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Abstract.  Stone columns (or granular column) have been used to increase the load carrying capacity and 
accelerating consolidation of soft soil. Recently, the geosynthetic reinforced stone column technique has 
been developed to improve the load carrying capacity of the stone column. In addition, reinforcement 
prevents the lateral squeezing of stone in to surrounding soft soil, helps in easy formation of stone column, 
preserve frictional properties of aggregate and drainage function of the stone column. This paper investigates 
the improvement of load carrying capacity of isolated ordinary and geotextile reinforced sand column 
through field load tests. Tests were performed with different reinforcement stiffness, diameter of sand 
column and reinforcement length. The results of field load test indicated an improved load carrying capacity 
of geotextile reinforced sand column over ordinary sand column. The increase in load carrying capacity 
depends upon the sand column diameter, stiffness of reinforcement and reinforcement length. Also, the 
partial reinforcement length about two to four time’s sand column diameter from the top of the column was 
found to significant effect on the performance of sand column. 
 
Keywords:    soft soil; ground improvement; ordinary sand column; geosynthetic reinforced sand 
column; field load test 
 
 
1. Introduction 
 

Men do not have any control on the process of soil formation. The existing soil on a given site 
may not be suitable for supporting the desired facilities such as buildings, bridges, dams, and so on 
because safe bearing capacity of a soil may not be adequate to support the given loads. The soil 
properties of such deposit have to be improved in order to make them suitable to support the given 
loads. Various ground improvement techniques have been developed to improve the soil properties 
in these sites (Chu et al. 2000, Rampello and Callisto 2003, Indraratna et al. 2004, Abuel-Naga et 
al. 2006, Bergado and Teerawattanasuk 2008, Chen et al. 2008, Rowe and Taechakumthorn 2008, 
Vashi et al. 2013). 

One of the methods extensively used in soft soils is stone column (or granular column). Stone 
column derives its load capacity through passive pressure from the surrounding soil due to bulging 
of stone column. When installed in very soft soil, the load carrying capacity of the stone column 
reduces owing to the lower lateral confinement in the top portion of the column (Greenwood 1970, 
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Barksdale and Bachus 1983). To overcome this limitation, stone column is reinforced (or encased) 
using geosynthetic. Further, reinforcement prevent clogging of the stone aggregate by surrounding 
soft soil, so drainage of column is not affected (Alexiew et al. 2005, Brokemper et al. 2006, 
Kempfert and Gebreselassie 2006). 

The concept of encasement of stone column by geosynthetic was first suggested by Van Impe 
and Silence (1986). Raithel and Kirchner (2008) reported that the first load test on encased 
columns was carried out in Germany in 1994. Kempfert and Wallis (1997) reported the first 
application of ‘geotextile encased columns’ for widening an about 5 m high railroad embankment 
on peat and clay soils in Hamburg. Later on, this foundation system has been successfully applied 
in different projects (Kempfert and Raithel 2002, Raithel et al. 2005, Nods 2005, De Mello et al. 
2008, Koerner and Wong 2008). 

Raithel et al. (2002) reported the application of geotextile-encased columns to stabilize a dyke 
built on a soft soil layer having undrained shear strength 0.4 to 10 kPa. Trunk et al. (2004) 
performed series of medium scale unconfined compression tests and addressed successful 
installation of the geogrid encased stone columns in the field. Paul and Ponomarjow (2004) did 
comparative study on the load carrying capacity behaviour of reinforced crushed stone columns 
and non-reinforced concrete pile foundations. 

