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Abstract: Stone column is one of the soil stabilizing methods that is used to increase bearing capacity and decrease the
settlement of soft soils. Reinforced and unreinforced granular blankets are now being utilized to overcome the problems
of soft soils. In this research, the bearing capacity of stone columns, granular blanket, and a combination of both
methods in reinforced and unreinforced modes were studied using scaled physical models. Results show that using
granular blanket, stone column, and combination of both improves bearing capacity of soft soils. Using geogrid as the
reinforcement of granular blankets and geotextile as stone-column encasement increases the efficiency of granular
blankets and stone columns significantly. Additionally, in the case of using geotextile around the stone column, the
stress concentration ratio of the stone column will increase as well as its rigidity and bearing capacity.
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1 Introduction

The problems of soft soil in most parts of the
world have been one of the major challenges for
geotechnical engineers. Stone columns are created
by replacing poor soil with sand or a combination
of sand and crushed stones to construct a vertically
resistant system. The use of the stone columns is
useful, cost-effective and environment-friendly
method for resolving such issues. In addition,
because of high permeability of stone materials,
stone columns speed up the consolidation rate in
soft soils and are useful in terms of drainage and in
decreasing the potential of liquefaction.

The application of the reinforced soil blankets
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has been discussed since long time ago. With the
advancement of polymeric products like geotextile
and geogrid, their engineering properties will be
promoted and will perform well as compared to the
unreinforced mode. The role of geosynthetic
reinforcement of soil in improving the bearing
capacity has been

researchers [1-10].

investigated by several

Early studies regarding stone column were
published by researchers such as GREENWOOD
[11]; HUGHES et al [12] and MCKENNA et al [13].
In their researches, they reported the positive
performance of the stone column in increasing
bearing capacity and reducing settlement. VAN
IMPE [14] discussed using geosynthetic to increase
bearing capacity of stone columns for the first time.
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Lateral confining pressure increased using

geotextile around stone columns. Geotextile
prevents granular materials of stone column from
sinking into the soft soil and as a result, bearing
capacity increases significantly. The concept of
encasing granular columns with geosynthetics to
increase their capacity has been acknowledged by
numerous researchers [15-25].

Sufficient lateral confinement may not be
available in the case of very soft clays having low
undrained shear strengths (cu<l5 kPa) [26-28].
MURUGESAN et al [29] explored the bearing
capacity improvement of the stone column by
geosynthetic rings using numerical analysis with
finite element method. Their analysis showed that
cylindrical reinforcement around the stone column
increases its bearing capacity and rigidity and
reduces bulging in compare to ordinary stone
column. CHEN et al [30] investigated residual
settlement calculation of geocell cushion over
gravel piles. The geocell cushion was modeled as a
thin flexible plate with large deflection. The results
show that gravel piles will improve the spring
stiffness and reduce settlement with other
conditions remaining the same. Therefore, in
engineering practice, it is of significance to enhance
the spring stiffness of soft soil to reduce the soil
settlement.

GHAZAVI et al [31] explored the bearing
capacity of geosynthetic-reinforced stone columns.
Stone columns were used with 60, 80, and 100 mm
diameters and length of five times their diameters
reinforced by geotextile surrounding them.
NAZARIAFSHAR et al [32] experimentally
studied the bearing capacity of vertical encased
stone columns (VESC) and horizontal reinforced
stone columns (HRSC). The main objective of this
research was to study the efficiency of VESC and
HRSC under the same conditions. Experimental
results show that the bearing capacity of stone
columns increases using vertical or horizontal
reinforcing material. Moreover, the bearing capacity
of reinforced stone columns increases by increasing
the strength of reinforcement in both VESC and
HRSC. Also bulging failure mechanism governed in
all tests and lateral bulging decreases using
geotextiles  and  increasing  strength  of

reinforcement.

