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Abstract

Stone columns are used as a technique for improving the strength and enhancing the bearing capacity of soft soils. Due to
the low confinement of the soil typically surrounding the stone columns, reinforcement materials like geotextile are needed
to improve such weakness. Although the technique is now well established, little research has been undertaken on the use
of various positions of the reinforcement materials. In this paper, some small-scale laboratory tests were performed on rein-
forced floating stone columns with diameters of 80 mm and 100 mm and the length of 400 mm and 500 mm, respectively,
to study the influence of various positions of geotextile. They were included vertical encasement stone columns, horizontal
reinforcement stone columns and combined vertical-horizontal encasement stone columns. The impacts of the different
diameters of the columns, the length of the reinforcement and the spaces of the reinforcement have been studied. Based on
the results, by increasing the diameter of the vertical encasement stone column, the benefit of encasement decreases, while
in horizontal and vertical-horizontal encasement stone column, the performance of the reinforcement increases. Moreover,
the load-carrying capacity of combined vertical-horizontal encasement stone columns increases considerably in comparison
with the other types.
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Introduction

With the ever-increasing population of the world, the need
for construction in urban areas with poor soils has become
a major problem. Among a variety of techniques for ground

54 Seyed Hamid Lajevardi improvement, stone columns are usually used where an
sh-lajevardi @iau-arak.ac.ir increase in load-carrying capacity or reduction in the settle-
Saeid Bazzazian Bonab ment is required. Increasing the shear resistance of soil and
sbazazian92 @iau-arak.ac.ir reducing the time of consolidation settlement, are also other
Hamid Reza Saba benefits of this technique. Most experimental studies sum-
hr.saba@aut.ac.ir marized the mechanisms of failure for a single stone column
Abbas Ghalandarzadeh subjected to axial compressive load: punching failure, shear
aghaland @ut.ac.ir failure and bulging failure [1-5]. The effectuality of ordinary
Seyed Mohammad Mirhosseini stone columns (OSCs) will be reduced in very soft soil [6].
m-mirhoseini @iau-arak.ac.ir In OSCs, the columns usually fail in bulging because of the

lack of lateral confinement. Thus, encasing stone columns
with reinforcing materials such as geosynthetics could be
one solution to this problem. Van Impe [7] was the first who
propounded this idea. Malarvizhi and [lamparuthi [8], as
well as Verma et al. [9], suggested that the load-carrying
capacity of the stone column and the settlement performance
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of the loaded plate supported on stone columns can be
improved using geosynthetics encasement.

Vertical encasing of the stone columns with geosynthet-
ics has been a subject of most experimental studies [10-17].
Bhatia and Kumar [10] have done a series of model tests per-
formed on single columns. The results showed that geosyn-
thetic encasement affects the ultimate load-carrying capacity
of the column and decreases the settlement of treated fly
ash fill bed. The results for laboratory model tests with vari-
ous geosynthetic revealed that the increase in load-carrying
capacity of stone columns depends on the stiffness of the
geosynthetic used in the column [11]. The effectiveness of
the length of the geosynthetic encasement on the capacity
and the modulus of the encasement has been studied in labo-
ratory and small-scale model tests [12—14].

A few laboratory tests have dealt with the use of horizon-
tal reinforcement layers [18—24]. Madhav [18] was the first
who proposed this shape of reinforcement. Sharma et al. [19]
developed laboratory tests to find the influence of the use of
horizontal geogrid. Ayadat et al. [20] employed horizontal
plastic, steel and aluminum layers and found that the use of
such horizontal reinforcing layers improved load-carrying
capacity. Also, by increasing the number of these layers in
the column, the performance of the column was significantly
enhanced. The use of circular geogrid layers indicates that
reducing the spaces of the geogrid layers raised the ultimate
load of the stone column and decreased the settlement of the
soil [21, 22]. Horizontal geogrid and geotextile were the best
reinforcement for end-bearing and floating stone columns,
respectively [23].

Another possibility for reinforcing stone column is com-
bining vertical and horizontal reinforcement. Hasan and
Samadhiya [25] investigated such a case with unit cell model
tests conducted on a column with a diameter of 75 mm with
375 and 525 mm height in the clay soil. They found that this
type of reinforcing contributed to increase the load-carrying
capacity of columns.

