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ABSTRACT: For improving soft soils various techniques are used among which reinforcing the ground with stone 

column is one of the cost effective and most versatile technique. The presence of stone column in soft soils decreases the 

compressibility and increases the shear strength than that of native soil. Stone columns are used to improve the poor soils 

like soft clays, loose sand etc. This is the most popular technique used in flexible structures like railway embankments, 

road embankments, oil storage tanks etc. In the present study, tests were conducted on stone columns by using the Silica-

Manganese slag as coarse aggregate material which is a byproduct from iron industry. Stone column is encased with 

geotextile with different encasement lengths and studied the Load vs Settlement and the Bulging behavior of the stone 

column. It has been observed that the geotextile reinforcement increased the load carrying capacity and decreased the 

settlements. 
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1 INTRODUCTION 

Coastal areas having soft soils are highly compressible 

and have low bearing capacity. For the construction of 

flexible structures and low rise buildings like rail road 

embankments, factories, oil storage tanks etc. stone 

column is the most suited technique on these soils. 

Installation of stone column is simple and cost 

effective and used for the improvement of soft soils. 

When stone columns are installed in soft soils, the 

confinement offered by the surrounding soil may not 

be adequate against the failures like bulging, sliding 

and general shear. To avoid this, bearing capacity of 

composite ground can be enhanced by encasing the 

stone column using geotextile.  

Several researches have been done to improve the 

stone columns using different reinforcement materials 

like Geotextiles, Geogrids etc. Kausar Ali et al. (2011); 

Rakesh Kumar et al. (2013); S.N. Malarvizhi et al. 

(2007); S.Siva Gowri Prasad and G.Divya (2015) have 

studied the stone columns reinforced with encased 

geotextiles and found that the geotextiles increases the 

ultimate bearing capacity and also with increasing 

length of encasement and the diameter of the granular 

pile. S.Siva Gowri Prasad and Y.Harish (2015); Kausar 

Ali et al. (2014) have done the load tests and proposed 

that the lateral circular discs distributed over full 

column length at d/2 spacing is the best configuration 

for both floating and end bearing stone columns. Babu 

M.R.Dheerendra et al. (2010) investigated the 

improvement in performance of stone columns 

reinforced with vertical circumferential nails and 

observed that these circumferential nails provide 

restraint to the lateral displacement of stones leading to 

improvement in the load carrying capacity. And also 

found that that the confinement is essentially needed 

only in the zone where bulging tends to take place. 

Many researchers have used the quarry stones as stone 

column material whereas this study concentrated on the 

improvement of the soft marine clay by replacing the 

stone aggregates with Silica-Manganese Slag. S.Siva 

Gowri Prasad and P.V.V.Satyanarayana have done 

their work on Stone aggregates and Silica-Manganese 

Slag and found that the load carrying capacity of Slag 

is 9% more than the stone column with Stone 

aggregates for the same installation and loading 

conditions. The present study consists of tests 

performed on stone columns constructed with with 

Silica-Manganese Slag with different encasement 

lengths of D, 2D, 3D and 4D (D=diameter of the stone 

column). 

2 MATERIALS USED 

The basic materials used in this study are marine clay, 

crushed stone chips of Silica-Manganese slag and 

geotextile. 

Marine clay is collected from Visakhapatnam port trust 

area. Fines content of the soil is 94%. Properties of 

soil: Liquid limit - 72%, Plastic limit – 26%, Plasticity 

Index – 46%. The soil is high plastic inorganic clay and 

is classified as CH. Optimum Moisture Content – 
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29.5%, Maximum Dry Density - 14.2kN/m
3
. Specific 

Gravity – 2.49, Unconfined compressive strength at 

41% water content is 30 kPa. 

Silica-Manganese slag is used as stone column material 

which is produced during the primary stage of steel 

production. This Slag is having good strength 

properties like density, specific gravity etc. than stone 

aggregates and hence the load carrying capacity has 

been increased compared to the conventional stone 

columns. This is collected from Sri Mahalaxmi 

Smelters (PVT) Limited, Vijayanagaram (Dt.) and the 

aggregates of size passing through 10mm sieve and 

retained on 4.75 mm have been taken for the present 

study. Properties of Slag: Specific Gravity-2.79, Water 

absorption-0.49%, Density-16.7 kN/m
3
. Major 

constituents of Silica-Manganese slag are SiO2, CaO, 

Al2O3, MgO and MnO of about 45%, 24%, 15%, 9% 

and 6% respectively. 

Clean river sand sieved through 4.75mm is used as a 

blanket of 20mm thickness on the clay bed. 

Non-woven Geotextile is used for encasement and is 

collected from Ayyappa Geo-textile installers, 

Vishakhapatnam. This sheet is stitched and made it like 

a tube for encasing the stone column. Mass of the 

geotextile is 100g/m
2
, Tensile strength is 4.5kN/m. 