The consolidation theories for soft ground
improved by columns are developed on the basis of
those for sand-drained well foundation. Significant
studies have been made in developing the
consolidation theory for soft ground improved by
granular column, such as stone column and sand
column. GONG et al [33] derived a simplified
method for predicating consolidation settlement of
soft ground improved by floating soil-cement
column.

Problems of similarity between reduced-scale
models and equivalent field-scale prototypes lead to
uncertainty about whether the behavior and
mechanisms observed in reduced scale models
typical of the field-scale prototype. TAI [34],
WESTINE et al [35], DASH et al [36] and HONG
et al [37] reported similarity between reduced-scale
models and equivalent field-scale prototypes.

Most of the previous research was done on
stone columns without granular blanket and
simultaneous application of stone column and
granular blanket was rarely studied. Also, in most
of these studies, stone columns are settled on stiff
beds (unfloating column) and they rarely studied
the effect of floating stone columns. Moreover, in
most projects, the length of stone column is not so
long to reach stone surface and most of the stone
columns are floating types. In this study, using
large-scale laboratory tests, the bearing capacity of
floating stone columns with granular blanket was
examined in two type of reinforced and
unreinforced mode. To do so, stone columns with
60 mm diameter and 200 mm length were
constructed using geotextile to reinforce them. The
thicknesses of granular blankets are 40 mm and

75 mm and geogrid was used for reinforcing them.
2 Experimental setup and test procedure

Figure 1
experimental setup with or without blanket. A large
test chamber (120 cmx120 cm*90 cm) was used for
the experimental studies. The dimensions of the
stone columns were 60 mm in diameter and

illustrates schematic diagram of

200 mm in length.

MAYERHOF et al [38] observed that the
failure zone below a rigid pile extends over a depth
of approximately 2 times its diameter. Because the
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Figure 1 Schematic diagram of test setup without
blanket (a) and with blanket (b)

stone columns are flexible, this depth would be less.
SELIG et al [39] and CHUMMER [40] indicated
that the failure wedge in the foundation bed extends
over a distance of approximately 2-2.5 times the
footing width (D), away from its center. In the
present study, the diameter of the loading plate is 20
cm and the distance of the chamber walls from
center of the footing is approximately 3D, so the
failure wedge does not interfere with the chamber
walls. Also, the diameter of loading plate (D=
200 mm) was approximately in 1:10 scale
representation of prototype foundation of 2000 mm
in diameter. The dimensions of stone columns are
60 mm in diameter and 200 mm in length were
considered constant in all tests. To prevent
deformation in the boundary of the experimental
box, the walls were made stiff on all sides. Soft clay

construction was done by a unit weight-control
method, and the box walls were graded in 5 cm
intervals. The soft clay layers were filled into the
box in layers with a 5 cm thickness, and then
compacted. The loading systems consist of the
loading frame, the server motor, the loading plate,
and the data-acquisition system. The loading was
applied based on the displacement-control method
at a rate of 1 mm/min. The steel loading plate with a
diameter of 20 cm and a thickness of 3 cm was used,
and it was placed in the center of the stone column.
The data-acquisition systems included the computer,
data logger, and four sensors. Two linear variable
differential transformers (LVDT) were placed on
the loading plate to record the displacement data.
They measured any probable rotation occurring on
the loading plate. Figure 1 shows a schematic
diagram of an experimental setup with or without a
blanket. The load cell employed was class S with a
capacity of 3000 kg for measuring total force on a
loading plate and a miniature load cell with a
capacity of 500 kg mounted on top of the stone
column for measuring stone column bearing force.
Figure 2(a) illustrates the loading frame and server
motor. Figure 2(b) shows the loading plate and
sensors for experimental tests.

