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Abstract—This study focuses on the efficiency of the
stone column used for the foundation improvement at
Guheswori Waste Water Treatment Plant. First the an-
alytical study on bearing capacity is done for triangular
and square pattern at various diameter ratio. A finite
element modeling is done using PLAXIS 3D and the
response is studied on it. A parametric study is done
by varying the geometric and shear parameters of a
stone column and surrounding soil as well as loading
parameters. The results show that with the increase in
area replacement ratio and depth of stone column, the
stability of the foundation can be increased to a more
reliable extent. Proper drainage at foundation ground is
necessary as the settlement at submerged condition even
with the stone column is more than without stone column
at dry site condition. Study shows that effect of change
in friction angle of stone column material on settlement
reduction is effective at higher area replacement ratio.
The Modular ratio has been found to have a negligible
effect on improvement factor. The performance of the
foundation is found to be more at a higher depth
factor (β > 0.7) and the settlement improvement factor
has been found to be less for higher loading for the
same depth factor. It is also found that with the area
replacement ratio of about 4.2 %, at φc = 400, the
settlement of the foundation has been reduced by around
19 %.

Index Terms—PLAXIS 3D, Settlement, Bearing Ca-
pacity, Stone Columns, Finite Element Modelling,
Ground Improvement

I. INTRODUCTION

Stone Column is an effective measure of ground
improvement in terms of improving the bearing ca-
pacity, reducing settlement as well as reducing the
liquefaction damage caused by the earthquake. It is
also known as granular columns or granular piles.
Vibro replacement (stone column construction) is part
of the deep vibratory compaction techniques whereby
loose or soft soil is improved for building purposes by
means of special depth vibrators. The ground treatment
shall be carried out by deep vibratory compaction
incorporating stone columns formed with imported
granular material complying with the requirements of
BS EN 147311: 2005 Material.
Vibro-compaction ground treatment techniques started

way back to the 1930s with the development of the first
vibrating probe for the compaction of granular soils.
The technique was first used in the U.S. in 1948. Since
then, various studies have been done in stone column.
The properties of the soil and the column is studied and
their effect on the whole structure is analyzed. Hugher
et al [1] state that the ultimate column load depends
on the friction angle of the gravel used to form the
column, the size of the column formed and the restraint
of the clay on the un-cemented gravel. Madhav and
Vitkar [2] demonstrated the plane strain version of
a granular pile as a granular trench and postulated
the failure mechanism. The bearing capacity of a
footing on a soil stabilized with a granular trench is
determined using the upper bound theorem. Baez and
Martin [3] studied that vibro replacement stone column
designs are primarily limited to their capability of
soil densification. A simplified densification prediction
model considering the initial density state of the soil
was first introduced by Baez [4]. Before that, the
selection of the stone column diameter and spacing
relied on the personal experience of the engineers
and contractors, or on a preliminary design chart
introduced by Barksdale and Bachus [5], which does
not consider the initial state of the soil (Drumheller et
al. [6]).
The nature of failure determines the strength of stone
column foundation. Various failure mechanism has
been stated at IS 15284 (part 1): 2003. Initially,
Barksdale and Bachus [5] described three types of
failure, which may occur upon loading a stone column:
bulging failure, shear failure, and punching failure. The
bearing capacity of the stone column foundation is
studied by J. Nazari Afshar [7] using the analytical
method for calculation of bearing capacity of stone
column. A new method is introduced for estimation
of the ultimate bearing capacity of the stone column
using Coulomb lateral earth pressure theory. Paramet-
ric studies have been carried out and effects of con-
tributing parameters such as stone column diameter,
column spacing, and the internal friction angle of the
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stone column material on the ultimate bearing capacity
have been investigated. Also, M. Bouassida et al. [8],
presented a method for evaluation of the stone column
bearing capacity by using of limit analysis method.
Settlement response of soft soil reinforced by com-
pacted sand column was studied by Juran and Guer-
mazi [9], which presents the results of a laboratory
study that was conducted to investigate the effect of
several parameters, including the loading process and
the loading rate, the replacement factor, the group
effect, and the partial consolidation of the soft soil
due to the radial drainage through the column in a soil-
column system. Priebe [10] considered the behavior of
a single granular column and its surrounding tributary
soil as a unit cell and gives the basic improvement
factor due to installation of the stone column. The
effect of column compressibility, overburden is stud-
ied. Numerical models in stone column is studied
using finite element methods by various researchers
(Mitchell and Huber [11], Ambily and Gandhi [12] ).
Madhav and Van Impe [13] proposed a finite difference
model for the analysis of the granular layer covering
the stone column reinforced soil. Lee and Pande [14],
Kirsch and Sondermann [15] carried out a numerical
analysis on the ground improvement by stone columns.
Most of the reported studies addresses the effects of
change of soil properties from place to place.

