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Abstract
The application of stone columns increases the stiffness of soft soils which contributes to its load carrying capacity and 
accelerates the process of consolidation leading to reduction in settlement. However, under external loading, squeezing of 
adjacent soil into the columns not only compromises the integrity of the columns but also reduces its stiffness, strength 
and drainage properties. The present study investigates the use of vertically and horizontally reinforced stone columns, as a 
remedial measure for ordinary unreinforced stone columns. The vertical reinforcement is done by encasing the stone columns 
in geotextile and horizontally by placing geotextile circular discs within the columns at regular interval. Model tests on 
group of 3 and 4 unreinforced and reinforced stone columns have been conducted in weak sandy soil. The load–settlement 
response and failure modes for both reinforced and unreinforced groups have been studied. It is observed that reinforced 
group of stone columns depict better load bearing capacity as compared to unreinforced group. Moreover, bearing capacity 
for vertically encased and horizontally reinforced is almost similar, with horizontally reinforced group of 4 stone columns 
depicting slightly higher (1–2%) bearing capacity for a settlement of 30 mm. The experimental results are also validated 
with theoretical results and are found to be in good agreement.
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Introduction

The concept of stone column construction was introduced 
in the year 1956 as a technique for the ground improve-
ment and to strengthen the bearing capacity of soft cohesive 
soils. Till date, many research groups have invested effort to 
understand the behaviour of stone columns under different 
soil conditions, configurations, installation methods, differ-
ent kinds of reinforcements and various loading conditions. 
The ultimate objective of all these studies was to improve the 
performance of stone columns with respect to serviceability 
and stability rendered to the weak/soft ground conditions. 

The previous studies conducted in regard of stone columns 
can be classified into two sections as:

Conventional (unreinforced) stone columns

The conventional stone columns have proved to be an effec-
tive ground improvement method for weak soils by effec-
tively reducing the settlement of the structure in case of 
soft cohesive soils and soil liquefaction potential for poor 
cohesion less soils. The three-way advantage provided by 
conventional stone columns is due to the formation of a com-
posite soil mass of greater stiffness and stability as compared 
to the untreated soil, due to increase in rate of consolidation 
and thus minimization of settlement post construction [1, 
2], increase in bearing capacity of adjacent weak soil due 
to increase in coefficient of lateral earth pressure caused by 
the radial deformation during installation of stone columns 
[3–5]. Thus, widespread use of the technique is found in 
supportingof geotechnical structures ranging from small 
footings, river embankments, building foundations, roadway 
embankments to the construction of oil storage tanks and 
bridge supports [6–10].
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A great deal of investigations has been conducted to 
study the load carrying capacity and settlement reduction 
of buildings constructed on the soil using the concept of 
stone columns by varying the various design parameters like 
width and depth of treated zone, area ratio, and distribution 
of columns (uniformity and concentration at edges or at cen-
tre) [11–15]. The investigations have revealed the develop-
ment of stress concentrations in the columns followed by 
the reduction in stress in the surrounding soil during the 
reinforcement of ground with stone columns. The probable 
explanation lies in the fact that after loading, there is almost 
same vertical settlement of the stone column and surround-
ing soil, resulting in stress concentration in the column due 
to its more rigidity in comparison to the nearby soil [16]. 
The bearing capacity of stone columns and cavity expansion 
factors have been found to vary inversely with the undrained 
shear strength and confining pressure available to the col-
umns at failure. The observation was reported in the study 
of evaluation of analytical models applied to the footings 
spread on the aggregate pier (stone columns) reinforced soil 
[17]. The settlement performance of stone columns has been 
found to be dependent on the area ratio, column length and 
number of column. However, the influence of column length 
has been found to be dominating at low area ratios [3, 18, 
19].

The research reports have indicated better performance 
of a group of stone columns than that of a single column in 
terms of its footing capacity, reduction on soil settlement and 
load bearing ability of the soil. The investigation of response 
for clay beds reinforced with stone columns was conducted 
by Wood et al. [20] by utilizing an exhumation technique. 
The exhumation technique was utilized to examine the vari-
ous deformed column shapes and load–transfer mechanism 
from columns to the surrounding clay. The authors evalu-
ated two possible load–transfer mechanisms: by bulging or 
by forming a failure plane. Furthermore, a significant inter-
action between the footing and individual stone columns 
within the group leading to different load settlements at dif-
ferent locations under the footing was found to be precisely 
evaluated through laboratory model tests. Ambily and Gan-
dhi [21] experimentally determined the behaviour of a single 
and group of seven columns by varying the parameters viz. 
column diameter (d), column spacing (s), shear strength of 
the soft clay and loading conditions. The axial capacity of 
the column was found to decrease, whereas an increase in 
settlement with an increase in spacing up to s/d of 3 was 
reported. It was also suggested that any further increase in 
s/d ratio depicted a negligible change in settlement.

