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ABSTRACT: Geosynthetic reinforced granular piles are commonly used in engineering practice to enhance the bearing 
capacity, reduce settlements and to increase the rate of consolidation of very soft clays. In the present paper, laboratory 
model tests have been carried out on vertical-horizontal combined reinforced floating granular piles installed in soft clay. 
A 75 mm diameter and 375 mm length single granular pile was formed by simulating unit cell concept. Geotextile and 
geogrid were used over the full length of granular piles as vertical encasement and horizontal strips respectively. Geogrid 
strips of 65 mm diameters were placed at three different centre to centre spacing of 25 mm, 50 mm and 70 mm. Vertical 
load settlement relationship of untreated clay bed, unreinforced and reinforced granular pile treated ground were obtained 
under short term loading. The influence of reinforcement was examined in term of ultimate load intensity of granular piles 
compared to untreated ground. Model tests indicated significant improvement in the load carrying capacity of granular 
piles due to the incorporation of geosynthetic. 
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1 INTRODUCTION 

In very soft soils, granular piles (also known as stone 
columns) do not achieve significant load carrying 
capacity due to poor lateral confinement from 
surrounding soil. Geosynthetic reinforced granular 
piles are widely adopted throughout the world to 
provide additional confinement from geosynthetic in 
the form of either as vertical encasing or in horizontal 
layers. Vertical encased granular piles (VEGP) 
improve load carrying capacity and reduce bulging by 
mobilisation of hoop stress in reinforced material. 
Various researchers have conducted analytical, 
laboratory and in-situ tests, and numerical analysis on 
VEGP in very soft soils (Murugesan and Rajagopal, 
2006, 2007, 2010; Gniel and Bouazza, 2009; Pulko et 
al., 2011; Yoo and Lee, 2012; Dash and Bora, 2013; 
Ghazavi and Afshar, 2013; Almeida et al., 2014; Zhang 
and Zhao, 2015; Hasan and Samadhiya, 2016). 
Murugesan and Rajagopal (2007) performed laboratory 
model tests on single encased granular piles by 
simulating unit cell concept. They indicated a clear 
improvement in the load capacity of the granular piles 
due to encasement, whereas effect of encasement 
decreases with increase in the diameter of the granular 
piles. Ghazavi and Afshar (2013) conducted large body 
laboratory tests on vertical geotextile encased granular 
piles. They found that the bearing capacity of granular 
piles increases by using vertical reinforcing material 
and further increases with the increase in the length and 
strength of reinforcement. The granular piles reinforced 
with horizontal strips placed at regular interval improve 
load carrying capacity and control bulging by 

mobilising frictional resistance between strips and 
stone aggregates. Large and small scale laboratory tests 
and numerical analysis have carried out by many 
researchers in the past (Madhav, 1982; Sharma et al., 
2004; Ayadat et al., 2008;  Ali et al., 2012; Hong and 
Wu, 2013). Sharma et al. (2004) performed a series of 
experimental results to investigate the effect of 
horizontal geogrid layers on bulging and load carrying 
capacity of granular piles in a soft clay bed. They 
revealed an increase in the load carrying capacity of 
reinforced granular piles with an increase in the 
number of strips and a decrease in the spacing between 
them. Ali et al. (2012) carried out laboratory model 
tests on short, floating and fully penetrating single 
granular pile with and without reinforcement to 
evaluate the relative improvement in the failure stress 
of the composite ground due to different types of 
reinforcement. They conducted tests on both types of 
reinforced granular pile (encased as well as 
horizontal stripped) and the optimum configuration 
for each type was evaluated. 

Past studies deal with only one type of reinforcement 
as in the form encasement or horizontal strips. 
Literature is not available on combined vertical 
encased-horizontal stripped granular piles for relative 
assessment of the load carrying capacity of treated 
ground. Limited experimental work has been reported 
on granular piles not resting on firm stratum but have 
their tips embedded in clayey soil layer. In the present 
study, combined reinforced granular piles (CRGP) 
have been installed in very soft clay to investigate the 
improvement in the ultimate load intensity of floating 
granular piles as compared to untreated ground. 
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2 EXPERIMENTAL PROGRAMME 

In the present study, unit-cell idealization has been 
adopted to simplify the design of the apparatus needed 
to assess the behaviour of an interior granular pile in a 
large group of piles. This concept was described in 
detail by Barksdale and Bachus (1983). Ambily and 
Gandhi (2007) concluded that single granular pile with 
unit cell concept simulates the field behaviour for an 
interior pile when a large number of piles are 
simultaneously loaded. In the present investigation, 7 
model tests have been performed in the laboratory. The 
laboratory model tests were carried out on clay bed, 
unreinforced granular piles (URGP), VEGP, Granular 
pile with horizontal strips (GPHS), and CRGP in soft 
clay. A 75 mm diameter and 375 mm (5d) length single 
floating granular pile was installed in the centre of 200 
mm diameter and 525 mm height cylindrical tank . 
Clay bed of 525 mm height and having undrained shear 
strength close to 5 kPa was prepared for all 
experiments. The desired undrained shear strength of 
clay was determined by hit and trial method from 
laboratory unconfined compression tests. Water 
content for the required undrained shear strength of 5 
kPa was found to be 34 % and corresponding dry unit 
weight was 13.85 kN/m3. A granular pile was 
constructed on 70% relative density by using 
replacement method in all tests. Ghazavi and Afshar 
(2013) revealed that bearing capacity of vertical 
encased granular piles increases with the increase in 
the length of reinforcement. Therefore in the present 
study, reinforcement has been provided throughout the 
length of granular piles. Geotextile and geogrid were 
used for vertical encasement and horizontal strips 
respectively. Circular geogrid strips of 65 mm 
diameters were used over the entire length of granular 
piles. These strips were placed at three different centre 
to centre spacing (S) of 25 mm, 50 mm and 70 mm. 
First geogrid strip in each case was placed 25 mm 
below the loading plate. Fresh clay and aggregates 
were used for each laboratory test for better results. 