Numerous researchers have evaluated the behaviour of ordinary stone columns without 
encasement and geosynthetic encased stone columns through laboratory tests. Bauer and Nabil 
(1996) performed uniaxial and triaxial compression tests on ordinary stone column and sleeve 
reinforced stone columns. They concluded that cylindrical sleeve increase the stiffness of the 
column. Malarvizhi and Ilamparuthi (2004) investigated the behaviour of end bearing and floating 
reinforced and unreinforced stone columns through laboratory model tests. Benefits of encasing 
stone columns installed in collapsible soils were reported by Ayadat and Hanna (2005). Di Prisco 
et al. (2006) have reported the results from laboratory small-scale model tests on the load capacity 
of sand columns against vertical non-monotonic loading and brought out the qualitative 
improvements in their load capacity. Lee et al. (2007) examined the load carrying capacity and 
failure mechanism of geogrid encased stone column by model tests. A parametric study was 
conducted by Murugesan and Rajagopal (2007, 2010) on single and group of stone columns to 
study the effects of column diameter, geosynthetic stiffness, and length of encasement on the load 
carrying capacity of geosynthetic encased stone columns. They reported that the performances of 
partially encased columns are very close to that of fully encased columns. Gniel and Bouazza 
(2009) provided comparative study on the performance of single and the group of stone columns 
and indicated a steady reduction in vertical strain with increasing encased length. Triaxial 
compression tests were conducted by Wu and Hong (2009) on unreinforced and reinforced sand 
columns. These tests showed that reinforcement induced apparent cohesion to stone column 
material. 

Many researchers have done numerical analysis for understanding the behaviour of encased 
columns. Murugesan and Rajagopal (2006) performed axisymmetric finite element analyses to 
examine the behaviour of ordinary stone columns (OSCs) and geosynthetic encased stone columns 
(ESCS). They reported that the depth of encasement equal to two times the diameter of stone 
column is adequate to substantially increase its load carrying capacity. Malarvizhi and Ilamparuthi 
(2007) also performed axisymmetric finite element analyses on single ordinary and the encased 
stone column stabilized clay bed to bring out the influence of the various column parameters. They 
suggested that the bearing capacity encased stone columns stabilized clay bed is not effective 
beyond length to diameter ratio of column of 10 and geogrid stiffness over 2000 kN/m, 
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respectively. Khabbazian et al. (2009) carried out 3D finite element analyses to simulate the 
behaviour of a single geosynthetic-encased stone column in a soft clayey soil. They suggested that 
it is more efficient to select encasement with higher stiffness rather than to improve the stone 
column material. The study on the comparison of different modelling approach (i.e., axisymmetric, 
3-d unit cell, and fully 3-d) was carried out by Yoo and Kim (2009). They noted that the results of 
3-d unit cells were in good agreement with those from the fully 3-d model. Yoo (2010) 
numerically investigated the performance of geosynthetic-encased stone columns installed in soft 
ground for embankment construction. He reported that full encasement may be necessary to ensure 
maximum settlement reduction when implementing geosynthetic encased stone column under an 
embankment loading condition. 

Many researchers have proposed analytical approaches for estimating bearing capacity and 
settlement of reinforced foundations by encased stone columns. Based on the assumption of unit 
cell behaviour, equal settlement for the column and soft surrounding soil, volume of the column 
remains constant, an analytical method was proposed by Raithel and Kempfert (2000). Wu et al. 
(2009) developed an analytical procedures to examine the axial stress-strain response of 
geosynthetic encased stone column adopting Duncan and Chang model to describe the mechanical 
characteristics of the stone column materials. Zhang et al. (2011) developed a theoretical elastic 
solution of stresses and displacements of foundation reinforced with encased column adopting unit 
cell approach. An updated elasto-plastic solution for a fully encased column was proposed by 
Pulko et al. (2011). They have ignored the effect of the radial stresses at different locations on the 
radial deflection of the soil. Recently, a closed form solution was proposed by Castro and Sagaseta 
(2011) to study the settlement reduction and the acceleration of consolidation caused by encased 
stone columns. They concluded that the column reinforcement has negligible effect for an elastic 
column and starts to be useful only after column yielding. Apart from above analytical methods, a 
simple analytical solution based on the hoop tension theory was developed by many authors (Van 
Impe 1989, Ayadat and Hanna 2005, Murugesan and Rajagopal 2010). 

Although the behaviour of the geosynthetic encased stone columns have been investigated by 
many researchers through laboratory and filed load tests, numerically and analytically, there have 
been few systematic investigations to understand the behaviour of reinforced sand columns in the 
field. As part of an effort to understand the behaviour of unreinforced and reinforced sand columns 
in the field and to bring out the parameters which play an important role in increasing the load 
carrying capacity and settlement reduction of sand column, a prototype axial load test programme 
on sand column was performed. An extensive parametric study was carried out to understand the 
influence of diameter of column, the stiffness of reinforcement and reinforcement length on 
settlement and load carrying capacity. As a follow-up load carrying capacity of sand columns were 
compared with the existing theory. 