Most previous experimental studies have been performed
small-scale tests using unit cell concept in the case of end-
bearing stone columns. Indeed, the laboratory tests have not
covered the various positions of the reinforcements in stone
columns. In this study, some small-scale laboratory tests of
floating stone columns in kaolin clay bed were performed to
compare the load-carrying capacity of a single stone column
encased with geotextile in the form of the vertical encase-
ment, horizontal layers and combined vertical-horizontal
encasement. To control the bulging failure, the minimum
length-to-diameter ratio of the stone column was 4 [1].
Therefore, in this study, the length-to-diameter ratio was 5.
The tests focused on studying the effect of varying the posi-
tions of the reinforcements in stone columns with diameters
(D) of 80 mm and 100 mm and length (L) of 400 mm and
500 mm, respectively.
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Test program
Material properties
Soil bed and stone column material

For very soft soils (undrained shear strength <15 kPa),
a technique of using geotextile coating around the stone
column is used to obtain lateral support, thus avoiding
lateral spreading of the column [26]. It is well known that
in clayey soils, the variation in water content will affect
the strength of the soil. So, the undrained shear strength of
15 kPa was found to be corresponding to a water content
of 23% and was kept constant in all tests. The properties
of the kaolin clay soil prepared by this method are listed in
Table 1. The ratio of the column diameter to the diameter
of the fill particles lies within the range 12-40, as this is
the practical ratio used in the field [27]. So, crushed stone
aggregates with sizes in the range of 2-10 mm were used
as fill material. All physical and mechanical properties
of the crushed stone aggregates are also listed in Table 1.

Reinforcement material

Scaling effect is the main difficulty of experimental tests.
Three parameters, stone column material unit weight, the
diameter of the stone column and the stiffness of the rein-
forcement material, play a fundamental role in the simula-
tion of the tests. Iai [36] derived the following equation to
describe the relationship between these three parameters:

( T ) (I

YuD, 7D} W
where J is the stiffness of the reinforcement, D is the stone
column diameter, and y is the unit weight of crushed stone
aggregates. Also, m and f represent model and field condi-
tion, respectively. The unit weight of crushed stone aggre-
gates used for both model and field condition was the same.
So, it does not affect Eq. 1. The stone columns with diam-
eters of 80 mm and 100 mm were used equivalent 0.10 of the
field conditions. However, since the value of the diameter
in Eq. 1 has the power of 2, so to establish equality in Eq. 1,
secant stiffness of the model tests is 0.01 field tests. The stiff-
ness of the reinforcement varies in the range of 1000-4000
kN/m in the field condition [37]. Therefore, the geotextile
used in the experiments, according to the above explana-
tions, will have a secant stiffness of 10—40 to observe the
effect of scale as in previous studies [16, 20, 30, 31, 34, 35].
In this study, nonwoven polypropylene geotextile with secant
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Table 1 Properties of kaolin

Parameter Kaolin clay  Stone Standards

clay and crushed stone aggregates

aggregates
Maximum dry unit weight (kN/m?) 15.5 16.9 ASTM D4253 [28]
Minimum dry unit weight (kN/m?) - 14.3 ASTM D4254 [29]
Optimum moisture content (%) 19 - ASTM D2216 [30]
Undrained shear strength (kPa) 15 - ASTM D2166 [31]
Specific gravity 2.6 2.7 ASTM D0854 [32]
Liquid limit (%) 48 - ASTM D4318 [33]
Plastic limit (%) 25 - ASTM D4318 [33]
Plasticity index (%) 23 - ASTM D4318 [33]
Bulk unit weight at 23% moisture content (kN/m>) 19.1 - -
Bulk unit weight for test at 70% relative density (kN/m%) — — 16 -
Internal friction angle at 70% relative density (degree) - 46 ASTM D3080 [34]
Uniformity coefficient (C,) - 2.25 -
Curvature coefficient (C,) - 1.62 -
USCS classification symbol CL GP ASTM D2487 [35]

Table 2 Properties of geotextile

Parameter Value Standards

Yarn material Polypropylene -

Ultimate tensile 10 ASTM D 4595 [38]
strength (kN/m)

Secant stiffness at ulti- 15
mate Strain (kN/m)

Thickness (mm) 1.4 -
Mass (gr/m?) 150 -

ASTM D 4595 [38]

stiffness of 15 kN/m was used as the reinforcing material.
The specifications of the geotextile are shown in Table 2.

