile 200 160
0-280-80 - 280 80
0-280-160 - 280 160
E-280-80 geotextile 280 80
E-280-160 geotextile 280 160
unreinforced - - -
reinforced geotextile - -
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3. Experimental Test Results

The load-settlement curves for unreinforced
and reinforced stone columns were
examined according to the lens placement
level (-20 and -28 cm) for soft lenses with
thicknesses of 8 and 16 cm and also in the
absence of a soft lens. Figures 4 and 5 depict
the behavior of unreinforced and reinforced
stone columns placed in the sand bed with
and without a lens at a level of -20 cm.
Figures 6 and 7 depict this behavior at a
level of -28 cm. Comparison of Figures 4
and 5 shows that, when the 8 cm lens was
positioned at -20 cm, the ultimate load on
the unreinforced column was 42% greater

than that for a lens thickness of 16 cm. The
load bearing capacity of the reinforced
column with an 8 cm soft lens was about
28% greater than of a 16 cm lens.

For the wunreinforced column, the
absence of a soft lens compared to the
existence of an § cm lens at -20 cm in depth
increased the bearing of the unreinforced
column 2.1 fold and that of the reinforced
column by 63%. Furthermore, the absence
of a soft lens for the unreinforced column
compared to the existence of a 16 cm soft
lens at 20 cm in depth increased the bearing
of the unreinforced column by 2.9 fold and
that of the reinforced column by 2.1 fold.

14 !
- =l -- Encased
120 & &= Ordinary ~
10 | —>—E-200-80
—&— 0-200-80
E\ '
=<
N’
=
®
=)
[

Settlement (mm)

Fig. 4. Load-settlement of reinforced and unreinforced stone column with and without lens with a thickness of 8
cm embedded at -20 cm

14 T

- -l -- Encased

— & = Ordinary
—>— E-200-160

12

Load (kn)

Settlement (mm)

Fig. 5. Load-settlement of reinforced and unreinforced stone column with and without lens with a thickness of
16 cm embedded at -20 cm
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Figures 6 and 7 reveal that, when the 8
cm soft lens is located at a depth of -28 cm,
the ultimate loading capacity of the
unreinforced column was 23% greater than
for a 16-cm soft lens at a depth of -28 cm.
The load bearing capacity of the reinforced
column with an 8 cm soft lens at a depth of
-28 cm increased by 11% compared to a 16
cm soft lens at a depth of -28 c¢cm. In soil
with no soft lens compared to soil with an 8
cm soft lens at -28 cm in depth, the load
bearing capacity of the unreinforced
column by increased by 62% and that of the
reinforced stone column by 51%. For the

soft lens at -28 cm in depth increased the
bearing capacity of the unreinforced
column 2 fold and that of the reinforced
column by 68%.

Compared to the soft lens located at -28
cm in depth, which is outside the possible
bulging failure depth, the unreinforced
column in soil with a soft lens at -20 cm in
depth (the critical bulging failure depth of
2-3 times the diameter of the column)
showed 36% lower load bearing capacities
for both the 8 cm and 16 cm soft lenses. The
reinforced column under similar conditions
showed a 16% lower load bearing capacity,

unreinforced column, the absence of a soft on average.
lens compared to the existence of a 16 cm
14 T T T T
1 1 1 1
1 1 1
12 --@--Encased ________ L ____ L __ :____:;.
= & = Ordinary i i ‘—*,I
~ 10 1 ——E-280-80 """ Pt Y et el
é 1 - I _A— A
% o | ——0-280-80 _______ L A - &
= i | 1
g 1
S| 6 p--—--———==Hd=-=-=-- ' g > e R
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Fig. 6. Load-settlement of reinforced and unreinforced stone column with and without an 8 cm soft lens
embedded at -28 cm
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Fig. 7. Load-settlement of reinforced and unreinforced stone column with and without a 16 cm soft lens
embedded at -28 cm
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4. Numerical Modeling

4.1. Numerical Model Specifications

The current study examined the effect of
a soft lens on the failure mode and defects
in ordinary and geotextile-encased stone
columns located in a saturated sandy bed
containing a soft lens using a ABAQUS
finite element software. The dimensions of
the model are based on the site dimensions
of the stone column which are being used in
the bed containing the soft lens. The sand
used to model the bed is the relatively loose
poor graded sand.

Based on the model geometric
conditions, axisymmetric modeling has
been used. The behavior of sand, clay and
stone column materials were also
determined based on the Mohr-Coulomb
elastic-perfectly plastic failure mode which
is widely used for geotechnical analysis and
flow law is also assumed to be independent.

The water table is at the same level as
the natural ground level and linear elastic
behavior is considered for geotextile

materials (Ghazavi and Afshar, 2013,
Afshar and Ghazavi, 2014, Mehrannia et
al., 2018).

4.2. Model Geometry and Boundary
Conditions

Figure 8 is a 2D schematic view of the
properties of the axisymmetric model
showing the dimensions and materials used
for numerical model. The vertical
displacement is applied to the rigid plate
uniformly and the stone column failure
criterion is assumed as 45 cm settlement
(vertical displacement) rate in all the
analyzed models.