Large test box
(120 cm*120 cm)

Figure 2 Testing setup: (a) Loading frame and large test
box; (b) Loading plate and data acquisition instruments

All tests were carried out until the full
penetration of 50 mm displacement was achieved
(25% of diameter of loading plate). In total, 12 tests
were performed, and it is noted that some repeated
tests were performed to ensure that the results are
repeatable and consistent. Table 1 summarizes the
experimental test details.
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Table 1 Summary of experimental program Table 2 Properties of clay
Test No.  Test name Test property Parameter Value
1 Clay Specific gravity 2.7
2 (ON® Ordinary stone column Liquid limit/% 31
3 ESC Encased stone column Plastic limit/% 18
4 URB40 Un;e;réforcedhl?lell(nket Plastic index 13
wit ’ mm thickness Optimum moisture content/% 17
Unreinforced blanket
5 URBT75 with 75 mm thickness Maximum dry unit weight/(kN -m’3) 16.5
6 1RB40 One layered reinforced blanket Bulk unit weight at 26% water content/(kN-m ) 19.5
with 40 mm thickness .
One layered reinforced blanket Undrained shear strength at 26% water content/kPa 15
1RB75 : .
7 7 with 75 mm thickness USCS classification symbol CL
3 JRB75 Two lgyered remfor‘ced blanket
with 75 mm thickness 60
Ordinary stone column-+unreinforced
9 OSCHURBAO " nket with 40 mm thickness & sok
Encased stone column+unreinforced =
=
10 ESCTURBA40 blanket with 40 mm thickness B 40t
Ordinary stone column+one layered =
11 OSC+1RB75 reinforced blanket with § 30+
75 mm thickness =
Encased stone column-+one layered 2 20¢
12 ESC+1RB75 reinforced blanket with .g
75 mm thickness S 10+
=
o)
. . 0 1 I 1
3 Materials properties 20 22 24 26 28 30

3.1 Clay and stone materials

Clay beds were prepared using a locally
available soil. Table 2 represents its properties in
experimental tests. To determine the moisture
content corresponding to 15 kPa of the undrained
shear strength of the clay, a series of unconfined
compressive strength tests were carried out on a
cylindrical specimen with a diameter of 38 mm and
a height of 90 mm. These tests were carried out on
different water-content percentages according to
ASTM D2166. Figure 3 illustrates the undrained
shear strength versus various water-content in clay.
It can be seen that the required water-content is
26% to reach an undrained shear strength of 15 kPa.
It must be noted that to ensure the water-content
required for achieving an undrained shear strength
of 15 kPa, an unconsolidated undrained triaxial test
was also performed on a cylindrical sample with a
diameter of 100 mm in 26% water content, based
on ASTM D2850. The triaxial test results are in a
good agreement with unconfined compression test
results.

Table 3 describes the properties of stone
material, and Figure 4 shows the particle-size
distribution for stone columns and clay materials.

Water content/%
Figure 3 Variation of undrained shear strength of clay

with water content

Table 3 Properties of stone column material

Prameter Value

Specific gravity 2.6
Maximum dry unit weight/(kN-m™) 16.7
Minimum dry unit weight(kN-m™) 14.5

Bulk unit weight for test at 71% relative

density/(kN-m™) 16

Internal friction angle at 71% relative density/(°) 47
Uniformity coefficient 2

Curvature coefficient 1.23

Unified system classification GP

Crushed stone materials ranging from 2 mm to
10 mm were used for the stone column materials.
Dy, Dsg and Dy, are 3.4, 6.4, and 9.1 mm,
respectively. The dry unit weight of 16 kN/m® was
chosen as the unit weight of the granular material
for the stone column and blanket. The selected unit
weight corresponds to relative density of 71%. The
triaxial test with a diameter of 100 mm was
conducted to determine the internal friction angle of
the granular materials.
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materials

The ratio of the average aggregate size
(Ds50=6.4 mm) to the diameter of the stone columns
(D=60 mm) was approximately a 1:10 scale
representation of the prototype stone columns of
600 mm diameter and an average aggregate size of
64 mm. Also, the size of the crushed stone was
chosen in accordance with the guidelines suggested
by NAYAK [41] and FATTAH et al [42], in which
the particle size is approximately 1/6 to 1/7 of the
diameter of the stone columns. A value of 1/6 for
this ratio was considered adequate, based on the
works of FOX [43], STOEBER [44], and
MOHAPATRA et al [28], in which a ratio of
approximately 6 for the triaxial specimen diameter
to maximum particle size was found to be
satisfactory for granular material. In this research,
the diameter of the stone column is 60 mm, so the
maximum size of the stone column material is
limited to 10 mm.