Experimental setup

The test facility, which was designed and constructed for the
proposed research work, consists of loading frame, test tank,
hydraulic jack and pumping unit and devices for measuring
load and settlements similar to that used by Murugesan and
Rajagopal [14] and Mohammad Rezaei et al. [39] (Fig. 1).
The boundaries of the tank were chosen in such a way that
the resulting stresses should remain small at the boundaries.
Assuming a loading plate placed at two-thirds of the column
depth and a 2: 1 spread, the stress distribution showed that
the induced stresses become very small at the boundaries
[15, 40]. Based on this, to avoid the effects of geometry,
the model boundary was assigned greater than that amount.
Hence, the steel tank was builtina 1.2 mX 1.2 mX1 m
(length X width X height). According to the guidelines
given in IS 15284 [41], the loading plate’s diameter was 2
times larger than that of the columns. In this case, both the
column and the weak soil surrounding it were loaded. Also,

Pressure indicator - Load cell indicator

Hydraulic jack
_ ] i

Steel frame

Load cell
Displacement gauge
Loading plate

Test tank
Stone column

Kaolin clay bed

Fig.1 Test tank and loading frame

the thickness of the loading plate was 30 mm and it was
sufficiently rigid so that the vertical displacement will be
uniformly transferred to the stone column and the surround-
ing soil through this rigid plate.

Experimental procedure
Preparation of clay bed

The amount of water needed for dry soil with a dry unit
weight of 15.5 kN/m? to achieve a moisture content of 23%
was obtained. To obtain a homogeneous mixture, a large
container was used to mix the kaolin clay soil with water.
To reduce the friction between the tank wall and the clay, a
thin layer of grease was applied to the inner surface of the
tank [42]. Then kaolin clay soil was filled in the test tank at
a proper bulk unit weight of 19.1 kN/m3 in 18 equal layers,
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where a 10-kg square tamper (with dimensions of 150 mm)
was used to compact the soil in each layer [43]. This pro-
cedure has continued up to filling the test tank. Then, the
top surface of the tank was covered by nylon and left for
seven days to gain uniformity of the moisture content. Dur-
ing the filling of the test tank, the soil moisture test has been
repeated several times to ensure that the moisture content
was 23%, which was equivalent to the undrained shear
strength of 15 kPa.

Preparation of stone column

Replacement technique was used to construct the stone col-
umn in the present study. This technique has been developed
in the laboratory and causes less disturbance to the soils
during installation [44, 45]. A thin seamless pipe with an
outer diameter equal to the stone column diameter (80 or
100 mm), was pushed into the kaolin clay soil via a hydrau-
lic jack. The inner and outer surfaces of the pipe were con-
sidered smooth and greasy enough to minimize any poten-
tial friction created between the soil and the surface of this
pipe. The kaolin clay soil inside the pipe was scooped out
using helical augers. Then, the pipe was slowly lifted up to
prevent any damage to the inner of the hole. The formed
borehole was filled with the stone aggregates in 10 equal
layers, and the amount of stone aggregates for making a
column was calculated based on unit weight of 16 kN/m?.
To gain a uniform density, the compaction was carried out
by a 20-mm-diameter steel tamper with a mass of 2 kg fall-
ing through a distance of 100 mm with 15 blows [46]. This
specific compaction was used in such a way that it did not
cause any significant lateral deformation during the con-
struction of the stone column. In addition, preventing the
penetration of stone aggregates into the soil and thus not
disturbing the surrounding soil was also an advantage of this
soil compaction. It should be noted that in order to maintain
constant compaction energy in the case of 80-mm-diameter
stone columns, the number of tamper blows was reduced by
half. The similar procedure was used to prepare reinforced
stone columns (Fig. 2).

