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Abstract: In this paper, results of experimental studies carried 
out on soft clayey soil provided with stone column, encased 
stone column and geocell mattress have been presented. The 
parameters varied were provision of encasement to the stone 
columns, length of encased stone columns, and height of 
Geocell mattress. During experimental investigation, it was 
observed that provision of stone columns improves the 
bearing capacity of clayey soil. Provision of encasement to the 
stone columns for the height equal to twice the diameter, 
further improves the performance of stone columns. Geocell 
mattress also improves the performance of soft clay bed. 
Bearing capacity increases with increase in height of Geocell 
mattress and bearing capacity ratio up to three may be 
achieved with height equal to twice the width of footing. 
Further, optimum height of Geocell mattress is found to be 
equal to width of footing. It was also observed that same 
improvement in bearing capacity may be achieved by 
providing encased stone columns, along with Geocell mattress 
of height equal to the optimum height. 
Keywords: Soft clay, Encased Stone column, Geocell 
mattress, B.C.R 

1.Introduction 
In geotechnical engineering, the bearing capacity and 
settlement are two main criteria that control the design and 
performance of footings. In soft soils, the construction of 
structures on weak soils usually involves excessive settlement 
or stability problems. To solve or reduce bearing capacity and 
settlement problems, soil improvement may be considered by 
using various ground improvement techniques such as removal 
of soft material and replacement with quality fill, stabilization 
techniques, electro osmosis, encased stone columns, 
geosynthetics reinforcement etc. Encased stone columns and 
geosynthetics reinforcement are now popular to improve the 
properties of clayey soil as compare to other ground 
improvement techniques. 
An encased stone column is a column of stones, made through 
opening up a vertical cylindrical hole in the soft clay bed and 
subsequently filling it up with stone aggregates with 
encasement wrapped circumferentially. Due to higher strength 
and stiffness, the encased stone columns sustain larger 
proportion of the applied load, than soft soil. Several 
researchers have carried out the studies on behaviour of 
encased stone column (Murugesan and Rajagopal, 2006; 
Malarvizhi and Ilamparuthi, 2007; Murugesan and Rajagopal, 
2010; Basu and Samadhiya, 2011; Basu and Samadhiya, 2013). 
Geocell reinforcement is a latest development in the area of 
geosynthetics. It is a three dimensional, honeycomb like 
structure of cells interconnected at joints. The function of 

geocell is to provide lateral confinement to the cohesionless 
base course materials. Geocell reinforcement will increase the 
stiffness and shear strength of the base course layer, which 
will help distribute the load to a wider area onto the soft sub 
grade. Various researchers carried out the studies on 
performance of geocell in clayey foundation (Dash et. al, 
2003; Sitharam et. al, 2005; Latha et. al, 2006). 
The literature review shows that geocell mattress and encased 
stone columns are effective means of performance 
improvement of clay foundations when they are applied 
individually. But a very limited studied was carried out in 
combined application of encased stone columns and 
geosynthetics reinforcement (Deb et. al, 2011; Dash and 
Bora, 2013). 
In the present study, combined system of encased stone 
columns and geocell mattress technique is proposed. Series of 
laboratory model plate load tests were conducted to study 
these aspects and the results have been analyzed in 
developing an understanding of the behaviour of clay 
foundations reinforced with the encased stone column-geocell 
mattress composite system. 

2.Material and Methodology 
2.1 Material used 

Clay used in the present work was locally available 
black cotton soil. The various properties of the soil are 
presented in Table 1.Unconfined compressive strength (UCS) 
tests were carried out on clay samples at different water 
content and the variation of UCS value of the clay with water 
content was determined, as shown in Fig. 1. Water content of 
37% corresponding UCS of 38 kPa was chosen for 
experimental investigation and same had been maintained for 
all tests. The bulk unit weight of the clay at 37% water 
content was determined as13.2 kN/m3 and was maintained in 
all the tests. 

 
Table 1Properties of the soil used in experimental 
investigation 

S.N Properties of Clay Value 

1 

Atterberg’s limits 
Liquid Limit (%) 59.6 
Plastic Limit (%) 26.98 
Plasticity Index (%) 32.62 

2 IS-Classification  CH 

3 
Compaction Properties 

Optimum Moisture Content (%) 25 
Maximum Dry Density (kN/m3) 14.5 

4 Free Swell Index (%) 80.95 
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Figure 1 Variation of unconfined compressive strength of clay 
with water content 

Crushed stone chips passing 4.75 mm I.S sieve and 
retained on 2 mm I.S sieve was used to form the stone 
columnsThe specific gravity and coefficient of uniformity were 
2.75 and 1.52 respectively. 