Reinforced stone columns

However, scrutinizing under serviceability criteria, the 
mechanism of load transfer for conventional (unreinforced) 

stone columns by undergoing bulging up to a depth of 4D 
(where D = diameter of the stone column) resulted in lat-
eral squeezing of aggregates into the surrounding soft soil. 
Thus, the degree of compactness, efficiency of load transfer 
to deeper stratum, strength of stone columns and the drain-
age potential (due to higher susceptibility to clogging) is 
often compromised. Although, utilization of stone columns 
for stabilization of natural soil has been well established for 
almost every soil type, but relatively weak soil often fails to 
provide the required lateral confining pressure. Therefore 
during installation of stone columns in such soil conditions, 
bulging of stone columns is observed.

Hence, to restrict the bulging of stone columns under 
loading, confinement of stone columns is done so as to 
increase the serviceability and also preserve the integrity 
of the method. The lateral collapsing of stone columns is 
thus checked by the insertion of geosynthetic material in 
the column. The usage of this reinforcing material increases 
the compactness of the composite system through densifica-
tion and provides more rigidness to the structure. Conse-
quently, the permeability and strength of the treated soil is 
also increased which in turn helps minimize the bulging of 
stone columns. Further, the geosynthetic reinforcement of 
stone columns has been reported to significantly improve 
performance of stone columns by providing the lateral con-
finement to the columns either by friction mobilization or 
by mobilization through hoop stresses.

Vertically reinforced stone columns

Murugesan et al. [22–24] have investigated the qualitative as 
well as quantitative improvement of individual load capac-
ity of single and a group of stone columns by performing 
laboratory model tests. The stone columns were installed in 
clay surface prepared under organized condition in a large 
scale testing tank. The results showed that axial load capac-
ity is directly proportional to the modulus of encasement 
and the diameter of the column. The increase in stress con-
centration on encased stone columns in comparison to ordi-
nary columns indicated that encased columns act like semi 
rigid piles. In addition to preventing the excessive bulging 
and crushing of stone into the soil, the encasement of stone 
columns also increases the bearing capacity and reduces 
the settlement of the composite foundation [25]. Also the 
stabilization of slopes has been reported using reinforced 
stone columns, thereby increasing the safety factor of the 
structure [26].

Horizontally reinforced stone columns

The mechanism of vertically encased stone columns are 
governed by resistance to hoop stress generated under load-
ing, while interface friction can also be utilized to increase 
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the bearing capacity as well as reduce the slenderness ratio 
and thereby minimizing the bulging by placing horizontal 
circular discs of geosynthetics within the columns at regular 
intervals [27–29]. Ali et al. [27] investigated 50 mm single 
stone column both vertically and horizontally reinforced by 
varying various parameters like diameter of the column, 
spacing between the columns and different area replace-
ment ratios. The failure mechanism for different types and 
configurations was also studied by Ali et al. [30] using the 
exhumed deformed column shapes. The geogrid reinforce-
ment was found to be the best suited geosynthetic encase-
ment for end bearing columns. However, for floating col-
umns, both geotextile and geogrid were equally good for 
horizontal circular discs and encasement configurations.

It can be seen from review of past literature that signifi-
cant studies has been conducted to investigate the behaviour 
of unreinforced stone columns. Recent literature also reflects 
that majority of studies on vertically reinforced stone col-
umns are conducted on unit cell with few reporting about 
group stone columns. Very few studies [31–34] have been 
reported regarding ground improvement of weak/soft sandy 
soils with available literature mainly focusing only on liq-
uefaction potential mitigation of sandy soil by the insertion 
of stone columns. Moreover, for horizontal reinforced stone 
columns, very little literature exists with virtually non-exist-
ent data regarding horizontal reinforced stone column group. 
Thus, the present research work investigates the behaviour of 
group of stone columns for both unreinforced and reinforced 
stone columns. The group of stone columns is arranged as 
per field practice of triangular and rectangular arrangements. 
The reinforcement of stone columns is attained both in ver-
tical (along stone column length) and horizontal (circular 
disc) using geotextile (woven polypropylene). The behaviour 
of unreinforced and reinforced group of stone columns is 
studied for bearing capacity and settlement characteristics. 
The work also focuses on examining the effect of geotextile 
on floating stone columns and its failure mechanisms for 
different cases have also been checked.

