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Abstract 

This paper presents the effects of inclusion of random fiber in granular pile (GP) on the performance of load carrying 
capacity and bulging. Model tests on unreinforced and randomly oriented fiber reinforced granular pile placed in soft clay 
bed have been performed. The diameter of granular pile and footing has been taken as 50 mm and 100 mm, respectively 
for model tests on single GP. Load was applied to the soil bed through the circular footing until the total settlement 
reached at least 20% of footing diameter. The finite element analysis using PLAXIS has been used to compare the model 
test results. As compared to unimproved soft clay, adequate increase in load-carrying capacity has been observed in 
reinforced GP. Reduction in the bulge diameter and increase in bulge depth are observed due to application of random 
fiber in GP.       
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1 INTRODUCTION 

Granular pile, one of the most commonly used soil 
improvement technique, has been utilized worldwide to 
increase the bearing capacity of soft soils and reduce 
the settlement of superstructures constructed on them. 
Several researches have carried out study on the 
behavior of granular pile/stone column-reinforced 
ground over the past three decades (Madhav and 
Vitkar, 1978; 1991; Ranjan et al., 1999; etc.). Due to 
installation of GP, the overall stiffness of the ground 
increases, the load carrying capacity of the ground 
increases and reduction in settlement takes place. In 
many situations it is found that even with the provision 
of granular pile of adequate length, spacing and 
diameter, the target bearing capacity can’t be achieved, 
while deep foundation gives over safe solution. In these 
situations, reinforcement in to granular pile may be a 
good option to attain the desired capacity. The methods 
of reinforcing are horizontal reinforcement, 
circumferential reinforcement and using random fiber 
in granular pile. In this study single sand-fiber mixed 
granular pile has been constructed in soft clay in a steel 
tank. Short term load tests have been conducted on 
single granular pile with footing diameter two times of 
granular pile diameter. The objective of the study was 

to observe load-settlement behavior, bulging behavior 
and load sharing between soft surrounding clay and 
GP. 

2 EXPERIMENTAL PROGRAM 

Load tests on model GP have been done on 50 mm 
diameter granular pile (GP) constructed in soft clay in a 
steel tank of size 52.5 cm × 52.5 cm and 50 cm depth. 
Load is applied on 50 mm diameter GP by a rigid 
footing of diameter (D) 100 mm. Fiber content (Fc) has 
been varied from 0.0 % to 1.0 % with fiber length 0.6d 
(i.e. 30 mm).   

2.1 Test setup      

The experimental setup is shown in Fig. 1. The GP was 
constructed to the full depth of the clay placed in the 
tank for a height 400 mm so as to maintain L/d ratio of 
8. Load was applied on GP through a mechanical jack 
of capacity 5 ton and settlement of footing was 
measured with three dial gauges (at 120° to each other, 
least count 0.01 mm). Short term load test was 
conducted on GP as per the procedure given in Federal 
Highway Administration (U.S.A.). Every increment of 
load was maintained for 15 minutes. After that the 
settlement was recorded and next increment of load 
was applied. In this way load was increased till the 
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settlement of footing was about 20 % of the footing 
diameter. For bulging comparison this displacement 
was kept constant throughout the test.  

Figure 1.  Experimental Setup 

2.2 Properties of material 

Clay, coarse sand and nylon fibers have been used for 
experimental investigations. The properties of the 
material used are given in Table 1, 2 and 3. 

2.3 Preparation of soft clay bed  

All the model tests were conducted on soft clay bed
with unconfined compressive strength (UCS) 35 kPa 
and 30.5 % water content (W.C.) & 14.9 kN/m3

unit weight. Before filling the tank with clay, polythene 
sheet was laid on the inner walls of the tank to reduce 
friction and water loss. After placing calculated amount 
of wet clay for one layer, it was compacted with steel 
rammers of different sizes to achieve the required 
density. Smaller diameter hammer was used to remove 
the air bubbles. The full tank was filled up in ten equal 
layers.  