 
 

2. Site characteristics, materials and testing methodology 
 
All the tests were performed nearer to Althan creek, Surat city, in the state of Gujarat, India. 

The test programme was aimed at developing an efficient foundation design on sites adjacent to 
the test site. A schematic soil profile with standard penetration test (SPT) blow counts is presented 
in Fig. 1. Standard penetration test blow counts for a site vary typically between 3 and 38, ranging 
from 3 to 5 in the first 4 m of depth. 

The boring logs indicate that test area is underlain by a 0.5 m-thick layer of highly plastic clay.
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Fig. 1 Soil profiles with SPT blow counts 

 
Table 1 Properties of geotextile used for reinforcement 

Characteristic/ property Geotextile 1 Geotextile 2 

Polymer type Polypropylene Polyester 

Thickness (mm) 0.68 0.90 

Ultimate tensile strength (kN/m) 59.20 106.25 
10% secant stiffness, J (kN/m) 121.90 450 

 
 
This clay layer is underlain by a 3.5 m-thick layer of blackish non-plastic silt. The silt layer is 
underlain by yellowish plastic silty clay with sand and gravel extending well below the zone of 
interest. The ground water table was not observed upto a depth of 8 m. Laboratory testing on soil 
samples showed the degree of saturation ranges from 77 % for high plastic clay, 81% for blackish 
non-plastic silt and 80 % for yellowish plastic silty clay with sand and gravel. Other properties of 
the foundation soil at different depth are illustrated in Fig. 2. Unconfined compression test on high 
plastic clay provided value of undrained cohesion of 21.50 kPa. Angle of internal friction for 
non-plastic silt, determined from series of undrained triaxial shear tests was 26°. Undrained 
triaxial shear tests on undisturbed samples provided average values of cohesion 82 kPa and friction 
angle 12° along the 4-8 m soil depth. The Young moduli obtained from triaxial test were 4300, 
2542 and 50752 kPa for highly plastic clay, non-plastic silt and yellowish clay, respectively. 

Two woven geotextile of different tensile strength was used to reinforce the sand column in the 
present study. Fig. 3 shows the geotextile used in the tests. The tensile strength properties of these 
geotextile, determined from standard wide-width tension tests (ASTM D 4595 1986), and other 
geometrical properties are listed in Table 1. Geotextile in the form of tube was made by bonding 
the section with epoxy-resin, as reported by Gniel and Bouazza (2009). The load deformation 
behaviour observed from wide-width tension tests on bonded geotextile is shown in Fig. 4. 
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Fig. 2 Summary of foundation soil properties 

 

 
Fig. 3 Geotextile used to reinforce the sand column 

 
 

The sand used is clean river sand with particle size distribution as shown in Fig. 5. Other 
properties of the sand for the sand column are given in Table 3. The angle of internal friction has 
been determined using a direct shear box. The sand for the column was compacted to a density of 
approximately 1.77 g/cm3. The Young modulus of sand used for the column was 35625 kPa. 
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Fig. 4 Tensile load-strain behaviour 
of geotextile samples 

Fig 5 Grain size distribution for sand 

 
 
Table 2 Properties of sand used in sand columns 

Parameter Value 

Minimum dry density (g/cm3) 1.56 

Maximum dry density (g/cm3) 1.88 

Compacted dry density (g/cm3) 1.77 

Angle of internal friction (deg) 36 

 
 
Table 3 Experimental programme 

Test 
number 

Diameter of 
column (m) 

Reinforcement 
length (m) 

Length of 
column (m)