Experimental program

Materials used

Soil

The properties of soil used in the present study are evaluated 
using the following test in accordance to procedure as given 
by IS codes. The testing method along with the evaluated 
soil property is summarized in Table 1.

From the particle size distribution curve (Fig. 1), values 
of Coefficient of curvature (Cc = 1.5) and uniformity coef-
ficient (Cc = 4.5) are obtained. Hence, the soil used in the 

present study is classified as well graded sand (SW) as per 
the IS classification.

Aggregates

The size of the aggregates needs to be decided carefully 
from constructing the stone columns. According to Ali et al. 
[30], the crushed stones of size in between 6 and 40 mm 
can be chosen as aggregates so as to satisfy the d/D ratio 
used for prototypes. However, the use of this particular par-
ticle size range is dependent on the fact that in practice, 
diameter of stone column (d) varying between 0.6 and 1.0 m 
are usually constructed using crushed aggregates/gravels of 
size (D) = 25–50 mm. Thus, depicting d/D ratio in range of 
12–40 for all practical purposes or prototypes [20, 30]. Thus, 
for the present study, crushed stones of size varying between 
2 and 10 mm were used so that for model stone columns of 
40 mm, d/D ratio varies from 4 to 20. Aggregates of 10 mm 
(passing) were procured from Hardik Construction Com-
pany, Panipat, India. With 25% of aggregates retained on 
10 mm IS sieve and 63% of the aggregates retained on 2 mm 
IS sieve, its particle size distribution curve as given in Fig. 2 
was obtained. The aggregate sizes (D10–), (D30) and (D60) 
are 0.20, 0.47 and 0.65, respectively. With Cu and Cc cor-
responding to 3.25 and 1.69, the aggregates are classified as 
poorly graded gravel (GP) according to IS classification. The 
dry unit weight γd = 22.78 kN/m3, (γd)min. = 19 kN/m3 and 
(γd)max. = 25.54 kN/m3 was also found similar to the reported 
literature [35–39]. Direct shear tests conducted at a shear-
ing rate of 1.25 mm/min under normal stress of 100 kPa, 
150 kPa, 200 kPa and 300 kPa was used for determination 
of angle of internal friction of stone aggregates. The angle 
of internal friction was found to be 43º.

Reinforcement material: geotextile

Goetextiles are permeable material which can be used in 
association with soil to separate, filter, reinforce, protect, or 
drain. These fabrics come in 3 forms: woven, needle punched 
or heat bonded. The geotextile used n the present study 
for reinforcing the stone column is Woven Polypropylene 

Table 1  Properties of the soil used

S. no. Test name Soil property Values

1. Direct shear test Friction angle (Φ) 20°
Cohesion (c) 2 kN/m2

2. Oven dry method Moisture content 3.44%
3. Specific gravity test Specific gravity 2.65
4. Proctor compaction test Optimum moisture 

content (OMC)
8.40%

Dry density 15.7 kN/m3
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Geotextile. The used geotextile has a high load capacity and 
poor drainage property. These textiles find their application 
in roads, airfield, reservoirs, retaining structures, etc. They 
improve soil strength at a lower cost and they also allow 
planting on steep slopes. The geotextile and its correspond-
ing properties were obtained from Suntech Geotextile Pvt. 
Ltd., Chhattisgarh, India and are given in Table 2.

Model test tank

The modeling of test tank and stone column parameters 
[diameter (d) and length (l)] are determined after considering 

the geometric similitude ratio, l/d ratio and boundary effects. 
For prototype stone columns, diameter range between 0.6 
and 1.0 m with length of 5–20 m is generally used [20]. 
Moreover, the minimum diameter of stone column which 
can be installed with complete integrity is about 13 mm [40]. 
However, for the present study, diameter of stone column 
used is 40 mm rendering a similitude ratio (dmodel/dprototype) 
of 0.04–0.06. Similarly, l/d ratio used for prototypes var-
ies from 5 to 20 [40]. Keeping in line with the mentioned 
norm, l/d ratio for the present study is maintained at 8. For 
dimensioning of the model tank, the most important param-
eter is that insignificant induced stresses are generated at 
the tank boundaries. This implies that the boundaries of 
the tank should be distant enough so that no constrained 
are developed and hence overestimation of results can be 
checked. In order to attain this, a hypothetical footing of 
width (B = 120 mm) resting on stone column of length 
(L) of 300 mm is considered. The adopted dimensions of 
B = 120 mm and L = 300 mm are considered for the maxi-
mum adopted model column dimensions. As adopted from 
the settlement concept of pile group, an equivalent footing 
is considered at two-third column length (i.e. at depth of 