2.1 Materials Properties 

In the present study; clay, crushed stone aggregates and 
geogrid were used and collected from locally available 
sites and tested in the Geotechnical Engg. Lab, IIT 
Roorkee. The physical properties of clay are specific 
gravity = 2.73, optimum moisture content = 17.56%, 
maximum dry unit weight = 17.22 kN/m3, liquid limit 
= 48%, Plastic limit = 18% and Plasticity index = 30 
%. The dry unit weight and undrained shear strength 
corresponding to 34% water content were 13.85 kN/m3 
and close to 5 kPa respectively. It has been classified as 
CI as per IS: 1498: 2000. The crushed stone aggregates 
were made of granite and were in the range of 2–6.3 
mm in size. The maximum and minimum dry unit 

weights of the aggregate are 15.04 kN/m3 and 13.41 
kN/m3 respectively. The dry unit weight and angle of 
internal friction of stone aggregates at 70% relative 
density were 14.51 kN/m3 and 43° respectively. The 
Particle size distribution curves for clay and stone 
aggregates are shown in Fig. 1 

 

Fig. 1 Particle size distribution curves for clay 
and stone aggregates 

 Nonwoven geotextile and biaxial geogrid of thickness 
2 mm and 1.5 mm respectively were used in this study. 
The ultimate tensile strength of geotextile and geogrid 
were found to be 4.41 kN/m (@54.62% strain) and 
7.96 kN/m (@ 20.21% strain) respectively. The tensile 
stress-strain behaviour for geotextile and geogrid are 
shown in Fig. 2. 

 

Fig. 2 Tensile stress-strain plots of geosynthetic 
2.2  Test Set Up and Procedure 

A typical schematic view of test setup for laboratory 
model tests is presented in Fig. 3. Vertical load was 
applied and measured by proving ring only over the 
cross sectional area of granular pile. The load was 
applied at a constant displacement rate of 1.2 mm/min. 
Settlement of loading plate was measured by dial 
gauge. Load was applied (up to 35 mm settlement) 
through a loading plate of 15mm thickness and 
diameter equal to granular pile. Loading period is kept 
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short to ensure undrained loading condition which 
simulates loading during construction. Vertical load 
settlement relationship was studied for relatively 
assessment of performance of the granular piles. 

 
Fig. 3 Schematic view of test setup 

3 RESULTS AND DISCUSSION 

Experimental investigations have been carried out to 
estimate the ultimate load intensity of floating granular 
piles. The results in terms of vertical load-settlement 
behaviour of clay bed, URGP, VEGP and GPHS (50 
mm c/c spacing) are presented in Fig. 4. The results 
have been summarised in Table 1. Perusal of Fig. 4 
shows that the ultimate load intensity of treated ground 
improved due to installation of granular piles. It further 
improved due to inclusion of geotextile, and geogrid 
strips in the granular piles. The ultimate load intensity 
for URGP, VEGP and GPHS were found to increase by 
195%, 440% and 396% respectively as compared to 
clay bed. However the increase in ultimate load 
intensity for VEGP and GPHS were 83% and 68% 
respectively with respect to URGP. 

 
Fig. 4 Vertical load-settlement behaviour of 

granular piles 

Table 1 Results of laboratory model tests 

Test 
description 

Strip 
spacing 
(mm) 

Undrained 
shear 
strength 
(kPa) 

Ultimate 
load 
intensity 
(kPa) 

Clay bed - 5.12 33.85 
URGP - 5.01 99.88 
VEGP - 5.21 182.87 
GPHS 50 5.17 167.90 

CRGP 
25 5.32 198.27 
50 5.28 180.25 
75 5.15 178.76 

The combined effect of vertical encasing as well as 
horizontal strips on reinforced floating granular pile 
was also studied in present investigation.  Figure 5 
shows vertical load-settlement behaviour for CRGP 
from laboratory investigation. The ultimate load 
intensity of CRGP treated ground was found to 
improve with respect to that of GPHS treated ground. It 
was observed that the ultimate load intensity of 25 mm, 
50 mm and 70 mm centre to centre spaced CRGP 
increased by 485%, 432% and 428% as compared to 
clay bed. However the horizontal spacing of geogrid 
strips has negligible effect on ultimate load intensity in 
case of CRGP. The ultimate load intensity of 50 mm 
spaced horizontal striped CRGP was found to increase 
by 8% as compared to GPHS @ 50 mm c/c.  It may be 
noted that the floating granular piles with combined 
reinforcement start penetrating into soft clay rather 
than bulging. 

 
Fig. 5 Vertical load-settlement behaviour of 

CRGP 
4 CONCLUSIONS 

Laboratory model tests were carried out on 75 mm 
diameter floating granular piles in the present 
investigation. The vertical load-settlement plots of 
granular piles from tests were compared with that 
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obtained from untreated ground. The following 
conclusions can be drawn: 

1) The ultimate load intensity of treated 
ground improves due to installation of 
granular piles. It further improves due to 
inclusion of geosynthetic in form of vertical 
encasement and horizontal strips in the 
granular piles. 

2) The ultimate load intensity for URGP, 
VEGP and GPHS increase by 195%, 440% 
and 396% respectively as compared to 
untreated ground. 

3) The spacing of geogrid strips has negligible 
effect on the ultimate load intensity of the 
combined reinforced floating granular 
piles. 

4) The ultimate load intensity of 25 mm, 50 
mm and 70 mm @ c/c CRGP increase by 
485%, 432% and 428% as compared to 
untreated ground.  
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