Type of 
reinforcement

Type 

1 0.30 - - - Without treatment 

2 0.30 - 4 - OSC 

3 0.30 0.6 4 Geotextile 1 RSC 

4 0.30 1.2 4 Geotextile 1 RSC 

5 0.30 4 4 Geotextile 1 RSC 

6 0.30 0.6 4 Geotextile 2 RSC 

7 0.30 1.2 4 Geotextile 2 RSC 

8 0.30 4 4 Geotextile 2 RSC 

9 0.45 - 4 - OSC 

10 0.45 0.9 4 Geotextile 1 RSC 

11 0.45 1.8 4 Geotextile 1 RSC 

12 0.45 4 4 Geotextile 1 RSC 

13 0.45 0.9 4 Geotextile 2 RSC 

14 0.45 1.8 4 Geotextile 2 RSC 

15 0.45 4 4 Geotextile 2 RSC 
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(a) (b) 
 

Fig. 6 Photograph of one of the loading tests: (a) General view; (b) Close view of sand column top 

 
 
 

In the current research project, two 4 m long ordinary sand columns (OSCs) and twelve 4 m 
long geotextile reinforced sand column (RSCs) were constructed. The overall experimental 
programme is given in Table 3. All sand columns were constructed by a replacement method. An 
open-ended steel pipe (casing) having thickness of 6 mm was pushed into the soil upto the 
required depth. The soil within the casing was scooped out using a helical auger followed by the 
insertion of the geotextile tube. The quantity of the sand required to form the sand column was 
pre-measured and charged into the casing pipe in layers to achieve a compacted height of 30 cm. 
The casing was then raised in stages ensuring a minimum of 15 mm penetration below the top 
level of the placed sand. This was to prevent necking of the geotextile reinforcement. This method 
of installation ensures the continuity of the sand columns. This method of compaction of each 
layer of sand was done by ramming method as suggested by Datye and Nagaraju (1981). The 
corresponding density was found to be 1.77 g/cm3. The procedure was repeated until the column is 
completed to the full height. 

After the construction of the sand column, the load-settlement behaviours of the columns were 
studied by applying vertical load in a loading frame. To load the sand column area, a loading plate 
with diameter equal to that of the column, was used. This plate was used to transfer the vertical 
loads from a hydraulic cylinder to the sand column top. 

Three series of tests were conducted. The first series of tests was performed on the soil without 
any treatment. A second series of tests was performed on ordinary sand columns (OSCs) without 
any reinforcement. The third series of tests was performed on geosynthetic reinforced sand 
columns (RSCs) with different diameters, reinforcement stiffness and length. 

All the field load tests were performed as per the method suggested by Indian Standard for load 
tests on soils (IS: 1888). The vertical load was applied to the column top in stages with the 
following load stage being applied only after the rate of settlement is reduced to a value of 0.02 
mm/min. All the tests were continued till a settlement of 50 mm. Reaction to the vertical loads 
applied at the column top was provided by kentledge method. A photograph of one of the loading 
tests is shown in Fig. 6. 
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3. Results and discussion 
 
3.1 Effect of geotextile reinforcement 
 
The stress-settlement responses observed for soil without treatment, ordinary sand column 

(OSC), reinforced sand column (RSC) with secant stiffness (J) of 450 kN/m are shown in Fig. 7. 
These results were obtained by loading the sand column area only or an equivalent area in the case 
of the soil without treatment. RSC was not fail even at a settlement of 50 mm. The compression of 
RSC was due to the elongation of the geotextile reinforcement. The stress on RSC corresponding 
to 40 mm of settlement is found to be 70 % greater than that of OSC for a column diameter of 0.30 
m. 

 
3.2 Analytical solution 
 
The filed load tests results are compared with the analytical solution proposed by Murugesan 

and Rajagopal (2010). The analytical method for computing the stress on the OSC and RSC is 
explained in the following paragraphs. 

The ultimate load carrying capacity of a sand column installed in a soil mass is governed by the 
lateral confining earth pressure mobilized in the surrounding soil. The limiting (yield) axial stress 
in the OSC constructed in clay is given by Eq. (1) (Hughes et al. 1975, Indian Standard (IS) 2003). 
Similarly axial stress in the OSC constructed in cohesionless (here silt) soil is given by Eq. (2). 
The ultimate load carrying capacity of the ordinary stone column (i.e., qOSC) is computed by the Eq. 
(3). In the below, initial effective radial stress (σro) was computed at an average depth of twice the 
column diameter. 
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Fig. 7 Effect of geotextile reinforcement on stress-settlement response 
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where 
σro = initial effective radial stress = K0 σvo 
Cu = undrained shear strength of clay surrounding the column 
σvo = average initial effective vertical stress  
K0 = average coefficient of lateral earth pressure for clays (assumed 0.6)  
φc = angle of internal friction of sand column material 
φ = angle of internal friction of soil surrounding the column 