3.2 Reinforcement properties

The type of reinforcement is determined with
respect to the effect of the model scale. Based on
the scale effect rules presented by IAI [34] and
discussed by DASH et al [36], GHAZAVI et al [31],
and HONG et al [37], the relationship between the
prototype and model reinforcement stiffness can be
calculated using  Eq. (1).

Jy=dpn A (1)

where J, is prototype-reinforcement stiffness; J, is
model-reinforcement stiffness; 1/4 is the model
scale that in this research 4 is 10.

In most projects, geotextile stiffness varies
between 50 and 2000 kN/m, and geogrid stiffness is

below 4000 kN/m (Huesker & Tencate [37]).
Because the scale parameter /=1/10 was used in this
research, the reinforcement stiffness was selected
and applied based on the scale effect. Table 4
describes the properties of reinforcements.

Table 4 Properties of geogrid and geotextile

Parameter Geotextile Geogrid

Yarn material Polypropylene  Polypropylene

Ultimate tensile

strength/(kN'm™) ? 6.5
Strain at ultimate
strength/% 33 38.6
Stiffness at ultimate strain,
JIkN-m ™) 16.36 16.84
Thickness/mm 1 2
Mass/(g-m ?) 140 —
Mesh aperture/mm 25

4 Construction of physical models

4.1 Preparation of clay bed

Clay was sieved with a 1 cm aperture to
separate any impurities and lumps. Two layers of
thick nylon were used to prevent any water content
reduction inside the preparation boxes. Primary clay
water content was accurately measured to estimate
the water required to reach a water content of 26%.
The clay was placed in the preparation box in the
form of 1 cm layers. The water required to reach
water content of 26% was steadily spattered over
each layer using a special sprinkler. Then, the
sample was covered by nylon and left for one week
to reach equal water content. To ensure a soil water
content of 26%, a water-content test was performed
on soil samples from various parts of soil boxes. To
control the thickness of each layer, the main box
wall was graded in 5 cm intervals so soft clay
samples could be constructed in 5 cm layers using
the unit-weight-control method. Before carrying out
any tests, the main box walls were coated by a thin
layer of grease to reduce any friction between the
clay and the walls. To reach a unit weight of
19.5 kKN/m’®, clay was weighed, and it was placed
into the main box in the form of 5 cm layers. The
layers were compacted using a special hammer
(150 mmx150 mm and w=10 kg). Five steel bars
with a diameter of 10 mm and a length of 20 mm
were placed under the special hammer for kneading
each clay layer. This helped to reduce leftover air
voids in the test bed and to connect clay layers to
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one another. Each soil layer was compacted to reach
50 cm in height, and the final soft clay surface was
leveled and trimmed to have a proper surface
without any cavities. This construction method was
replicated for all the experimental tests. Throughout
the course of the experiments, the water content
was measured to ensure the desired percentage of
water. The results showed that the water-content
percentage variations were below 1% in all tests. To
further reassure the undrained strength of the soft
clay sample after each test, an unconfined
compression test was carried out on samples. In all
the unconfined compression tests, the results
approved the presence of the undrained shear
strength of 15 kPa, and the water content was 26%.