For encasing vertical geotextile in field and laboratory
conditions, an open-toe, thin-walled steel tube (casing) equal
in diameter to geotextile sock was pushed from the surface
down to the underlying founding layer. The geotextile was
then placed inside the casing and filled from the surface with
stone aggregates by the method which mentioned for the
nonreinforced stone column. After the geotextile sock has
been filled, the steel casing was raised around the encased
column, leaving it in situ [37]. For placing horizontal geo-
textile, after making the borehole, circular layers of geotex-
tile with a diameter of the column were put in the borehole.
After that, the column was filled with stone aggregates until
it reaches the next horizontal layer. This process continues

@ Springer

(a) Geotextile

(b) Geotextile and crushed stone
aggregates

Fig.2 Construction of RSCs

until the borehole is filled with stone aggregates and a cer-
tain number of layers of geotextile.

Test conducted

The behavior of the stone column with and without rein-
forcement in kaolin clay soil was captured by applying
vertical load on the rigid loading plate. The axial load was
applied at a displacement rate of 1 mm/min up to a settle-
ment of 50 mm [15, 24]. A 50-mm settlement is equivalent
to a 10% strain for 100-mm-diameter stone columns. Also,
the allowable settlement for structures is generally equiva-
lent to the 50-mm settlement, so the tests have continued
until this settlement. The tests here were also conducted on
the kaolin clay bed, OSCs and the stone column reinforce-
ments which included vertical encasement stone column
(VESC), horizontal reinforcement stone column (HRSC)
and combined vertical-horizontal encasement stone column
(VHESCQ).

As it is shown in Fig. 3, in the VESCs, three different
tests were conducted using different lengths of the vertical
geotextile (Lr), and in the HRSCs, two different tests were
conducted using horizontal geotextile by considering the
space (S) of layers. In VHESCs, three different tests have
been done by using both vertical and horizontal geotextile at
the same time. It should be noted that the VHESC consists
of a combination of VESC and HRSC. For example, for
D =80 mm, VESCI refers to the stone column with full-
length reinforcement and HRSC1 refers to the stone column
with 11 horizontal layers (the space of the layers=0.5 D).
Thus, VHESCI1 defined as the stone column with full-length
reinforcement and 11 horizontal layers (Fig. 4).

To study the effect of different positions of the reinforce-
ments on the load-carrying capacity of the kaolin clay bed,
19 tests were conducted on kaolin clay bed using different
stone column diameters (D =80 mm and 100 mm) with col-
umn length-to-diameter ratio of 5 (Table 3). In these tests,
stone columns were installed in kaolin clay bed without
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Fig.3 Schematics of different types of stone columns
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Fig.4 Various types of geotextile

ground water level. Moreover, some tests were performed
twice to confirm the measured results and verify the repeat-
ability of tests.

Results and discussion

VESCs

Load-settlement behavior

Figure 5a, b demonstrates the load—settlement behavior of

single stone columns with vertical encasement geotextile
for column diameters of 80 mm and 100 mm, respectively.

@ Springer
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Table 3 Details of tests

Stone column Stone column Reinforcement type S (mm) Lr (mm) n Num-
conducted diameter (mm) height (mm) ber of
tests

- - Kaolin Clay bed - - - 2

80 400 0OSCl1 - - - 2
VESC1 - 400 1 1
VESC2 - 200 1 2
VESC3 80 80 3 1
HRSC1 40 - 11 1
HRSC2 80 - 6 2
VHESC1 40 400 11 1
VHESC2 80 400 6 2
VHESC3 80 80 6+3 1

100 500 0SC2 - - - 2
VESC4 - 500 1 1
VESC5 - 250 1 2
VESC6 100 100 3 1
HRSC3 50 - 11 1
HRSC4 100 - 6 2
VHESC4 50 500 11 1
VHESCS5 100 500 6 2
VHESC6 100 100 6+3 1

S space of the layers of the geotextile, Lr length of the geotextile, n number of the horizontal or vertical

geotextile

As can be seen, OSCs and VESCs increase the load-
carrying capacity of kaolin clay bed. The amount of this
increase for OSC1 and OSC2 was 25.6% and 44.4% for
D =80 mm and 100 mm, respectively. Reinforcing the kaolin
clay bed with VESC1 and VESC4 increased the load-carry-
ing capacity of the kaolin clay bed by 84.8% and 103.7% for
D =280 mm and 100 mm, respectively. This rise for VESC2
and VESC3 was 66.3% and 74.0% for D =80 mm and for
VESCS5 and VESC6 was 89.4% and 98.5% for D =100 mm,
respectively.