The fill material for geocell consisted of cohesion less, 
dry, clean and washed Kanhan river sand. The test sand 
particles were angular in shape. The sand was uniformly graded 
having particle size in the range of 2 - 1.18 mm and Cu was 1.5. 

A steel wire mesh having aperture size 1 mm x 1 mm 
was used for encasing the stone column, as well as for making 
Geocell mattress.    
2.2 Test Setup 

Test setup consisted of test tank (500 mm x 500 mm x 
400 mm and 4 mm thick), model footing(100 mm x 100 mm 
and 10 mm thick)and loading arrangement (lever arm 
arrangement with a lever ratio of 1:10) is as shown in Fig.2. 

 
Figure 2 Experimental set up 

2.3 Test Procedure 
2.3.1 Preparation of clay bed 

For preparation of soil bed, clay was mixed with water 
corresponding to 37 % water content, thoroughly mixed and 
kept for maturity in a sealed container for two days. Clay bed 
was then prepared by compacting the soil with the help of 
hammer in six equal layers, each of thickness 5 cm, so as obtain 
desired density. 
2.3.2 Preparation of ordinary stone column and encased 
stone column 

All stone columns were constructed by a displacement 
method. The stone columns were left floating in the clay. The 
columns were placed in square pattern.The diameter of stone 
column (dsc) was 30 mm and kept constant for all the tests. The 
length of stone column was kept equal to 5.0 dsc (i.e. 5 x 30 

=150 mm). First the location of stone columns was properly 
marked on the surface of prepared clay bed. A thin open-
ended seamless steel pipe of 30 mm outer diameter and wall 
thickness 1 mm was pushed into the clay bed along with a 
detachable base plate in order to prevent the soil from 
entering into the casing pipe as shown in Figure 3 (a). Slight 
grease was applied on both inner and outer surface of the pipe 
for easy penetration and withdrawal without any significant 
disturbance to the surrounding soil. The quantity of the stone 
aggregate required to form the stone column was premeasured 
and moistened before charging into the casing pipe in order to 
prevent it from absorbing the moisture from the surrounding 
clay. After placing stone aggregate in each layer, it was 
compacted by giving 20 number of blows of  a tamping rod 
12 mm diameter and weighs 650 gm falling freely from a 
height of 250 mm. This method of compaction gave a dry 
density of 1.56 g/cm3 to the stone column. Casing pipe was 
then lifted up slowly by a height equal to thickness of the 
layer (i.e. 30 mm). Further layers of aggregate were 
compacted using same procedure till entire length of the stone 
column was formed. The top surface of the stone column was 
leveled. The preparation of encased stone columns provided 
in the clay bed was exactly same as those of ordinary stone 
columns. To provide encasement to the column, the steel 
mesh of height 2.0 dsc (i.e. 2 x 30 = 60 mm) was stitched in 
circular shape and inserted in the clay bed as shown in Figure 
3 (b).The crushed stone were poured in same way as in case 
of ordinary stone column. 

 
(a) M.S pipe placed in position of  marked location 

 
(b) Encasement for stone column 

Figure 3 Construction of Ordinary and Encased stone column 
2.3.3 Geocell mattress construction 

The geocell mattress to be provided in the clay bed 
was formed in square shape of side 1.5 times the width of 
footing i.e. 15 cm and having pocket opening size 50 mm. 
Geocell was formed in chevron pattern as it gives better 
performance improvement over the diamond pattern as shown 
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in Figure 4, and then it was filled by sand using rainfall 
technique. 

 
Figure 4Geocell 

2.3.4 Construction of combined stone column-Geocell 
mattress system 

i) GC along with OSCs 
The clay bed was provided with combination of GCalong 

with OSCs. The number of columns and their length were kept 
constant i.e. four and 150 mm respectively, in all the tests in 
this group. However, the height of Geocell mattress was varied 
as 50 mm, 75 mm and 100 mm.  

For the construction of combined system, the clay bed of 
300 mm was first prepared. A pit having size equal to that of 
geocell mattress was made in the prepared clay bed. Four 
number of stone columns were then prepared at the base of pit. 
The Geocell mattress was then prepared in the pit. The detail of 
this combined system is illustrated in Figure 5. 

 
Figure 5 Geocell-Ordinary Stone Columns 

ii) GC along with ESCs 
In this set of experiments, the clay bed was provided with 

combination of geocell mattress and encased stone columns. 
Height of geocell was kept mattress kept constant i.e. 50 mm, 
but the length of encased stone column was varied as 90 mm, 
120 mm and 150 mm (i.e. 3dsc, 4dsc and 5dsc respectively). For 
this, a pit having size equal to that of Geocell mattress was 
made at the centre of clay bed. The encased stone columns of 
required height were then made at the base of pit. Geocell 
mattress was then made over the encased stone columns. The 
detail of this combined system is illustrated in Figure 6. 