4.2 Construction of reinforced and unreinforced

stone columns

A floating stone column with a diameter of
60 mm and a length of 200 mm was used in this
study. Stone columns were reinforced using
geotextile. All stone columns were constructed with
the replacement method in the center of the main
large box. To construct the stone columns, a hollow
steel open-ended pipe without any seam was used
with a diameter of 60 mm and a thickness of 2 mm.
In all tests, the internal and external areas of the
steel pipe were coated by oil to reduce the
surrounding soil manipulation and also to place the
soil inside it easily. The hollow pipe was then
vertically settled on the clay and pushed into it.
During this procedure, the vertical state was
carefully controlled by a special level. After
reaching 200 mm in depth, the soil inside was
discharged using a steel spiral auger. The diameter
of the auger was smaller than the inner diameter of

the pipe. In each step, soil with a maximum
thickness of 50 mm was removed. After that, the
pipe was pulled out slowly without any deviation
from its vertical state. The stone column materials
were then weighted and placed into the hole and
compacted to reach the thickness of 0.5D (with D
being the diameter of the stone column). In all tests,
the unit weight of the stone column materials was
16 kKN/m’. To achieve a uniform density, a steel
circular tamper with a weight of 2 kg and a
diameter of 20 mm was employed. Figure 5(a)
illustrates an unreinforced stone column, and
Figure 5(b) shows a reinforced stone column,
respectively.

To construct a reinforced stone column,
nonwoven polypropylene geotextile was first cut
into a rectangular form. It was constructed in
cylindrical form with thermal glue made of
polypropylene. The extent of geotextile overlap on
the seam was 1.5 cm. It should be mentioned that
tension tests confirmed the adequacy of this type of
joint. It indicated that the presence of a seam coated
by the thermal glue to make a geotextile
encasement had no adverse effect on the geotextile
strength (Figure 6). After construction, the steel
pipe was encased by geotextile reinforcement, and
the reinforcement was pushed into the soft clay
with the pipe. To prevent the displacement of the
reinforcement, an appropriate joint was created at
the bottom of the column. Granular materials were
then placed and compacted as previously described.

4.3 Constructing reinforced and unreinforced
granular blankets
Stone column materials were used to construct
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the granular blankets. The blanket thicknesses were
40 mm and 75 mm in which the ratio of the
granular blanket depth and the footing width is 0.2
and 0.37. BAI et al [45] considered this ratio equal
to 0.2. Granular materials were weighed to reach a
unit weight of 16 kN/m® and the half thickness of
the blankets. They were then placed over the soft
clay and compacted using a cylindrical hammer
(10 mm in diameter) made of polypropylene to
reach the specified thickness. In the previous
studies, an optimum length was shown for the
reinforcements [46—49]. They concluded that
lengths over the optimum value do not have a
positive effect to increase bearing capacity. This
length is about 2 to 8 times the diameter or the
width of the loading plate. Apparently, the optimum
length of the reinforcements depends on such
conditions as the number of reinforcing layers, the
type of soil, and the soil density. For instance,
MOSALLANEZHAD et al [50] demonstrated that,
as the number of the reinforcing layers increases, its
optimum length will also increase. In the present
research, geogrids in the form of squares with
lengths of 3 times the diameter of the loading plate
were used to reinforce the granular blanket. They
were placed in the middle of the blanket layer.

5 Results and discussion

5.1 Load-settlement behavior of samples

In this part, all the bearing capacity of the tests
was measured in 50 mm settlement. The settlement
reported is the average of the readings taken at both
ends of the loading plate (two LVDTs placed on the
loading plate). Figures 7, 8 and 9 show the

Load/kN
Figure 7 Load-settlement variation of reinforced and

unreinforced stone columns

0
-, 0 T Clay
N\ —=— URB40
10 | N\ '{.n —— URB75
\ ) ---8--- |RB40
E \ “n“m —--=--- |RB75
=20r \ o R o 2RB75
= \ ‘in “h
g \ a &
230f "a_ ke
° \ QA0
n Y 0 A
\“ Dn A];‘qy
40 \ ﬂh ‘A\Aq_o
\ AC
\ A o
50 1 1 N\ 1 h... A8
0 1 2 3 4 5 6
Load/kN