The results show that using OSCs leads to increase in
load-carrying capacity of kaolin clay bed. Also, by encasing
OSCs with vertical geotextile, the increase of load-carrying
capacity is more. It is because the reinforcing material pro-
vides additional lateral confinement and reduces the bulging
in columns.

Influence of the diameter of the stone column

Figure 5a, b shows a comparison between OSC1 and OSC2
and indicates that the increase of the diameter from 80 mm
to 100 mm leads to increase in the load-carrying capacity by
15%. Furthermore, the average magnitude of this increase
for all types of VESCs was 12.7%. The result indicates that
in all cases, by increasing the stone column diameter from
80 to 100 mm, the increase in the load-carrying capacity is
evident. However, in VESCs, by increasing the stone column

@ Springer

diameter, the performance of encasement decreases. It is
because of the mobilization of higher confining stresses
in smaller diameter stone columns. The higher confining
stresses in the column lead to higher stiffness of smaller
diameter encased column, and also, as the diameter of
the stone column increases, the effect of the encasement
decreases due to the increase in lateral deformation.

Influence of the length of the reinforcement

The influence of the length of VESCs was studied for three
different lengths of geotextile. The increase of the geotextile
length from half length (VESC2 and VESCS5) to full length
(VESC1 and VESC4) resulted in enhanced load-carrying
capacity by 11.1% and 7.5% for D =80 mm and 100 mm,
respectively. So, the performance of the fully encased stone
column is higher than the half-length stone column. Due to
the increase in the length of encasement, the column stiff-
ness increases. So, the load-carrying capacity increases.
However, due to the presence of encasement at the depth
of D to 2D, by considering the double use of geotextiles,
this increase is not very large. On the other hand, by com-
paring VESC2 and VESCS5 (half length continues: 0.5 L)
with VESC3 and VESC6 (interrupted encasement: 0.6 L),
the variations of the load-carrying capacity of the kaolin
clay bed were 4.6% and 4.8%, respectively. The performance
of VESC3 and VESC6, which had vertical interrupted
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Fig.5 Variation of load—settlement of VESCs

reinforcement, was almost the same as that of VESC2
and VESCS, respectively. The efficiency of stone columns
encased to partial heights (0.6 L) is very close to that of half
encased stone columns (0.5 L). This shows that the confine-
ment is needed only where bulging takes place.

It is seen that encasing the stone column in the top of the
column plays a fundamental role in the performance of stone
columns. The reason is that the bulging failure occurs at the
depth of D to 2D from the top of the stone columns. From
another perspective, it might be obvious that half-length
stone column is more economical than the other types.

HRSCs
Load-settlement behavior
Figure 6a, b illustrates the load—settlement behavior of a

single stone column with horizontal geotextile layers for col-
umn diameters of 80 mm and 100 mm, respectively.
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Fig.6 Variation of load—settlement of HRSCs

As seen, HRSCs increase the load-carrying capacity of
kaolin clay bed. In D =380 mm, the use of HRSC1 (with 11
horizontal layers with space of 0.5 D) and HRSC2 (with 6
horizontal layers with space of D) enhanced the load-car-
rying capacity of the kaolin clay bed by 62.0% and 50.4%,
respectively. Also, in D=100 mm, the amount of this
increase for the HRSC3 and HRSC4 has been 85.3% and
76.9%, respectively. The increase in the diameter of the stone
columns from D =80 mm to 100 mm, led to an increase in
load-carrying capacity. On the other hand, by decreasing
spaces of horizontal layers of geotextile, the number of lay-
ers of geotextile increases. Hence, the stiffness and the load-

carrying capacity increased. More details were discussed in
the following sections.

Influence of spacing of geotextile layers
The comparison of HRSC1 (§=0.5 D with 11 layers of geo-

textile) and HRSC2 (S =D with 6 layers) revealed that the
load-carrying capacity of the stone column increased by 7.7%,
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and this amount, in the case of using HRSC3 and HRSC4,
was 5.5%. So, the columns reinforced with 11 horizontal lay-
ers with S=0.5 D (HRSC1 and HRSC3) did offer better per-
formance in comparison with 6 horizontal layers with S=D
(HRSC2 and HRSC4). This is because of the restrictions of the
column materials between the layers of geotextile providing
confinement due to shear stress mobilization between the col-
umn materials and the horizontal layers of geotextile. Also, in
the stone columns reinforced with horizontal layers of geotex-
tile with the space of §=0.5 D, small columns form between
the layers which eventually causes limited lateral bulging and
leads to more increase in the load-carrying capacity.