This value is equal to 0.25 of the
diameter of the loading plate, which is
considered as the ultimate failure limit in
some references (Ghazavi and Afshar,
2013). According to the behavior and
related failure mechanism, in the stone
columns analysis the soil interaction or
interface with the stone column and/or
geotextile is not considered (Afshar and
Ghazavi, 2014).

circle loading plate (R=0.9 m)

R N AN AN AN AN AN AN B

loose sand |h

soft lens H
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1 L Z e
1i6m| | L

| stone
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i

R=0.4m

s-p

loose sand

16m

Fig. 8. 2D schematic of model properties
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Fig. 9. Meshing of the model in the software, obtained horizontal displacement and vertical stress contours
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Figure 9 shows an example of the
meshing of the model in the software as
well as the horizontal displacement and
vertical stress counters in the area of the
stone column.

4.3. Numerical Model Investigated and
Validation

6 numerical models were analyzed on
the whole, which 3 models were ordinary
and 3 models were reinforced. In these
models, a stone column with three lengths
of 600, 800 and 1000 cm also a soft clay
lens in level of -200 cm with thicknesses of
120 cm are considered. The analyzed
models have been investigated on failure
mode (bulging) and bearing capacity of the
stone column. Conform to the conditions of
the numerical models two physical models
were also built with a scale of 1:10 in the
FCV (Sedran, 1999) and the results were
used to validate and calibrate the results of

the numerical models. Considering the
scale effect, the results of two physical
models have been used to validate the
results of numerical modeling. The
materials specifications defined in the
validation models are not similar to the
same materials defined in the numerical
models. Figures 10 and 11 show the load-
settlement curves obtained from physical
and numerical models with similar
conditions, respectively.

5. Numerical Results

To illustrate the effect of stone columns
length on the behavior of them, three
different lengths of 600, 800 and 1000 cm
have been assumed for the stone column
and the behavior of the unreinforced and
reinforced column with geotextile in
variable states of alignment and thickness
of the soft lens has been investigated.

700 - : T : - T T T
e = ()-200-160-Current study . . .
600 0-200-160-Experimental =~~~ =~~~ """ 73777~
S0 |-
Z 1 1 1 1 1 1 1 1
2400 oo
= i i i i i i i '
£ 300 oo A e e R R
: ==
200 foon e g
0 T T T T T T T T
0 50 100 150 200 250 300 350 400 450

Settlement (mm)
Fig. 10. Load-settlement of ordinary stone column in lens with a thickness of 160 cm embedded at -200 cm
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Fig. 11. Load-settlement of reinforced stone column in lens with a thickness of 160 cm embedded at -200 cm
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It can be seen in Figures 12 and 13 that
changing the length of the column has no
effect on the maximum lateral displacement
(bulging) and the failure of the stone
column, and the stone column with different
lengths suffers bulging failure in the range
of soft lens placement. Moreover,
reinforcing stone column with geotextile
has reduced the maximum bulging by 60%.

Furthermore, based on Figures 14 and

15, it can be seen that, due to the occurrence
of bulging, changing the length of the
column did not affect its bearing capacity,
and increasing the length of the stone
column did not increase its bearing
capacity. It is clear that, reinforcing stone
column with geotextile increases the
bearing capacity of the stone column by
32%.
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Fig. 12. Lateral displacement along ordinary stone column with a thickness of 120 cm embedded lens at -200 cm
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Fig. 14. Load-settlement of ordinary stone column with a thickness of 120 cm embedded lens at -200 cm
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Fig. 15. Load-settlement of reinforced stone column with a thickness of 120 cm embedded lens at -200 cm

6. Conclusions

The experimental investigation represents
the inaugural effort to analyze the behavior
of stone columns, both with and without
reinforcement, situated in sandy ground
containing a soft weak lens. This
investigation was conducted experimentally
utilizing a FCV and also numerically using
ABAQUS software. The outcomes gleaned
from the load-settlement graphs have
yielded the ensuing findings:

e The presence of a soft lens at depths
ranging from 1 to 4 times the diameter of
the column substantially reduced the
bearing capacity of the columns. Notably, a
16 cm thickness of the soft lens accentuated
this adverse effect more prominently
compared to a 8 cm thickness. The
augmentation in bearing capacity for the
unreinforced stone columns exhibited an
almost twofold increase with diminishing
soft lens thickness, surpassing the
enhancement observed in the reinforced
stone columns.

e A 8 cm clayey lens positioned at a
depth of -20 cm led to a twofold decrease in
the bearing capacity of both unreinforced
and reinforced stone columns. Conversely,
when a soft lens was located at -28 cm in
depth, the bearing capacity of the stone
columns witnessed a 16% increment.

e Elevating the thickness of the soft
lens from 8 to 16 cm at a depth of -20 cm
precipitated a decline in bearing capacity,
affecting unreinforced and reinforced stone
columns by approximately 42% and 27%,

respectively. Nevertheless, at a depth of -28
cm, augmenting the soft lens thickness
translated to a 23% and 11% rise in bearing
capacity for unreinforced and reinforced
stone columns, respectively.

e With the existence of soft lens
increasing the length of the stone column
has no effect on reducing the maximum
radial displacement and its failure mode.
Also, the stone column with different
lengths, with the existence of soft lens has
bulging failure.

e With the existence of soft lens,
increasing the length of the stone column
has no effect on increasing of bearing
capacity, and increasing the length of the
stone column does not increase its bearing
capacity. Only reinforcing stone column
with geotextile increases the bearing
capacity. According to the results of this
research, if stone columns are used to
improve ground where there is a possibility
of very weak lenses in a depth of less than 5
meters from the surface of the earth, special
considerations should be taken into account
in the design of stone columns. In these

cases, it is recommended to use an
encasement stone column to prevent
bulging failure.
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