Figure 8 Load-settlement variation of reinforced and
unreinforced blankets

0= St = | .- BE Clay
. " —+—0SC+URB40
1ok P, ——ESC+URB40
da,  -~o-OSC+IRB75
=) \ oa --+-ESC+1RB75
=) \ aa
520 \ B&A‘
5 \ 0°a
—18 \‘\ uh a“A
g 30 [ \\‘ hn“n
A \ LI
\ aa
40 | ERY
‘\‘ nDAA
50 1 1 ‘\I 1 1 1 qnnl
0 1 2 3 4 5 6
Load/kN

Figure 9 Load-settlement variation of combination of
granular blankets and stone columns

load—settlement curves of a singular stone column,
a singular granular blanket, and a combination of
granular blankets and stone columns, respectively.
The application of a geogrid in reinforcing the
granular blanket and geotextile as the encasement
of the stone column improved their performance.
Also, the simultaneous use of the stone column and
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the granular blanket considerably increased the
bearing capacity of soft soils and had advantages
such as horizontal and vertical drainages.

Table 5 presents the percentage of the load
increase of each sample compared to the load
capacity of soft clay. These percentages are
measured in 50 mm settlements.

Table S Percentage of load increase of each sample
compared to load capacity of soft clay

Test name Load increase in 50 mm settlement/%
OSC 11
ESC 20

URB40 19
URB75 33
1RB40 65
1RB75 85
2RB75 95
OSC+URB40 28
ESC+URB40 37
OSC+1RB75 92
ESC+1RB75 99

As can be seen from Figure 7, the applications
of an ordinary stone column increase bearing
capacity of soft clay by up to 11%, and it increases
to 20% using reinforced stone columns. In fact, the
lateral pressure increases as geotextile is used
around the stone column. In addition, geotextile
prevents stone column materials from sinking into
the soft soil, and as a result, the bearing capacity
increases. Load-settlement curves for reinforced
and unreinforced granular blankets are shown in
Figure 8, which demonstrates that bearing capacity
of soft clay increases as the granular blanket
thickness increases. A granular blanket with 40 mm
and 75 mm of thickness increased bearing capacity
to 19% and 33%, respectively. If a layer of geogrid
reinforcement is used in 40 mm and 75 mm
granular blankets, bearing capacity increases to
65% and 85%. These final increases occur because
geogrids have relatively high rigidity and tensile
strength, and soil grains are locked in their openings,
which in turn mobilize high frictional strength at
the geogrid-soil interface. Using two reinforcement
layers in the granular blanket with 75 mm of
thickness did not significantly increase bearing
capacity in comparison with one reinforcement
layer. This result is due to interference between

shear bands with which the geogrid layer interferes
with the surrounding soil. These results are
consistent with those obtained by DAS et al [51],
ABU-FARSAKH et al [52], and CHAKRABORTY
et al [53].

A combination of using stone columns and
granular blankets is more effective than using any
of these methods alone (Figure 9). This not only
causes vertical and horizontal drainages, but also
significantly increases ultimate bearing capacity. As
a result, bearing capacity of soft clay increases to
99% as an encased stone column with 75 mm
thickness is reinforced with a geogrid layer.

As compared in Figure 7 and Figure 9, using a
40 cm unreinforced granular blanket on top of an
ordinary stone column (Test OSC+URB40) is better
than a reinforced stone column (Test ESC), so we
can use an unreinforced granular blanket with a
thickness of 0.2 times that of a loading plate instead
of a reinforced stone column. This is important if a
reinforced stone column is not practicable.
Moreover, in most projects, the performance of
encased stone columns is difficult.

5.2 Load ratio parameter

For better comparison of the samples’ behavior,
a load ratio (LR) curve is displayed in Figure 10.
This comparison was previously introduced by
GHAZAVI et al [31]. A LR parameter is defined as:

LR=L,/L

where L, is ultimate load obtained from reinforced
soil; L,, is ultimate load obtained from soft soil with
no reinforcement.