The overall objective of the present research is to
contribute to the Finite Element Method analysis of
foundation ground with and without Stone Columns.
For being operationalized, this objective has to be split
up into smaller and more specific objectives to achieve
the overall objectives.

• To use the empirical and analytical method of
stone columns on a foundation ground for evalu-
ating the settlement and load-carrying capacity.

• Perform a parametric study on the shear and
geometric parameters of stone column and the
surrounding soil using finite element modelling
and provide an approximate geotechnical engi-
neering recommendation for the site.

II. MATERIALS AND METHODS

The use of Stone Column for reinforcing the ground
is adopted nowadays where a heavy structure is to be
built or where the ground is unable to bear structure
within the permissible limit of settlement, deflection
and bearing. The Soil improved with a stone column
is a complex structure. Lots of theories and studies
has been going on all around the world to understand
the phenomenon of stone column improved ground.
Even the soil parameters cannot be accurately iden-
tified, the exact investigation of the stone column
improved ground is a difficult task. So, various em-
pirical, Analytical and finite element calculations are
done to somewhat replicate the phenomenon to the
extent possible. Here in this study, it is decided to
investigate based on simple Analytical Method, and

empirical method based on SPT values and also the
Finite Element Method with PLAXIS 3D.

A. Empirical Method

This analysis deals with mainly the SPT values of
the ground at various depth. The strength of the ground
and the bearing capacity, settlement is evaluated based
on SPT values. The SPT tests were Conducted at the
location of Guheswori Waste Water Treatment Site.
A total of 8 Boreholes were conducted at the site
location.

Fig. 1. Variation of SPT values with Depth.

B. Analytical Method

In the Analytical Method, the Stresses and Settle-
ment of the ground is calculated using reduced stress
method and unit cell model of stone column. Basically,
there are two patterns of stone column application in
the foundation, one is triangular pattern and other is
square pattern. The factor of safety for various combi-
nations of stone column is studied varying the spacing,
diameter of stone column. The diameter ratio(N) of
the stone columns is considered in the range from 2-
6, depending upon the arrangement of stone column
(Square and triangular). A constant depth of 5m is
considered with spacing varying from 0.5-4.5m. Table
I and II summarizes the different cases depending upon
the values of N and S for triangular and square pattern
of arrangement respectively.

TABLE I
CASES FOR TRIANGULAR PATTERN

Case N= S De dc S/dc
De/dc (m) 1.05 S (m)

I 2 0.5 0.53 0.26 1.9
II 3 1 1.05 0.35 2.86
III 4 1.5 1.58 0.39 3.81
IV 5 2 2.1 0.42 4.76
V 6 2.5 2.63 0.44 5.71
VI 5 3 3.15 0.63 4.76
VII 4 3.5 3.68 0.92 3.81
VIII 3 4 4.2 1.4 2.86
IX 2 4.5 4.73 2.36 1.9
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TABLE II
CASES FOR SQUARE PATTERN

Case N= S De dc S/dc
De/dc (m) 1.05 S (m)