Fig. 1  Particle size distribution 
of the soil used

Fig. 2  Particle size distribution 
curve for aggregates used

Table 2  Properties of geotextile. Source: SUNTECH Geotextile Pvt. 
Ltd

Property Particulars Units Values

Tensile strength WARP kN/m 45
WEFT kN/m 34

Elongation at break WARP % 30
WEFT % 28
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200 mm from ground). Using 2:1 dispersion method, the 
effect of vertical stress from footing resting on stone col-
umns at the ground surface is calculated at depth of twice 
the footing width (2B = 240 mm below the equivalent footing 
location).

It is found that only 11% of stresses are developed at 
tank boundaries. However, considering the critical length 
for settlement criteria of 1.5 B [1, 3], the vertical stresses 
developed due to footing surcharge are calculated at 180 mm 
below the location of hypothetical footing situated at 
200 mm from ground level. It is found that only 16% of the 
total applied vertical stress is found at a depth of 380 mm 
from ground surface and it further reduces to 11% at a depth 
of 440 mm. Hence, considering any depth for model tank 
above 440 mm can be treated to be free from boundary 
effects. Similar approach for dimensioning of model cylin-
drical tank of diameter 300 mm and 600 mm—depth was 
also adopted by Shahu and Reddy [40]. On similar line, 
cylindrical model tanks for single and group of reinforced 
stone columns were also considered by Ali et al. [27, 30]. In 
the present work, the depth of model tank taken is 550 mm, 
which applies that only 3% of the applied vertical stress 
reaches the tank boundaries. However, for soft compressible 
soil, 16% of overburden stress can be significant, but that is 
only corresponding to the depth of 1.5 the footing width. 
The adopted depth in the present case is significantly higher 
(550 mm) depicting only 3% overburden stress which can 
be considered insignificant for soft compressible soils too.

For considering the lateral tank boundaries, in addition 
to the 2:1 dispersion method, the concept of tributary area 
has also been taken into account. As per IS 15284-1 [45], 
the tributary area (i.e. surrounding volume of soil) contribut-
ing to a stone column group arranged in triangular pattern 
is generally hexagonal and square for stone group column 
arranged in square pattern, respectively. The tributary area 
is transformed into a circle (cylinder) of the same cross-
sectional area having an equivalent diameter of 1.05 times 
spacing between stone columns (s) for triangular arrange-
ment and 1.13s for square pattern [43]. Based on this, it is 
found that for the present triangular arrangement of stone 
columns of diameter 40 mm and spacing (s) of 120 mm, the 
equivalent unit cell diameter of 126 mm is obtained. This 
suggests that the each outermost stone column should be 
installed at a minimum distance of 63 mm from the tank 
boundaries. Similar for square arrangement, the minimum 
clear distance between centre of outermost stone column and 
lateral boundary should be at least 68 mm. In the present 
study, a clear distance between centre of outermost stone 
column and lateral tank boundaries is taken as 70 mm for all 
the model testing. Moreover, the lateral boundary distance 
of 70 mm also provides for development of complete pres-
sure bulb formation 1.5d = 60 mm [43], where d = diameter 
of stone column = 40 mm primarily near the top of the stone 

column without any interference from the lateral bounda-
ries. Hence, it can be seen from Fig. 3 that induced stresses 
become insignificant at the adopted model tank dimensions 
of 300 mm (length) × 300 mm (width) × 550 (depth) mm 
with 3 sides made up of iron and 1 side of acrylic sheet.

Construction of stone columns

The stone column parameters [diameter (d) and length (l)] 
are determined after considering the geometric similitude 
ratio, l/d ratio and boundary effects. For prototype stone 
columns, diameter range between 0.6 and 1.0 m with length 
of 5–20 m is generally used [20]. Moreover, the minimum 
diameter of stone column which can be installed with com-
plete integrity is about 13 mm [40]. However, for the present 
study, diameter of stone column used is 40 mm rendering a 
similitude ratio (dmodel/dprototype) of 0.04–0.06. Similarly, l/d 
ratio used for prototypes varies from 5 to 20 [40]. Keeping in 
line with the mentioned norm, l/d ratio for the present study 
is maintained at 8.