As mentioned above, it should be noted that the geotextile
area used in the case of S=D is almost the half of area in the
case of §=0.5 D, while the increase in load-carrying capac-
ity is negligible. Thus, using the stone columns reinforced
with 6 horizontal layers of geotextile with the space of S=D
is more economical.

Influence of the diameter of the stone column

In all cases, as with VESCs, the load-carrying capacity
increased by increasing the stone column diameter. Com-
paring HRSC1 (§=0.5 D) with HRSC3 (§=0.5 D) as well
as comparing HRSC2 (S =D) with HRSC4 (S =D) showed
that by increasing the diameter from D =80 mm to 100 mm,
load-carrying capacity increased by 15.7% and 18.2%,
respectively. Also, by considering that in OSCs, increasing
the diameter from D =80 mm to 100 mm increased the load-
carrying capacity by 15%. So, it is concluded that the perfor-
mance of horizontal layers increases by increasing the diam-
eter of the stone column. It is because in the stone column
with larger diameters, more interactive shear mobilization
is provided above and below the surfaces of the geotextile
layers with the crushed stone materials.

Comparison of HRSCs and VESCs

The increase of the load-carrying capacity of the stone col-
umn in VESCs is greater than that of HRSCs. By consider-
ing the maximum load-carrying capacity of both VESCs
and HRSCs, it can be concluded that the benefit of VESCs
is greater than HRSCs. From a practical viewpoint, locating
the horizontal geotextile layers in stone columns is easier
than placing the vertical geotextile encasement in the stone
columns.
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Fig. 7 Variation of load—settlement of VHESCs

VHESCs
Load-settlement behavior

Figure 7 demonstrates the load—settlement behavior of
VHESCs. VHESCI (full-length encasement with 11 hor-
izontal layers and the column diameter of 80 mm) and
VHESC4 (full-length encasement with 11 horizontal lay-
ers and the column diameter of 100 mm) have the largest
impact in increasing load-carrying capacity of kaolin clay
bed.

For the column with a diameter of 80 mm, the load-
carrying capacity of the stone column has been augmented
by 123.3%, 103.7% and 92.7%, respectively, for VHESCI,
VHESC2 and VHESC3. The amount of this increase for
VHESC4, VHESCS5 and VHESC6 (D =100 mm) has
been 170.3%, 144.6% and 122.3%, respectively. The
stone column with interrupted reinforcement (VHESC3
and VHESC6) has the least benefit in the load-carrying
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capacity in this group. It is because the stone column is not
completely confined by geotextiles, which causes the most
bulging and reduces the load-carrying capacity.

Influence of spacing of geotextile layers

The comparison of the VHESC2 and VHESCS5 (with 6
horizontal layers with the space of D) with VHESCI1 and
VHESC4 (with 11 horizontal layers with the space of 0.5D)
reveals an increase of 9.6% and 10.5% in load-carrying
capacity for D =80 mm and 100 mm, respectively. Thus,
the number of horizontal layers has little effect on increas-
ing the load-carrying capacity of VHESC:s. It is because the
vertical encasement provides more lateral confinement than
horizontal reinforcement.

Influence of the diameter of the stone column

The comparison of different diameters of VHESCs,
VHESC1 and VHESC4, for example, indicated that by
increasing the stone column diameter from 80 to 100 mm,
the load-carrying capacity increased by 21.0%. So, the
performance of the reinforcement increases by increasing
the stone column diameter. In VHESCs, by increasing the
diameter from D =80 mm to 100 mm, due to the higher
surface of horizontal layers of geotextiles, there is more fric-
tion between stone aggregates and geotextiles. On the other
hand, encasing these horizontal layers by vertical geotextile
leads the column to act coherently. So, these factors create
additional confinement and the amount of lateral bulging
decreases in large diameter. As the bulging failure becomes
to punching failure, more force is required to penetrate the
column with large diameter to the clay bed. Hence, the per-
formance of the reinforcement in VHESC increases in large
diameter.