I 2 0.5 0.57 0.28 1.77
II 3 1 1.13 0.38 2.65
III 4 1.5 1.7 0.42 3.54
IV 5 2 2.26 0.45 4.42
V 6 2.5 2.83 0.47 5.31
VI 5 3 3.39 0.68 4.42
VII 4 3.5 3.96 0.99 3.54
VIII 3 4 4.52 1.51 2.65
IX 2 4.5 5.09 2.54 1.77

C. Finite Element Modelling

For Finite Element Method (FEM) in numerical
modelling of the designed foundation, PLAXIS 3D
(2013) software was implemented. In the PLAXIS 3D
software, for the project, first the soil is modelled. The
Modelling was carried out by setting out the size of
the model (30m*30m*15m) which was more than 5
times the radius of the raft/mat. The boundaries were
fixed, away from the foundation to avoid the boundary
effects. The units were fixed as shown in the Project
Properties. The model was normally fixed (Horizontal
Movement Restricted) on the sides and fully fixed at
the base. The soil was modeled with Mohr-Coulomb
failure criterion, basically depending upon Cohesion
and Angle of internal friction parameters due to lack
of stiffness paramters.

TABLE III
SOIL PROPERTIES USED IN PLAXIS MODELLING

Parameter Symbol Values Unit
Material Model Mohr-

Coulomb -
Unit Weight γ 22.00 KN/m2

Elasticity E 2.63E+04 KN/m3

Cohesion Cref 2.5 KN/m2

Friction Angle φ 33.28 Degree
Poisson ratio µ 0.3

Interface Stiffness Rinter 0.9
Drainage type Drain

TABLE IV
MATERIAL PROPERTIES OF STONE COLUMN IN MODELLING

Parameter Symbol Values Unit
Material Model Mohr-

Coulomb -
Diameter D 0.6m* m

Unit Weight γ 22.00 KN/m2

Elasticity E 2.4E+05 KN/m3

Friction Angle φ 40 Degree
Poisson ratio µ 0.3

Interface Stiffness Rinter 0.9
Drainage type Drain

Fig. 2. PLAXIS 3D Model showing soil and stone column

III. RESULT AND DISCUSSION

A. Variation in Column Arrangement

For three different target safe superstructure loads
(200, 300 and 400 KN), the factor of safety against
bearing are as below. Variation of the pattern doesnot
show any significant changes in the factor of safety of
the structure.

TABLE V
FOS FOR TRIANGULAR PATTERN

Case Q=200KN Q=300KN Q=400KN
I 0.59 0.39 0.29
II 2.46 1.64 1.23
III 5.61 3.74 2.81
IV 10.05 6.7 5.02
V 15.75 10.50 7.88
VI 22.61 15.07 11.31
VII 30.61 20.41 15.30
VIII 39.56 26.37 19.78
IX 48.93 32.62 24.47

TABLE VI
FOS FOR SQUARE PATTERN

Case Q=200KN Q=300KN Q=400KN
I 0.68 0.45 0.34
II 2.84 1.89 1.42
III 6.48 4.32 3.24
IV 11.60 7.73 5.80
V 18.19 12.13 9.10
VI 26.11 17.41 13.06
VII 35.35 23.57 17.68
VIII 45.70 30.47 22.85
IX 56.62 37.75 28.31

B. Variation in area replacement ratio

The proportion of the soil that is replaced by the
stone column is represented by a parameter called
area replacement ratio (Ar). Area replacement ratio is
the ratio of the area of the stone column to the area
within the cell in unit cell approach. 0.6m dia. stone
columns are used in the site with the radial pattern.

For the area replacement ratio of 20 %, 30 % and
40 % by a stone column material on a foundation with
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soil, the final settlement values of the foundation for
a load of 50, 100 and 200 KN/m2 considering the
influence of the initial displacement are also shown in
the figure below. It shows the settlement of the ground
goes on decreasing with increasing area replacement
ratio.