Casting of unreinforced stone column

The column was cast in the following steps:

Step 1 Filling up the soil

The soil was filled in layers of 10 cm each. After every 
10 cm, compaction was provided by using the rammer. Soil 

Fig. 3  Schematic view of model stone columns
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was compacted by giving uniform 15 blows. Thereafter, the 
tracer was placed and the next layer was filled up, as shown 
in Fig. 4. The tracer is a red and yellow powder dye used 
for marking after every 10 cm layer so as to identify the 
deformation patterns developed during stone column test-
ing. The soil was filled up to 50 cm height from the bottom 
of the tank while the stone column was simultaneously cast 
as explained below.

Step 2 Hollow pipe for casing

The casting of stone column has been done using the soil 
replacement technique. This technique has been employed 
by other researchers in the past [41, 42] for small-scale 
stone column installation in comparison to soil displace-
ment, frozen and force intrusion techniques. For casting of 

stone columns, a PVC casing of internal diameter 40 mm 
and thickness of 2 mm was used. Using a hydraulic jack, 
the PVC casing was inserted into the sandy soil. The main 
reason for using the top down techniques was to avoid the 
caving of soil during borehole formation.

Step 3 Casting of unreinforced stone column

Since floating columns were modelled, after filling the 
soil up to 20 cm, the hollow cylindrical pipe was placed in 
the model tank (Fig. 5a, b). The soil within the PVC casing 
was removed using a screw type augur of 38 mm diameter. 
The remaining soil was scooped out from inside the casing. 
Prior to placing of aggregates, the interior walls of the cas-
ing were greased so as to avoid wall friction and facilitate 
easy retrieval of casing. The IS light compaction hammer 

Fig. 4  a Filling up the soil in layers of 10 cm each. b Layers of 10 cm each marked with tracers

Fig. 5  a Unreinforced group of 3 stone columns. b Unreinforced group of 4 stone columns
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weighing 2.6 kg was used to compact the stone aggregates. 
The height of fall and number of blows was determined 
through trial and error prior to casting for a 100 mm stone 
aggregate thickness so that a desired relative density of 65% 
(γd ≈ 23 kN/m3) is attained. The high relative density of 65% 
is attributed for attaining efficient load transfer (strength) 
over its drainage facility as the surrounding soil itself is per-
meable by nature. However, in the reported literature [30, 41, 
42], relative densities of 50–80% have been used for stone 
column in clayey soil domain. The aggregates are placed 
within the casing and tamped while the casing is retrieved 
simultaneously. Care is taken that only 80 mm of casing is 
retrieved after laying of each layer so that a seating of 20 mm 
is available for placement of following stone aggregate layer. 
The variation of relative density was assumed to be 65 ± 2% 
during aggregate placement.

Vertically reinforced stone column

The vertical reinforcement was provided by using a geo-
textile encasement. The encasement was stitched to size of 
the cylindrical pipe as shown in Fig. 6. The following steps 
were followed:

Step 1 Filling the soil

The soil was filled in a similar manner to the casting 
of unreinforced column. After compaction and placement 
of tracer on 2 layers of 10 cm each, the hollow pipe was 
introduced.

Step 2 Casting the column

The hollow pipe encased in geotextile is placed in the 
tank. To reduce friction, the external sides of the pipe were 
coated with grease. The aggregates were poured in and 
tamped lightly with a tamping rod with the pipe being with-
drawn simultaneously. The casting procedure is identical 
to casting of unreinforced stone columns. This procedure 
allowed the geotextile to act as a sort of sack to carry the 
aggregates.

Horizontally reinforced stone columns

The following are the steps for casting of stone columns with 
horizontal circular discs:

Step 1 Marking the pipe

The pipe is scaled at every 3 cm, and the same is marked 
with paint to enable placing of the circular discs as shown 
in Fig. 7a, b.

Step 2 Casting the column

Circular discs of diameter (39.5 mm) are cut out from 
the Geotextile (Fig. 9). The discs were to be placed at a 
distance of 3 cm from each other. Ali et al. [30] reported 
that maximum increase in failure stress is attained for hori-
zontal reinforcement spacing of d/2 (where d is the diameter 
of the stone column) or s/d = 0.5 (where ‘s’ is the spacing 
between the reinforcement). Likewise, the horizontal spac-
ing of reinforcement for the present work should have been 
2 cm for column dia. of 40 mm. However, the failure stress 
is also found to vary with increasing x/l ratio from 0.5 to 1.0, 
where ‘x’ = distance of horizontal reinforcement from top of 
stone column and ‘l’ is column length. The failure stress is 
found to increase from 18% for x/l = 0.5 to 25% for x/l = 1. 
Thus, to assess the variation of x/l ratio and s/d criteria, the 
present work adopts spacing at 3 cm. This enables evaluation 
of x/l ratio from 0.1 to 0.9 and s/d ratio of 0.75. The pipe is 
placed in the soil at 20 cm from the bottom. The aggregates 
are filled in and tamped; thereafter the discs are inserted 
at every marking using a pipe with diameter smaller than 
the casting pipe. The variation of relative density within the 
casted column was assumed to be 65 ± 2% during aggregate 
placement. However, the  %age variation in relative density 
of casted columns with horizontal reinforcement is assumed 
to be higher as precise compaction of stone layer thickness 
of only 30 mm was difficult to execute.