Comparison of VESCs with VHESCs

By comparing VESCI1 (full-length encasement) with
VHESC?2 (combined full-length encasement with 6 hori-
zontal layers) for D =80 mm, the load-carrying capacity
of stone columns increased by 10.2% and similar compar-
ing for VESC4 with VHESCS for D=100 mm, showed
20.1% increase in the load-carrying capacity. As the num-
bers of geotextile layers increased, comparing VESC1 with
VHESCI (11 horizontal layers, S=0.5 D) and VESC4 with
VHESCH4 (11 horizontal layers, S=0.5 D), the load-carrying
capacity of stone column increased by 20.9% and 32.7% for
D =80 mm and 100 mm, respectively. In the case of using
interrupted encasement, comparing VESC3 with VHESC3
and VESC6 with VHESC®6, the magnitude of these increases
was 10.7% and 12.0%, respectively.

It is seen the best case for increasing the load-carrying
capacity, using the combined full-length encasement with
11 horizontal layers (S=0.5 D). It is because the vertical
encasement provides lateral confinement and also horizon-
tal layers result in the formation of small columns between
the horizontal layers; thereby, the load-carrying capacity
increases.

Deformation and failure mode

After completion of each test, the slurry of plaster was
poured into the stone column, and then the cast mixture was
left to rest for 24 h. This work leads to prevent dissipation
of stone aggregate. Then, the surrounding soil was cleaned
out and the column’s shape could then be obtained. In Fig. 8,
deformed shapes of OSC, VESC and VHESC can be seen.
In OSC and VESC bulging failure mechanism occurred at
the depth of 1.2D and D from the top of the column, respec-
tively. Also, by measuring the samples obtained from the
laboratory tests for the stone columns with the diameter of
100 mm, the size of lateral bulging in OSC was 24 mm,
while this value for VESC was 12 mm. So, the bulging of
VESC is smaller than the bulging of OSC. Moreover, in
VHESC, limited bulging occurred between the horizontal
layers throughout the entire length of the column and the
size of bulging became much limited as the column length
increased.

Load ratio

Load ratio (LR) parameter is defined as the ultimate load-
carrying capacity of reinforced soil, to the ultimate load-
carrying capacity of soft soil without reinforcement. This
dimensionless parameter helps to determine the efficiency
of reinforced or unreinforced stone columns on improving
the load-carrying capacity of the soft soil [47]. Figure 9 dis-
plays the LR variations with the settlement for various stone

(b) sc

(¢) VHESC

(a) osc
Fig. 8 Lateral deformation of stone columns after test
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Fig.9 Variation of load ratio (LR) versus settlement for VESCs,
HRSCs and VHESCs

columns with a diameter of 80 mm and 100 mm, respec-
tively. It is found that the LR value, in 50 mm settlement,
varies within the range of 1.26-3.08 and 1.44—4.20, for stone
columns with diameters of 80 mm and 100 mm, respectively.
The minimum LR belongs to OSCs, while the maximum LR
is associated with VHESC1 and VHESC4. The value of LR
increases for all types with increasing the column diameters
from 80 to 100 mm. For VESCs, the LR value increases with
increasing the length of the reinforcement. In HRSCs, the
LR value increases with decreasing the spaces between the
horizontal layers. It is because geotextiles create a lateral
restriction in columns and results in a decrease in bulging.
Figure 9 shows that with increasing the loading up to
about 1.2% of the settlement, the value of LR increases.
After that LR value decreases because of bulging and reach-
ing the column to its ultimate resistance. In the early stages
of loading, the stone columns materials tend to be com-
pressed, so the load-carrying capacity increases. However,
as the loading process continues, bulging occurs and the

@ Springer

Table 4 Variation of RR with RAR

Diameter (mm) 80 100 Difference (%)
RAR% 16 25

VESC1 1.47 - —4.34
VESC4 - 1.41

VESC2 1.32 - —-0.99
VESCS5 - 1.31

VESC3 1.39 - —-0.87
VESC6 - 1.37

HRSC1 1.29 - 0.75
HRSC3 - 1.30

HRSC2 1.20 - 2.25
HRSC4 - 1.23

VHESCI 1.78 - 4.96
VHESC4 - 1.87

VHESC2 1.62 - 422
VHESC5 - 1.69

VHESC3 1.53 - 0.31
VHESC6 - 1.54

increase in load-carrying capacity is negligible. Therefore,
LR value either decreases or remains constant.