2.4 Construction of granular pile 

The dry unit weight of GP material chosen was 18
kN/m3. After preparation of clay bed the center of the 
clay bed was marked at top surface of the clay bed. 
After that a vertical borehole was made in to the clay 
bed by simple auger boring technique. Before GP 
construction, oven dried sand and fiber in percent 
dry weight of sand was taken. Then 5% water was 
added into the sand by dry weight of sand. Sand, fiber 
and water were mixed uniformly. After mixing, 
calculated quantity of wet sand fiber mixture was 
taken. The sand fiber mixture was directly placed in t
the bore hole and compacted by a steel rod. Next 
charge of sand fiber mixture was placed in to the 
borehole and the process was continued till the 
formation of GP. Single layer tissue paper (shear 
strength assumed zero) were placed at various depths 

about 20 % of the footing 
diameter. For bulging comparison this displacement 
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Table 1. Properties of Clay. 
Property Value 

Specific Gravity 2.68 

L.L & P.L. 47 % & 22% 

PI 25 % 

O.M.C. & γd,max 18.5 % & 16.8 kN/m
Classification CI 

Compression Index 0.12 
Clay content 48 % 

Silt content 52 % 

Table 2. Properties of Sand. 
Property Value 

Specific Gravity 2.80 

γd,max , γd,min 19.9 kN/m3, 15.7 kN/m

Cohesion (60% Rd) 3.45 kPa 

Ø (60% Rd) 40º 
D60, D30, D10 0.68, 0.29, 0.16 

Uniformity coefficient 4.25 
Coefficient of curvature 0.80 

Classification SP 
Table 3. Properties of Fiber 

Property Value 
Diameter 0.2 mm 

Specific Gravity 0.83 
Tensile strength (at failure) 0.01 kN 

 After GP construction, a pre-load of intensity 5 kPa 
was placed on the whole area of the tank for 24 hours 
for initial setting. Then load test was conducted and 
whole system was kept undisturbed for 24 hours. Then 
unloading process was carried out in five equal 
decrements and each load was maintained for a period 
of 15 minutes.  

3 Finite-Element Analysis 

The analysis was carried out using package PLAXIS, 
to compare the load-settlement behavior with the 
model test. The test tank used in the experiment 
525 x 525 mm and height of clay bed was 400 mm. A 
granular pile of diameter 50 mm and height 400 mm 
was made at the center of the clay bed and loaded with 
a plate of diameter equal to two times the diameter
the GP. Axisymmetric analyses were carried out using 
Mohr-Coulomb’s criterion considering elastoplastic 
behavior for soft clay, sand and sand with fiber
undrained behavior has been assumed for all the 
materials. The finite-element discretisation has been 
done using 15-nodded triangular elements with 
boundary conditions used to represent the GP, 
surrounding clay and sand pad. The initial vertical 
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stress due to gravity load has been considered in the 
analysis.  However, the stress due to column 
installation depends on the method of construction and 
the same has not been considered in the analyses. 
Along the periphery of the tank, radial deformation was 
restricted but settlement was allowed. Along the 
bottom of the tank both radial deformation and 
settlement were restricted. At the interface between the 
GP and soft clay, no interface element has been used as 
the deformation of the GP is mainly by radial bulging 
and no significant shear is possible. Also the interface 
between a GP and clay is a mixed zone where the shear 
strength properties can vary depending on the method 
of installation. As this is not precisely known, an 
interface element has not been used. Ambily and 
Gandhi (2007) carried out similar finite-element 
analysis on stone column without interface element. 
The input parameters are listed in Table no 4.  

Table 4. Input values in FEA 
 E* 

kN/m2 
ν * φ ** 

Degree 
c ** 

kN/m2 
ψ * 

Degree 
Clay bed 3000 0.45 1 15 0 
Sand with 
0% fiber 

18000 0.35 40 3.45 2 

Sand with 
0.5% fiber 

19000 0.34 39.5 21.91 5.5 

Sand with 
1.0% fiber 

20500 0.33 40  23.11 9.0 

* assumed value, ** from direct shear test value 
Other values of FEA are taken from model test data.  

4 RESULTS AND DISCUSSION   

In model tests load has been applied on GP as well as 
on soft soil through a rigid circular footing of diameter 
just double the diameter of GP (D = 2d). Figure 2 
shows the load-settlement curve for different fiber 
content (Fc). From Fig. 2 it has been observed that the 
presence of random fiber in GP increases the load 
carrying capacity of the improved soil. The bearing 
capacity has been obtained by double tangent methods. 
As compared to unimproved clay bed, an improvement 
of 88% in load carrying capacity has been observed 
when clay bed is reinforced with plain GP only. As 
compare to clay bed 124% and 131% improvement in 
load carrying capacity has been observed when 0.5% 
and 1% random fiber were mixed in GP respectively. 
For a loading intensity of 0.5 kN, as compared to 
unimproved clay, the settlement has been found to 
reduce by 24.44%, 28.83%, 31.29% when the clay bed 
was improved by only GP, by GP with 0.5% fiber 
content and 1% fiber content respectively. For a 
loading intensity 1 kN, as compared to unreinforced 
GP 43.11% and 49.87% reduction in settlement has 
been observed. Thus it has been found that higher fiber 
content is more efficient for higher loading intensity 
than for lower loading intensity.   It is quite obvious 