3 EXPERIMENTAL STUDY 

Model tests were conducted on clay bed, plain stone 

column and stone column reinforced with geotextile 

encasement for both floating and end bearing cases. 

The stone column of diameter 50mm was used and the 

load was applied through the perspex circular footing 

of 12 mm thick and diameter (100mm) double the 

diameter of the stone column to represent the unit cell 

area and having an area replacement ratio (ratio of area 

of stone column to the area of footing) of 25%. A 

complete test set up arrangement is shown in Fig. 1(a). 

Fig. 1(b) and 1(c) shows the schematic view of end 

bearing and floating stone columns with loading 

arrangement. The procedures for the preparation and 

testing of clay bed and stone columns are described in 

the headings below. 

  

Fig. 1(a) Test set up arrangement 

Fig. 1(b) Schematic view of end bearing stone column 

Fig. 1(c) Schematic view of floating stone column 

3.1 Preparation of soft clay bed 

Air dried and pulverized soil sample is taken and the 

required quantity of water is mixed to get the desired 

shear strength. The water content (41%) was 

determined by conducting several vane shear tests to 

get an unconfined compressive strength of 30kPa. This 

soil is thoroughly mixed to form a consistent paste and 

filled in the tank in 50 mm thick layers to make the bed 

to a height of 200mm by hand compaction to remove 

the air voids in the soil. The inner surface of the tank 

was coated with grease before filling the soil in the 

tank to minimize the friction between soil and the tank 

wall. For all the load tests, a fresh clay bed was 

prepared in the test tank and stone columns were 

installed in it. After the clay bed was prepared, it is left 

for 24 hours and covered with wet gunny bag for 

moisture equalization. Fig. 2(a) shows the clay bed 

prepared and used in this study.  

3.2 Construction of Stone column 

For plain Floating stone columns, clay bed is prepared 

to a depth of 100mm and a Perspex pipe of outer 

diameter 50 mm (stone column diameter) and 1mm 

thick was placed at properly marked center on the 

surface of the clay bed. The surface of the casing pipe 

was properly cleaned and grease is applied to the outer 

surface. Clay bed was then filled in the tank in 50 mm 

thick layers around the pipe to the desired height. The 

clay bed was compacted by using wooden hammer 

such that no air voids are left in the soil. 5% of water is 

added to the coarse aggregate (Silica-Manganese slag) 

to avoid the absorption of water in the clay bed. The 

stone column was prepared in steps by compacting the 

coarse aggregate chips and withdrawing the casing pipe 

simultaneously for every 50 mm depth. After 

compaction of each layer, the pipe is lifted gently to a 

height such that there will be an overlap of 5mm 

between the surface of the stone chips and the bottom 

of the casing pipe. The aggregates were compacted by 

using a 10 mm diameter steel rod with 10 blows from a 

height of fall of 100 mm. Many researchers 

(S.N.Malarvizhi, K.Ilamparuthi, 2007; Babu,M.R. 

Dheerendra and Shivashankar.R, 2010; Kausar Ali and 

K.G. Sharma, 2011) have used the same method of 

installation in their model tests. After completion of the 

stone column, the composite soil with the column 

inside was again left covered with polythene cover for 

24 hours to develop proper bonding between the stone 

chips of the column and the soft soil. S. Siva gowri 

prasad et. al. (2015) adopted the same procedure for 

their study.  

In the case of end bearing stone columns, the same 

procedure was followed whereas the stone column was 

constructed from the bottom of the tank. Fig. 2(b), 2(c) 
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shows the clay bed before and after construction of 

stone column.  

3.3 Construction of Stone column with 

geotextile encasement  

For constructing the floating stone column with 

reinforcement length of 3D, the process of construction 

of the stone column for the remaining bottom 

unreinforced depth of D is same as explained in the 

section 3.2 for floating stone columns. The pipe is 

taken out and encased with the geotextile for a length 

of 3D. The pipe is then placed in position and the stone 

column is prepared in steps of 50mm layers to the 

required height by using the above procedure. The tank 

is then covered with a polythene cover and kept it for 

24 hours. The same procedure is followed for other 

lengths of stone column like 4D, 2D and D.  

In the case of end bearing stone column the geotextile 

is encased to the pipe, placed at the bottom of the tank 

and the procedure for construction of stone column is 

as described for the floating stone column. Fig. 2(d) 

shows the clay bed after construction of stone column 

with geotextile reinforcement. 

 

  Fig. 2(a)        Fig. 2(b)            Fig. 2(c)           Fig. 2(d) 

Fig. 2(a) Soft clay bed 

Fig. 2(b) Clay bed before construction of stone column 

Fig. 2(c) Clay bed after construction of plain stone column 

Fig. 2(d) Stone column with encasement 

3.4 Clay bed/Stone column testing 

After construction of stone column, load was applied 

through the perspex circular footing. The models were 

subjected to strain-controlled compression loading in a 

conventional loading frame at a rate of settlement of 

0.24mm/min to ensure undrained condition up to a 

maximum footing settlement of 20mm. The load 

applied on footing was observed by a proving ring at 

every 1 mm settlement.  