 

A sand column reinforced in a geosynthetic material can be simulated by a cylindrical element 
made of a cohesionless material and subjected to triaxial loading. The confining pressure is the 
total of the lateral resistance of the soil and the geosynthetic enveloping the column. The 
geosynthetic provide confining stress to column. This confining stress can be estimated based on 
the tensile strength of geosynthetic. A simple closed from solution proposed by Van Impe (1989) 
and Ayadat and Hanna (2005) based on the hoop tension theory in a thin cylindrical container 
subjected to internal pressure was used to predict the axial stress on the RSC. It is well established 
that the bulging of column occurs mostly over a height equal to four times the diameter of column 
from top (Greenwood 1970, Hughes et al. 1975). The vertical strain developed in the column 
could be assumed due to bulging of column. Assuming, no volume change of column, the hoop 
strain (εc) developed in the geosynthetic is predicted from the axial strain (εa) relation as reported 
by (Henkel and Gilbert 1952, Bathurst and Karpurapu 1993, Rajagopal et al. 1999, Latha et al. 
2006). 

a

a
c 









1
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                              (4) 

 

The vertical strain of the column was calculated based on the measured vertical settlement at 
the column top divided by a column height equal to four times the diameter of column. The load 
corresponding to hoop strain is predicted from the load-strain curve obtained from wide-width 
tension tests on geotextiles. Based on this tension force the additional confining pressure (σ3geo) 
provided by geotextile is calculated as 

d

T
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2
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Combining Eqs. (1), (2) and (5), the ultimate load carrying capacity of the RSC can be 
calculated by the following equation. 
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3.3 Effect of diameter of sand column (d) 
 
Stress-settlement response of 0.30 m and 0.45 m diameter OSC and RSC of secant stiffness 450 

kN/m were plotted in Fig. 8. It is seen in Fig. 8 that the stress-settlement responses of the OSC of 
different diameters are almost the same. The stress developed in the RSC increased with a 
decrease in the diameter of the column. This phenomenon is due to the development of larger 
confining stresses in smaller diameter reinforced sand column. A similar trend was observed by 
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Fig. 8 Effect of diameter of sand column on stress-settlement response 

 
 
Murugesan and Rajagopal (2006), based on numerical analysis. 

The relationship between the diameter of sand column and stress corresponding to a vertical 
settlement of 50 mm is compared in Fig. 9 with analytical solution. The present work predicts a 
slightly lower stress than the analytical results for the OSCs and RSCs. 

Fig. 10 shows the percent reduction in settlement of RSCs over that of OSCs for two diameters 
(0.30 and 0.45 m) of sand columns under a vertical stress of 300 kPa. In Fig. 10, it can be seen that 
percent reduction in settlement of sand column tends to sharply increase by decreasing diameter of 
sand column for secant stiffness of 450 kN/m. This is because with increase in column diameter, 
the stresses are mobilized in the top portion of the column, which cause larger lateral bulging and 
eventually leads to more vertical settlement. Murugesan and Rajagopal (2010) also observed 
similar behaviour with single reinforced stone column in the laboratory model tests. However, for 
reinforcement stiffness of 121.90 kN/m, settlement reduction was insignificant with diameter. 

 
 

 
 

Fig. 9 Stress corresponding to 50 mm settlement for different diameter of sand columns 
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Fig. 10 Settlement reduction with decreasing diameter of RSC 

 
 

 
 

Fig. 11 Effect of stiffness of geotextile on performance of reinforced sand column 

 
 

 
 

Fig. 12 Stress corresponding to 50 mm settlement for different secant modulus of geotextile reinforcement
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3.4 Effect of stiffness of reinforcement 
 
The effect of geotextile stiffness on load carrying capacity of column was studied for two 

different secant stiffness of reinforcement of 121.90 and 450 kN/m. Fig. 11 shows a comparison of 
vertical stress versus settlement behaviour of an OSC and RSCs of 0.45 m column diameter for 
different geotextile stiffness. As can be seen, stress on the reinforced sand columns increases with 
an increase in the secant stiffness of the geotextile used for reinforcement. The improved 
characteristics of RSCs with higher stiffness were due to larger confining (lateral) stress developed 
in the sand columns. 