that with the increase in Fc, the load-settlement curves 
become steeper. The settlements are found to reduce 
considerably for the ground treated with random fiber 
granular piles. PLAXIS model shows results similar to 
result of the model test though FEA results have shown 
slight more improvement as compared to model test 
results. Based on the observed elastic rebound with 
random fibers, it may be concluded that fibers contribute 
some elastic behavior in the reinforced GP.   

 
Fig. 2 Load – Settlement curve 

Tissue papers (T.P.) were placed at different depths in 
the GP at the time of construction of GP to measure the 
settlement of GP. The displacements were measured by 
noting down the displacements of these tissue papers 
after load tests. The observed settlements of granular 
pile at different depths have been plotted in non-
dimensional form in Fig. 3 for both the cases. It may be 
noted that with the increase in fiber content, settlement 
of GP at various depth increases. For depth 2d (model 
test) as compared to unreinforced GP, the settlements 
have been increased by 63.19% and 81.94% when 
0.5% and 1% random fiber have been mixed in GP 
respectively. For depth 4d, as compared to 
unreinforced GP, the settlements have been increased 
by 177.4% and 235.2% when 0.5% and 1% random 
fiber have been mixed in GP respectively. So, for 
reinforced granular piles, the load has got transferred 
more to lower portion of GP as compare to 
unreinforced GP. 

An important aspect of the model study is evaluation of 
the load share of the GP and surrounding clay bed. 
Based on the assumption that total applied load will be 
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shared between the granular pile and surrounding soil 
in accordance with their elastic moduli, the following 
equations are used to calculate the stress concentration 
ratio. The stresses on GP (qsp) and surrounding soil 
under footing (qsc) have been found as: 

��� � � � ���
�� ��� 	 
1 � �� �����  �� �                                                          … 
1 

and  ��� � � � ����� ��� 	 
1 � �� ����                          �  �� �                                                          … 
2 
 where � � applied atress �   !,  
and �� � area replacement ratio   
µc and µs are the ratio of stresses in clay and granular 
pile respectively, 

 

Fig. 3 Settlement of GP at various depths  

The stress concentration ratio (n) which is the ratio of 
qsp and qsc, has been calculated from Eqs. 1 and 2. The 
variation of stress concentration ratio (n) with modular 
ratio has been presented in Fig. 4. The variation has 
been found to be a straight line. It may further be noted 
from Fig. 4 that with the increase in Fc both the 
modular ratio as well as stress concentration ratio show 
an increasing trend. That means with the increase in Fc 
the stress on GP will keep on increasing. 

The bulging of GP has been measured after the tests. It 
has been found that bulging for unreinforced GP has 
started at 0.5d depth from top. It has been found that 
for 0.5% fiber content, the bulging of granular pile 
started at depth 0.2d from the top of granular pile. But 
in case of granular pile with 1.0% fiber content, 
bulging started from the top of the granular pile. The 
occurrences of maximum bulging depth increase with 
fiber content. For unreinforced GP this depth has been 

found as 1.2d (6 cm) whereas it is 2.4d (12 cm) for Fc = 
1%. It has also been observed that total length of 
bulging increases as the fiber content increases being 
2.2d and 3.6d for unreinforced and 1% fiber content 
respectively. 

 
Fig. 4 Variation of stress concentration ratio (n) with 

modular ratio 

CONCLUSIONS 

Based on the results of model test and FEA, following 
conclusions have been made: 

For loading diameter D = 2d case, load bearing 
capacity of GP is more than 80% of the clay bed only 
and this capacity is further increased by about 20% for 
GP reinforced with 0.5% fiber.    

The diameter of maximum bulging of GP decreases as 
the fiber content increases. But occurrence of 
maximum bulging and total length of bulging both 
increases with the increase in fiber content.   

The stress concentration ratio increase with the 
increase in fiber content in GP, meaning less share of 
load in clay.  
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