 
Figure 6Geocell-Encased Stone Columns 

2.4 Model Plate Load Test 
The model plate load tests were conducted on soil to 

evaluate the bearing capacity and settlement. It was decided 
to perform short term load tests. The load was applied in 
increments and each load increment was maintained for one 
hour. Before applying next incremental load, readings of dial 
gauges were taken. After applying final load increment, 
whole system was kept undisturbed for 24 hours.  The footing 
settlement was reported as the average value of the two dial 
gauge readings. In total, 16 model plate load tests were 
conducted; the details of which are presented in Table 2. 

Table 2Details of experimental investigation 
Test 
No. 

Type of 
Combination 

Variable 
Parameter 

Constant 
Parameter 

1 Unreinforced Clay -   
2 Clay + 4 OSCs - L = 5 dsc 3 Clay + 4 ESCs - 
4 

Clay + GC 

H/B= 0.25 

b/B= 1.5 

5 H/B = 0.50 
6 H/B = 0.75 
7 H/B = 1.0 
8 H/B = 1.5 
9 H/B = 2.0 
10 

Clay+ 4 OSCs+ GC 
H/B = 0.50 L =5dsc, 

b/B= 1.5 11 H/B = 0.75 
12 H/B = 1.0 
13 Clay+ 4 ESCs+ 

0.50GC 

L/dsc= 3 
b/B= 1.5 14 L/dsc= 4 

15 L/dsc= 5 

16 Clay+ 4 ESCs+ 1.0 
GC L/dsc= 5 b/B= 1.5 

Note: B-Width of footing, dsc- Diameter of stone column,  
L-Length of stone column, b-Width of geocell mattress, 
OSC - Ordinary stone column, ESC - Encased stone column 

3. Results and Tables 
3.1   Footing on Ordinary Stone columns and Encased 
Stone columns 

Table 3 shows the bearing capacity ratios (BCR)for 
footing on Clay, Clay with 4 OSCs and Clay with 4 ESCs, 
Table 3 Bearing Capacity Ratio (B.C.R) for Clay(C), C +4 
OSCs and C + 4 ESCs 
Sr.No. Type of Combination  B.C.R 

1 Clay  1 
2 Clay + 4 OSCs 1.60 
3 Clay + 4 ESCs 2.0 
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It is seen that clay bed provided with four ordinary 
stone columns (OSCs) and four encased stone column, the 
bearing capacity is improved by 1.5 times and 2.0 times 
respectively. This might be due to passive resistance against 
bulging of column. Encasement to stone column further 
enhances the resistance to bulging of column thereby 
improving the UBC further. 
3.2 Footing on clay with Geocell mattress of varying heights 

Table 4 shows the bearing capacity ratios (BCR)for 
Clay with Geocell mattress of varying heights. 
Table 4Bearing Capacity Ratio (B.C.R) for Clay with Geocell 
mattress of varying heights 

Sr.No. Type of Combination H / B B.C.R 
1 Clay - 1 
2 Clay + 25 mm GC 0.25 1.10 
3 Clay + 50 mm GC 0.50 1.50 
4 Clay + 75 mm GC 0.75 2.10 
5 Clay + 100 mm GC 1.0 2.60 
6 Clay + 150 mm GC 1.5 2.81 
7 Clay + 200 mm GC 2.0 3.10 

It can be observed that UBC of the clayey soil bed is 
improved by providing Geocell mattress. Further, it is observed 
that BCR increases with increase in the height of Geocell 
mattress. Figure 7 shows the variation of BCR with respect to 
height of Geocell mattress. 

 
Figure 7 Variation of B.C.R with respect to height ratio of 
Geocell mattress 

Increase in UBC is much pronounced for geocell 
height to width of footing ratio (H/B) up to 1.0 and thereafter 
the increase in BCR is marginal. Thus, the optimum height to 
width ratio of Geocell mattress may be considered equal to one 
for bearing capacity improvement. 
3.3 Footing on clay with Geocell mattress and Ordinary 
Stone Column 

Figure 8 shows the load settlement curves for Clay 
with four number of ordinary stone column and geocell of 
height 50 mm, 75 mm, 100 mm and Table 5 shows the 
corresponding bearing capacity ratios. 