In Figure 10, (S/B) represents a penetration
ratio and is the ratio of settlement to the loading
plate diameter. The loading ratio of granular
blankets without any reinforcements or a stone
column (Test URB40 and Test URB75) decreases
after reaching a penetration ratio of about 5%.
Accordingly, samples URB75 and URB40 will lose
their pick of a loading ratio over 36% and 31%. If
the stone column is used or the granular blanket is
reinforced by a geogrid layer, the reduction trend of
the loading ratio will not be observed for them.
According to Figure 10, the maximum load ratios of
unreinforced and reinforced stone columns are 1.11
and 1.20, which demonstrate an effective
application of geotextile encasement around the
stone columns. In addition, maximum load ratios of
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40 mm and 75 mm thick unreinforced granular
blankets were 1.27 and 1.50. The maximum load
ratios in one layer reinforced by 40 mm and 75 mm
granular blankets were 1.64 and 1.83, which show
effective application of a geogrid in granular
blankets. The load ratio of two reinforced layers in
75 mm granular blanket increased to 1.94 and did
not significantly increase bearing capacity in
comparison with one reinforcement layer.
According to Table 6, using a 40 mm granular
blanket over an ordinary stone column increased the
maximum LR from 1.11 to 1.28 (a 15% increase),
and using a 40 mm granular blanket over an
encased stone column increased the maximum LR
from 1.20 to 1.38 (a 15% increase). Using a 75 mm
reinforced granular blanket over an ordinary stone
column increased the maximum LR from 1.11 to
1.92 (a 73% increase), and over an encased stone
column, it increased the maximum LR from 1.20 to
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Figure 10 Verification of load ratio versus penetration
ratio for samples

Table 6 Maximum load ratio in tests

Test name Max load ratio
(ON® 1.11
ESC 1.20

UB40 1.27
UB75 1.50
IRB40 1.64
IRB75 1.83
2RB75 1.94
OSC-URB40 1.28
ESC-URB40 1.38
OSC-1RB75 1.92
ESC-1RB75 2.01

2.01 (a 67% increase). Using a 75 mm reinforced
granular blanket over an ordinary or reinforced
stone column significantly improved the efficiency
of a combination of stone columns and granular
blankets. In addition, because of the high
permeability of stone materials, stone columns and
blankets speed up the consolidation rate in soft soils
and are useful in terms of drainage and in
decreasing the potential of liquefaction.

5.3 Stress concentration ratio

The external load is distributed between the
stone column and its surrounding soil. Since the
column stabaleiffness is greater than the soft soil,
the stresses on the columns are greater than the
surrounding soft soil. In the literature, the ratio of
the stress in stone columns (Sgone) to the stress in
soft clay surrounding soil (Say) is defined as the
stress concentration ratio (SCR) and is denoted by .
MURUGESAN et al [54], FATTAH et al [42],
GHAZAVI et al [31], and DEB et al [55] previously
used the SCR to investigate the bearing capacity of
stone columns.

The SCR is defined as:

S

stone

S

n=
clay

In this study, a hole is located at the back and
the center of the loading plate to place a miniature
load cell on the stone column and measure the load
on the stone column, which was used to measure
the SCR. The loading capacity of the stone column
at each settlement can be measured using the
miniature load cell. The load on the soil around the
stone columns was measured by the difference
between the main load and the load on the stone
columns at each settlement.