Utilizing the unit cell approach, the model tank is 
defined as cylinder with an influence zone diameter 
hemming in the surrounding soil and 3 & 4 stone col-
umn. The group of stone columns used in practice are 
uniformly distributed in triangular (3) or square (4) pat-
tern. Due to this orientation, each column of the stone Fig. 6  Vertically reinforced stone column
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column group projects a tributary area to the surround-
ing soil which is in form of a hexagon for triangular grid 
and square for square grid, respectively. Thus, for easy of 
theoretical analysis and converting the problem to an axi-
symmetric condition, the tributary areas is transformed 
into circles (cylinder in 3D) of equivalent cross-sectional 
area. Hence, for triangular shape, the equivalent diameter 
of the corresponding unit cell is equal to 1.05 times the 
column spacing ‘s’ and 1.13s for square shaped group 
distribution [43]. The detailed casted and installed group 
of unreinforced and reinforced stone columns are shown 
in Fig. 8a, b.

Testing procedure

In practice, loading of stone columns is carried out such that 
with an area replacement ratio (Ar) varying between 10 and 
35% [42]. In the present study, uniform load is applied on 
the group of 3 and 4 stone columns using a square plate of 
dimensions 200 mm × 200 mm and thickness of 10 mm. The 
thickness of the loading plate was determined after trial and 
error method, so that negligible plate deformation occurs 
under loading. The dimensions of the plate was determined 
such that the Ar = 18% for group of 3 stone columns and 
Ar = 26% for group of 4 stone columns. The Ar so adopted is 
in accordance to Ali et al. [30] where a constant  Ar equal to 
25% was adopted. The load was then applied using a modi-
fied plunger of diameter 80 mm so that for a unit cell the 
tank dimensions are 3–5 times the diameter of the loaded 
area. The plunger was attached to the UTM machine and 
compressive load at a rate of 1 kN/min was applied (Fig. 9). 
The load application was ceased when settlement of stone 
column group reached 30 mm. The applied vertical stress 

was measured in terms of footing pressure which was calcu-
lated as ratio of total load by area of the footing. However, 
load on individual stone column was not measured.

Results from model testing

Load–settlement behaviour

The load–settlement behaviour of both unreinforced and 
reinforced (vertically and horizontally) for group of 3 stone 
columns is shown in Fig. 10. It can be seen from Fig. 10 that 
reinforced stone columns depict a higher load bearing as 
compared to unreinforced stone columns. Moreover, it can 
be seen that the response of both vertical and horizontal rein-
forced groups is identical. This can be attributed to the fact 
that vertical reinforcement increases the confinement effect. 
Due to this, hoop stresses generated within the stone column 
under loading is not dissipated and gets restricted. This is 
similar to increase in lateral pressure from the surround-
ing soil thereby resisting the column bulging and providing 
efficient load transfer to stone column bottom. Likewise, in 
case of horizontal reinforcement in form of circular discs, 
the interface friction is mobilized as the column deforms. 
Moreover, with circular discs at regular interval of 3 cm, 
the total length of stone columns is divided into section of 
10 mm each. Thus, within this reduced aspect ratio, the ten-
dency of column bulging is reduced and significant load 
transfer is achieved. However, in both cases, the group of 
stone columns undergo settlement in absence of any avail-
able end-bearing.

Similarly, for group of 4 stone columns, load–settle-
ment behaviour is given in Fig. 11. Again, it is observed 

Fig. 7  a Pipe with markings at 
every 3 cm. b Horizontal circu-
lar disc of diameter 39.5 mm
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that identical nature of vertically and horizontally reinforced 
stone column. Moreover, reinforced stone column perform 
better in comparison to unreinforced ones. The behaviour of 
reinforced stone columns can be attributed to resistance to 
hoop stress and mobilization of interface friction for verti-
cally and horizontally reinforced stone columns respectively. 
Moreover, in case of vertically encased columns, downward 
movement of the encased floating stone columns is also 
governed by the friction acting between the soil–geotextile 
interface. It is assumed that due to high angular nature of the 
aggregates and hoop stresses generated due to column bulg-
ing, the aggregate–geotextile interface is significantly higher 
as compared to soil–geotextile interface. Hence, the settle-
ment failure of vertically encased floating stone columns is 
dependent on the mobilized interface friction between soil 
and geotextile. In the present study, the interface friction 
between geotextile and soil is evaluated using direct shear 
test (DST). The modification in the set-up has been car-
ried out by placing reinforcement geotextile at the shearing 
surface of the lower mould and soil in the upper mould of 