 
Figure 8 Load Settlement Curves for Clay with 4 OSC and 
Geocell mattress of varying heights 
Table 5 Bearing Capacity Ratio (B.C.R) for Clay with OSC 
and Geocell mattress of varying heights 

S.N Type of Combination H / B B.C.R 
1 Clay  - 1 
2 Clay + 4 OSCs - 1.6 
3 Clay + 4 OSCs + 50 mm GC 0.50 2.0 
4 Clay + 4 OSCs + 75 mm GC 0.75 2.3 
5 Clay + 4 OSCs + 100 mm GC 1.00 2.8 

It is observed that UBC of clay bed with ordinary 
stone columns is further improved by providing Geocell 
matress. The improvement in UBC increases with increase in 
height of geocell mattress and the B.C.R in case of clay 
provided with ordinary stone columns along with Geocell 
mattress of optimum height (i.e. H/B = 1.0 ) is greater than 
2.5. 
3.4 Footing on clay with Geocell mattress and Encased 
Stone Column 

Figure 9 shows the load settlement curves for Clay 
with four number of encased stone column of lengths 90 mm, 
120 mm and 150 mm (i.e. 3dsc,4dsc and 5dsc ) and geocell of 
height 50 mm and Table 6 shows the  corresponding bearing 
capacity ratios. 

 
Figure 9 Load Settlement Curves for Clay with Geocell 
mattress and different lengths of encased stone columns 
Table 6 Bearing Capacity Ratio (B.C.R) for Clay with 
Geocell mattress and encased stone column of different length 
Sr.No. Type of Combination B.C.R 
1 Clay  1.0 
2 Clay + 4 ESCs 2.0 
3 Clay + 4 OSCs + 50 mm GC 2.0 
4 Clay + 50 mm GC+ 4ESC (L = 3dsc) 1.8 
5 Clay + 50 mm GC+ 4ESC (L = 4dsc) 2.2 
6 Clay + 50 mm GC+ 4ESC (L = 5dsc) 2.6 
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8 Clay + 100 mm GC+ 4ESC (L = 5dsc) 3.2 
In this case, it is observed that ultimate bearing capacity 

increases by provision of geocell mattress along with encased 
stone column. The improvements in case of 50 mm GC and 4 
OSCs (L/dsc = 5) and that in case of 50 mm GC and 4 ESCs 
(L/dsc = 3) are nearly same. Thus smaller lengths of encased 
stone column are required as compared to ordinary stone 
columns, when provided along with Geocell matress. 

Figure 10 shows the comparison of bearing capacity 
ratios obtained for clay provided with Ordinary Stone Columns 
(OSCs) / Encased Stone Columns (ESCs) / Geocell mattress 
(GC) and their various combinations in the form of bar chart. 

 
Figure 10 B.C.R for different combinations of Clay, OSCs, 
ESCs and GC 

From the results, it is concluded that the UBC of soft 
clayey bed may be enhanced by providing Stone Columns 
(SCs), Encased Stone Columns (ESCs), Geocell mattress (GC) 
and their combinations. Also it is found that the no further 
substantial improvement in UBC is achieved by providing 
OSCs in addition to the GC of optimum height. Improvement 
obtained in case of clay with Geocell mattress of optimum 
height and that incase of clay with ESC and geocell mattress of 
half the optimum height, are almost same. 

4. Conclusion 
i. UBC of clay is improved by providing OSCs and 

further providing ESCs to the extent of 1.5 times and 2 times 
that of original soil respectively. 

ii. Ultimate bearing capacity of clayey soil bed is also 
improved by providing geocell mattress. UBC, in this case, 
increases with increase in the height of geocell mattress. 
However, the optimum height of geocell mattress is found to be 
about equal to the width of footing. UBC of more than two and 
half times that of original soil may be achieved by providing 
geocell mattress of optimum height. 

iii. Provision of ordinary stone column along with geocell 
mattress of optimum height has no significant influence in 
further improving the UBC of soil. 
 
 
 
 
 
 
 
 
 
 
 

iv. The UBC of clayey soil bed is improved 
substantially by providing geocell mattress along with 
encased stone columns and the improvement may be up to the 
extent of 3 times as that of the original soil. 

v. In case of clay bed provided with geocell mattress 
and encased stone columns, UBC increases with increase in 
the length of encased stone columns. 

vi. Provision of encased stone columns along with the 
geocell mattress requires much smaller heights of geocell 
mattress. Improvements obtained in case of clay provided 
with geocell mattress of an optimum height and that in case of 
clay provided with encased stone columns and geocell 
mattress of half the optimum height are nearly same. 

vii. UBC of clayey soil beds may be improved by 
providing stone columns, encased stone columns and geocell 
mattress and their combinations in the order of ordinary stone 
column, encased stone column, geocell mattress of optimum 
height, geocell mattress of optimum height along with 
encased stone columns. 
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