3.5 Post test analysis 

After completion of the test, the Silica-Manganese slag 

chips were carefully picked out and a thin paste of 

plaster of paris was poured into the hole and kept it for 

24 hours to get the deformed shape of the column. The 

soil outside the stone column was carefully removed 

and the hardened Plaster of Paris is taken out and the 

deformation properties are studied.  

4 RESULTS AND DISCUSSIONS 

Tests were conducted on Clay bed, Clay bed with Plain 

Stone column, Clay bed with Stone column for an 

encasement length of D, 2D, 3D and 4D for floating 

and end bearing stone columns. The load carrying 

capacity & settlement is determined by drawing a 

double tangent to load settlement curve. Fig.3 & Fig.4 

shows the results obtained by conducting the different 

model tests in laboratory for floating & end bearing 

stone columns respectively. 

The load carrying capacity of the clay bed is increased 

by 25% by improving with the plain floating stone 

column and 45%, 61%, 96% & 118% by improving 

with the encasement lengths of D, 2D, 3D and 4D 

respectively. The settlement decreased from 7.5mm to 

7.2mm when reinforced with plain stone column and 

further decreased to 7.0mm, 6.6mm, 5.8mm and 5mm 

when reinforced with encasement lengths of D, 2D, 3D 

and 4D respectively. From the load carrying capacity 

values the rate of increment is high up to the 

reinforcement length of 3D and after it has been 

decreased. 

   

Fig. 3 Load-Settlement curves of floating stone column. 

The load carrying capacity of the clay bed is increased 

by 50% by improving with the plain end bearing stone 

column and 89%, 112%, 125% & 136% by improving 

with the encasement lengths of D, 2D, 3D and 4D 

respectively. The settlement decreased to 6.8mm, 

6.2mm, 5mm and 4mm when reinforced with 

encasement lengths of D, 2D, 3D and 4D respectively. 

From this the rate of increment of load carrying 

capacity values are gradual in case of floating stone 

columns. 

        

Fig. 4 Load-Settlement curves of end bearing stone 

column. 
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Bearing capacity ratio (ration of load carrying capacity 

of the improved soil to the unimproved soil) is a 

measure of degree of improvement in soil. Fig. 5 shows 

the increase in BCR with the increase in load carrying 

capacity with significant improvement at 3D depth for 

floating stone column and steady improvement for end 

bearing stone columns.  

                  

Fig. 5 Effect of depth of reinforcement on Bearing 

Capacity Ratio 

5 BULGING ANALYSIS 

When the clay bed is reinforced, the maximum bulging 

of 1.0cm and 1.1cm were found for floating and end 

bearing stone columns respectively due to lack of 

confinement. This bulging is decreased to 0.9cm, 

0.8cm, 0.7cm & 0.3cm for floating and 1.0cm, 0.9cm, 

0.7cm & 0.3cm for end bearing stone columns when 

reinforced with encasement lengths of D, 2D, 3D and 

4D respectively. For plain stone column the maximum 

bulging is found at a depth in between 2D to 3D and 

for the encased floating stone columns, the maximum 

bulging is found at just below the end of the 

reinforcement.  

Whereas, if the stone column is reinforced with the full 

length, bulging is very much decreased and the 

maximum bulging of 0.3cm and 0.25cm were found for 

both floating and end bearing stone columns 

respectively but is found at a depth of 2D for end 

bearing and just below 2D for floating stone columns. 

This shows that the bulging can be reduced by placing 

the reinforcement beyond the zone of bulging. The 

penetration in floating column is comparatively at low 

depth. This may be due to the penetration of the stone 

column into the soft clay. Fig. 6 shows the bulging of 

deformed floating stone columns. 

 

  Fig. 6(a)    Fig. 6(b)       Fig. 6(c)     Fig. 6(d)   Fig. 6(e) 

Fig. 6(a), 6(b), 6(c), 6(d), 6(e) shows the deformed shapes 

of floating Stone columns of plain and encased with 

reinforcement depths of D, 2D, 3D, 4D.  

6 CONCLUSIONS 

The conclusions derived from the present study are 

listed below 

1. The load carrying capacity of the soft soil can be 

improved by installing the stone column and can 

be enhanced with geotextile reinforcement 

irrespective of floating or end bearing.  

2. The rate of increase of load carrying capacity is 

high up to an encasement length of 3D for end 

bearing stone columns. Where as in floating stone 

columns the rate of increase is gradual up to 

encasement length of 4D. 

3. The bulging is very much decreased by placing the 

reinforcement for a length of 4D. This shows that 

the bulging can be reduced by reinforcing the 

stone column beyond the zone of bulging by 

confining the zone of bulging. 

4. The settlement of soft marine clay is decreased by 

improving with the stone column and also with the 

geotextile encasement. For full reinforcement 

length this decrease in settlement is about 33% 

when compared to the plain clay bed. 
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