Fig. 8  a Schematic view in 2D and 3D for group of 3 stone columns. b Schematic view in 2D and 3D for group of 4 stone columns

Fig. 9  Testing of stone columns set up under UTM
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DST apparatus. The interface friction angle between geo-
textile and soil is found to be 38.73º in comparison to 20° 
as obtained for soil–soil interface. Thus, high interface fric-
tion angle further contributes in increasing the load carrying 
capacity.

The following observations are also evident from Figs. 10 
and 11.

(a) Unreinforced columns experience settlement very early, 
at a loading of less than 5 kN for group of three stone 
columns and less than 7 kN for an assembly of four 
stone columns.

(b) Up to 20 mm settlement, the unreinforced columns tol-
erate a load of around 14.5 kN and 18.6 kN for group of 
three and four stone columns respectively. Thereafter, 
the columns keep on settling without bearing any load. 
Therefore, graphs show constant phase, which implies 
that the unreinforced columns fail at 17.2 kN for three 
stone columns group and 20.4 kN for four stone col-
umns assembly.

(c) The settlement of vertically reinforced columns does 
not occur up to a load of 15 kN and 17 kN for assembly 
of three and four stone columns respectively.

(d) Unlike the unreinforced columns, the vertically rein-
forced column have not failed up to a load of 22.2 kN 
for three stone columns group and 24.4 kN for four 
stone columns assembly. This has also implied that the 
bearing capacity of soil increases more for vertically 
reinforced columns than for the unreinforced ones. This 
is due to the lesser bulging of vertically encased col-
umns and lesser penetration of columns into the nearby 
soil [44].

(e) No settlement of horizontally reinforced columns with 
equidistant circular discs is observed up to a loading of 
16.2 and 18.4 kN for assemblies of three and four stone 
columns respectively.

(f) Similar to the vertically reinforced columns, the hori-
zontally reinforced columns do not undergone failure 
till a settlement of 30 mm is reached at load applica-
tion of 22.2 kN for group of three stone columns and 

Fig. 10  Load–settlement behav-
iour for the model testing results 
for 3 stone columns
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Fig. 11  Load–settlement behav-
iour for the model testing results 
for 4 stone columns
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24.4 kN for four stone columns group. This failure of 
the columns may be due to the combined effect of bulg-
ing and buckling due to shear failure [29]. The load 
bearing capacity for both 3 and 4 reinforced and unrein-
forced stone column groups are summarized in Table 3.

(g) As per the previous studies done on cohesive soils [22, 
27], vertically reinforced stone columns are found to 
perform better than the horizontal reinforcement. But 
in present case for sandy soil, the horizontal reinforce-
ment emerges out to be more effective than vertical 
reinforcement.

Modes of failure

From exhumation of stone columns after model testing, it is 
observed that all groups of 3 and 4 stone columns experienced 
failure at the top at about a depth of twice the column diam-
eter due to bulging. This can be attributed to the fact that in 
case of floating columns, applied vertical stresses become high 
enough to cause penetration and thus failure of the columns 
before net outward force becomes significant and causes bulg-
ing. The failure modes of stone column groups are in accord-
ance to failure observed by Ali et al. [30]. The failure mode 
for unreinforced columns was also similar but failed at a lower 
load than reinforced stone columns.

Validation of experimental results

The bearing capacity of reinforced stone columns has been 
validated using theoretical bearing capacity equation for stone 
columns as given by IS: 15284 [45] and design guidelines as 
reported by Murugesan and Rajagopal [24] for encased stone 
columns.

The maximum footing pressure ‘σv’ acting on unreinforced 
stone columns can be calculated using Eq. (1) as given in IS: 
15284 [45]:

(1)�v =
(

�r0 + 4cu
)

Kp
col

where �ro represents the initial effective radial stress calcu-
lated as 2[1 − sin(φsoil)]γd. For the present case, cu = 0 and 
Kp

col
= tan2(45 + �∕2) where φ is the internal frictional angle 

of the stone aggregates = 43°. Using Eq. (1), Load on unreinforced 
group of stone columns (P) in kN is calculated by Eq. (2) as:

where area A = � × (0.525s)2 for triangular arrangement 
(3 stone column group) and A = � × (0.564s)2 for square 
arrangement (4 stone column group). The theoretical bearing 
capacity as obtained from Eqs. (1) and (2) are summarized 
in Table 3.