As shown in Figure 11, the SCR of the stone
column is increased by using geotextile encasement.
The maximum value of »n is 2.67 for an
unreinforced stone column, and it occurs at S/B=1.
Then the SCR descends, and after a 25% reduction,
it reaches 2. In a reinforced stone column, the
maximum of this ratio is 3.5. It occurs at S/B=11,
and after a 12% reduction, it reaches 3.05. In
reinforced stone columns, due to the increased
stiffness of stone columns that corresponds to an
increase in soil lateral pressure, bulging is reduced,
and bearing capacity is increased.
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5.4 Deformations and failure mode

Bulging mechanism usually occurs depending
on whether the tip of the column is floating in soft
soil or resting on a firm bearing layer. Also the
failure of stone columns depends on the ratio of
length to diameter of stone columns. As discussed
by previous researchers, in a stone column, with a
length to diameter ratio over 5 (long stone column),
failure occurs due to the bulging. This bulging
occurred at a distance about 1.5 to 3 times the stone
column diameter from the top of the stone column
[31, 37, 56-58]. In a floating stone column, with a
length to diameter ratio less than 3 (short stone
column), the ultimate bearing capacity is controlled
by punching mechanism. ABOSHI et al [59]
studied this type of failure. General shear occurs in
short stone columns that rely on a hard bed. WONG
[60], MADHAV et al [61], and BARKSDALE et al
[56] studied this type of failure.

In this research, the deformations and failure
mode of floating stone columns were examined for
two reinforced and unreinforced stone columns.
Also, the effect of the presence of a granular
blanket over the stone column on its deformation
and failure mode was studied. After carrying out
experimental tests, the stone column deformation
and failure mode were accurately examined and
measured by filling paste of plaster of pairs in stone
column and dented place of loading plate. In
unreinforced stone columns, the failure mode was
punching with little bulging. This bulging was seen
at a depth of the stone column diameter (D) from
the column head.

In the case of a reinforced stone column, no
bulging was seen, and a punching mode happened.

In reinforced and unreinforced stone columns
placed under the granular blanket, only a punching
mode was observed, and bulging was not seen in
any stone columns. In all tests, stone columns
deformations were symmetrical, and no lateral
deformation was seen.

6 Conclusions

Large-scale experimental tests were carried out
on a singular stone column, a singular granular
blanket, and combination of stone column and
granular blanket. Granular blanket was examined in
two thickness including 40 mm and 75 mm. The
stone column was reinforced by geotextile and the
granular blanket by geogrid. Based on the results of
this study, there are suggestions for designers and it
can be concluded that:

1) Using granular blanket, stone column, and a
combination of both increase ultimate bearing
capacity and as a result simultaneous use of the
stone column and the granular blanket considerably
increased the bearing capacity of soft soils and have
advantages such as horizontal and vertical drainage.

2) Using geogrid as a granular blanket
reinforcement and geotextile as the stone column,
encasement leads to a better efficiency of granular
blanket and stone column and increases the rigidity
of the reinforced soil. Geogrids have relatively high
rigidity and tensile strength, and soil grains are
locked in their openings, which in turn mobilize
high frictional strength at the geogrid-soil interface.
In addition, geotextile prevents stone column
materials from sinking into the soft soil, and as a
result, the bearing capacity increases.

3) We can use an unreinforced granular blanket
with a thickness of 0.2 times that of a loading plate
instead of a reinforced stone column. This is
important if a reinforced stone column is not
practicable. Moreover, in most projects, the
performance of encased stone columns is difficult.

4) If the stone column is used or the granular
blanket is reinforced by a geogrid layer, the
reduction trend of the loading ratio will not be
observed for them. Using a 75 mm reinforced
granular blanket over an ordinary or reinforced
stone column significantly increased maximum load
ratio and improved the efficiency of a combination
of stone columns and granular blankets.

5) By using geotextile encasement in stone
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column stress concentration ratio, bearing capacity
and the stiffness of stone column increases.

6) In unreinforced stone columns, the failure
mode was punching with little bulging. This
bulging was seen at a depth of the stone column
diameter (D) from the column head. In the case of a
reinforced stone column, no bulging was seen, and
a punching mode happened. In reinforced and
unreinforced stone columns placed under the
granular blanket, only a punching mode was
observed, and bulging was not seen in any stone
columns. In all tests, stone columns deformations
were symmetrical, and no lateral deformation was
seen.
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