Reinforcement ratio

Reinforcement ratio (RR) is defined as the load-carrying
capacity of the RSC to OSC [48]. This parameter shows
the impact of reinforcement on the load-carrying capacity
of stone columns. Replacement area ratio (RAR) is a cru-
cial dimensionless parameter which provides the percent-
age of soft soil replaced by crushed stone aggregate [49]. It
is defined as the area of the stone columns divided by the
loaded area. Table 4 presents the variation of RR with RAR.

As seen, for VESCs, the RR value varies in the range of
1.41-1.47, 1.31-1.32 and 1.37-1.39 for stone column hav-
ing full-length encasement (Lr=L), half-length encasement
(Lr=0.5 L) and interrupted encasement (Lr=0.6 L), respec-
tively. So, encasing the stone column at full length leads
to more increase in load-carrying capacity. Also, the RR
value decreases with increasing the RAR. In other words,
in VESCs, by increasing the stone column diameter, the
performance of encasement decreases. For HRSCs, the RR
value varies in the range of 1.20-1.30 and by comparing
the same manner as mentioned above, the performance of
encasement increases by increasing the stone column diam-
eter. This result is also true in VHESCs.

Stress level in model and field condition

By comparing the stress level in model and filed condi-
tions, it should be noted that in real conditions, in Almeida
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et al. [50] as a case study, the stress level in encased stone
columns at a strain of 10% was 280 kPa. However, in the
present study, according to the load—settlement diagrams
of VESCs (Fig. 5), the stress level was between 367 and
468 kPa, which indicated that by reducing the stiffness of
the geotextile and the dimensions of the stone column in the
laboratory conditions, the stress level will be in accordance
with the field conditions.

Conclusions

In the present study, small-scale laboratory tests were car-
ried out on 80-mm and 100-mm-diameter floating stone
columns with length of 400 and 500 mm, respectively,
and these columns were installed in kaolin clay bed. Three
types of RSCs including VESC, HESC and VHESC were
studied. By improving the kaolin clay bed with OSCs, the
load-carrying capacity could be increased from 26 to 44%.
However, in stone column reinforced with geotextiles, the
increase in the load-carrying capacity would increase 3 to 4
times. This indicates that the reinforced stone column tech-
nique has a good degree of improvement for such soils. The
tests focused on the effects of various positions of the geo-
textile on the load-carrying capacity. The following results
were obtained:

1. Reinforcing the OSCs with geotextile leads to increase
in load-carrying capacity. It is because the reinforcing
material provides additional lateral confinement and
reduces the lateral bulging of the stone columns.

2. In VESCs, it is observed that encasing the stone column
in the top of the column plays a fundamental role in the
performance of the stone column. The reason is that the
bulging failure usually occurs at the depth of D to 2D
from the top of the stone columns. So, it is obvious that
half-length stone column is more economical than the
other types of the group.

3. In HRSCs, increasing of the load-carrying capacity of
the stone column depends on the spaces between the
horizontal geotextile layers. Decreasing these spaces
(from S=D to §=0.5 D) leads to minor increase in the
load-carrying capacity. Thus, HRSCs with the space of
D are more economical.

4. VHESC:s have the greatest increase in the load-carrying
capacity, while VESCs and HRSCs are in the next posi-
tion, respectively.

5. The size of lateral bulging in OSC and VESC was
24 mm and 12 mm, respectively. It is because of the
lateral confinement provided by geotextile. Moreover, in
VHESC, limited bulging occurred between the horizon-
tal layers in the total length of the stone column and the

size of bulging became much limited within the column
length.

6. The LR value depends on the length of the encasement

and the spaces of the reinforcement. It decreases or
remains constant after the occurrence of bulging.

7. The RR value varies in the range of 1.31-1.47, 1.20-

1.30 and 1.53-1.87 for VESCs, HRSCs and VHESCs,
respectively. By comparing the above, it is concluded
that the performance of reinforcement decreases with
increasing the stone column diameter in VESCs,
whereas it increases with increasing the diameter col-
umn in HRSCs and VHESCs.
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