Evaluation of bearing capacity of vertically reinforced stone 
column groups is done in accordance to the design guidelines 
stated by Murugesan and Rajagopal [24]. The area replace-
ment ratio (Ar) based on stone column diameter ‘d’ and spac-
ing‘s’ is calculated using Eqs. (3) and (4):

For 3 stone column group:

For 4 stone column group:

Using the Ar corresponding values of normalized tension [T/
(d × σv)] in the stone column encasement for � = 43° and c = 0 
is obtained from the design chart as given by Murugesan and 
Rajagopal [24]. With tensile strength of geotextile (T) for the 
present case = 45 kN/m and ‘d’ = 0.04 m, σv for 3 and 4 stone 
groups is evaluated. Thus, from Eq. (2), load on vertically rein-
forced stone column groups is determined and listed in Table 3. 
However, for horizontally reinforced stone columns, currently 
any empirical relationship is virtually non-existent. It can also 
be seen from Table 3, that a good agreement is found between 
experimental and theoretical values with deviation of less than 
4 and maximum variation of 18% only.

(2)P = �v × A

(3)A
r
= 0.907

(

d

s

)2

(4)A
r
= 0.786

(

d

s

)2

Table 3  Comparison of experimental and theoretical bearing capacities of unreinforced and reinforced stone column groups

Reinforced type Experimental results Theoretical results Final set-
tlement 
(mm)

Standard deviation Coefficient of 
variance (COV) 
(%)

Final load (kN) Final load (kN)

Group of three unreinforced columns 17.2 22.2 30 3.54 18
Group of three vertically encased columns 22.2 17.31 30 3.46 18
Group of three horizontally reinforced columns 22.5 Not available 30 Not available Not available
Group of four unreinforced columns 20.4 23.4 30 2.12 10
Group of four vertically encased columns 24.4 19.73 30 3.30 15
Group of four horizontally reinforced columns 24.9 Not available 30 Not available Not available
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Conclusions

In the present work model testing of 3 and 4 stone col-
umn groups has been carried out for both unreinforced and 
reinforced stone columns. The geotextile reinforcement of 
stone columns is executed both in vertical direction along 
stone column length and horizontally by using circular 
discs placed at 3 cm interval within the stone columns. 
Based on the results recorded from the response of unrein-
forced and reinforced stone column groups, the following 
conclusions are made:

1. For an equal settlement criterion of 30 mm, reinforced 
group of 3 stone columns depicted a higher load bear-
ing capacity as compared to both 3 and 4 unreinforced 
stone column groups. Hence, it can be concluded that 
reinforcing floating stone columns increases the bearing 
capacity in comparison to unreinforced floating stone 
columns.

2. Moreover, bearing capacity obtained from reinforced 
3 stone column group is 10% more than the bearing 
capacity of unreinforced 4 stone column group signify-
ing that reinforcement facilitates use of less number of 
stone column in a group with significant bearing capac-
ity increase. Hence, making the method economical.

3. The group of 3 vertically encased stone columns ren-
ders 76.7% increase in bearing capacity in comparison to 
horizontally reinforced group of 3 stone columns which 
depicts an increase of 77.4%. Similarly, for a set of 4 
vertically encased stone columns, an increase of 81.9% 
in load carrying capacity was observed against 83.6% for 
4 stone columns with horizontal discs. From the percent-
age increase recorded for vertical and horizontal rein-
forcement, it can be concluded that both reinforcement 
methods are equivalent in terms of performance. The 
vertical encasement serves by resisting the hoop stresses 
during failure stress while interface friction mobiliza-
tion between aggregate and geotextile as the column 
undergoes bulging facilitates better load transfer, thereby 
increasing the bearing capacity. However, for floating 
columns in weak sandy soil as in the present case, the 
latter can be concluded as better reinforcement method.

Limitation and scope for future work

Since increase in bearing capacity obtained from verti-
cally encased and horizontally reinforced stone columns is 
almost equivalent, a combined vertical and horizontal rein-
forcement was not studied in the present work. Moreover, 
field studies regarding combined vertical and horizontal 

reinforcement are virtually non-existent. Hence, inves-
tigation of stone column reinforced both vertically and 
horizontally can be taken up by future researchers through 
small scale or field scale testing.
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