Fig. 12 shows the relationship between the vertical stress at 50 mm settlement and the secant 
stiffness of geotextile for different diameter of sand columns. Form the figure, it can be seen that 
as the stiffness of geotextile increases, the vertical stress on the stone column increases. The hoop 
stresses in the geotextile lead to an increase in the confining pressures in the sand columns. Hence, 
geotextile with a higher stiffness will induce larger confining pressures, leading to a stiffer and 
stronger response of the sand columns. The experimental results for the carrying capacities of 
reinforced sand columns at 50 mm settlement were compared with the analytical study in Fig. 12. 
It can be seen from Fig. 12 that the experimental study underestimates the results by about 5-20%. 
 

3.5 Effect of reinforcement length 
 
In the literature, it can be found that the bulging of sand columns will be predominant within 

top portion of the column (Greenwood 1970, Hughes et al. 1975). Hence, only the top portion of 
the sand column needs more lateral confinement in order to improve its performance. Hence, it 
was decided to investigate the effect of the reinforcement length on the response of the sand 
columns. Figs. 13 and 14 show the stress-settlement response of 0.30 m diameter RSCs with the 
reinforcement length for J = 121.90 and 450 kN/m respectively. It can be seen that sand column 
reinforced (with J = 450 kN/m) upto two times diameter of column exhibit much higher load 
carrying capacity than an OSC. 

 
 

 
 

Fig. 13 Effect of reinforcement length on the performance of reinforced sand column 
(d = 0.30 m, J = 121.90 kN/m) 
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Fig. 14 Effect of reinforcement length on the performance of reinforced sand column 
(d = 0.30 m, J = 450 kN/m) 

 
 
 

The stress improvement factor is derived as stress of treated ground divided by stress of 
untreated ground at 50 mm settlement. As can be seen from Fig. 15, the stress improvement factor 
is not change remarkably with reinforcement length for geotextile stiffness of 121.90 kN/m. 
However, stress improvement factor rapidly increases for reinforcement length upto four times the 
diameter of sand column form the top of the column, then after increase in stress improvement 
factor is gradual. It shows that the reinforcement at the top portion of the sand column is sufficient 
for improved performance. 

 
 
 

 
 

Fig. 15 Variation of stress improvement factor with reinforcement length, diameter of column 
and stiffness of reinforcement 
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4. Conclusions 
 

The present work describes field load tests carried out to study the effect of diameter of sand 
column, reinforcement stiffness and reinforcement length on the behaviour of sand columns. Load 
tests were carried out by loading the column area alone to study the limiting axial stress on the 
sand column. From the results of these tests, the following conclusions can be drawn. Here, 
conclusions 1 to 3 deals with reinforced sand column of full reinforcement length. 

(1) Depending upon the reinforcement stiffness and diameter of column, the load carrying 
capacity of reinforced sand columns are 20-85 % more than that of ordinary sand columns 
and settlement of reinforced sand columns reduced by 20-54% that of ordinary sand 
columns. 

(2) Decreasing the diameter of a reinforced sand column increase the ultimate stress on the 
column. When the diameter of the reinforced sand column (with J = 450 kN/m) was 
changed from 0.45 m to 0.3 m, the resultant stress on top the column at a settlement of 50 
mm increased by 21%. 

(3) The ultimate stress on the reinforced column increases with the stiffness of the 
reinforcement. This phenomenon is due to generation of higher confining stresses for 
stiffer reinforcements. By changing the reinforcement stiffness from 121.90 to 450 kN/m, 
the stress on column increased about 27-44 % for a vertical settlement of 50 mm. 

(4) The optimum reinforcement length require to substantially increase load carrying capacity 
of reinforced sand column is found to be approximately four times the diameter of sand 
column. 
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