TABLE VII
RELATIONSHIP BETWEEN AREA REPLACEMENT RATIO AND

SETTLEMENT ( FOR 200 KN/m2 )

Area Replacment Ratio (%) 20 30 40
Final Settlement Value(mm) 8.11 6.25 4.97

Fig. 3. Variation of settlement with Area replacement ratio

For, area replacement of 20 % for a soil with
φc = 400, the stress ratio in the soil has been found to
be 0.45, which means the soil takes about 45 percent
of the stress compared to stress taken by stone column.
As the area replacement ratio increases, the stress
in the soil decreases. Similarly, with the increase in
stone column internal friction angle, the load sharing
by stone column is more to that of surrounding soil.
Change in friction angle of stone column by 10 degrees
shows change in stress ratio by nearly 35 percent.

Fig. 4. Variation in stress ratio with change in area replacement
ratio

C. Variation in Loading Intensity

The load settlement curve shows that nearly the
linear variation of settlement with load. The results of
the PLAXIS 3D software was found to be matching

Fig. 5. Comparision of settlement improvement factor from various
literatures

with the results from the analytical Calculations based
on IS 15284 (part 1): 2003.

Fig. 6. Finite Element Model with Stress Plot

Fig. 7. Load Settlement Curve for Ar = 0.042

The results of the finite element modelling is com-
pared with the field load test results. For this purpose,
arrangement as per IS 15284 (part 1):2003 for a single
column test was modelled in PLAXIS 3D as replicated
in field. This shows the finite element model has
similar output as of the field data.

D. Variation in water table

The load-settlement plot shows additional settlement
in the submerged condition compared to dry condition.
The bearing capacity of the Guheswori soil gets re-
duced when submerged, which induces high additional
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Fig. 8. Model in PLAXIS 3D for singly loaded stone column

Fig. 9. Simulation of settlement with increased loading (PLAXIS
3D)

settlement at higher stresses. The graph also showed
that the settlement of the foundation for dry condition
without stone column is less than submerged condition
with stone column.

Depth of water table has been found to have major
impact on settlement reduction at higher loading. when
the water table is high near the ground level, the
settlement of the ground has been found to be higher
compared to the condition when the water table is
below the ground level.

E. Variation in Cohesion of Soil

Change of cohesion by unit value shows the in-
crement in ultimate load carrying capacity by around
40KN/m2 at φc = 350 and 100 KN/m2 at φc = 450.
Ultimate load carrying capacity is found to increase at
higher value of internal friction angle of soil. For a
reference at Es/Ec = 9.12, φc = 400, for cohesion
change from 2KN/m2 to 4KN/m2, the ultimate load
changes from 688 KN/m2 to 815 KN/m2 which is

TABLE VIII
COMPARISION OF SETTLEMENT(MM) RESULTS FROM

ANALYTICAL CALCULATION, PLAXIS 3D AND FIELD LOAD
TEST (WITH STONE COLUMN)

Loading Settlement by Settlement by Settlement by
(KN/m2) Analytical Field load test PLAXIS 3D

100 4.72 2.91 4.73
200 9.27 5.40 8.22
400 17.99 10.93 15.15
800 33.26 28.45 31.99
1000 45.82 44.30 48.11
1200 55.91 74.97 73.20

Fig. 10. Variation of settlement in dry and submerged condition
(with and without stone column)

Fig. 11. Variation of settlement ratio with depth of water table

about 18.5% difference in comparison. It is found that
a value of unit cohesion can affect the load carrying
capacity by around 9% on Guheswori soil.

Fig. 12. variation of ultimatel load with change in cohesion for
Es/Ec = 9.12

F. Variation in Modular ratio

In this study, the stiffness of the soil or the stiffness
of column are varied to obtain the modular ratio for
range of 9.12 to 40. The result indicates a minor effect
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of modular ratio on ultimate load carrying capacity of
stone column improved ground.

Fig. 13. Ultimate load for change in modular ratio

G. Variation in depth ratio

For an area replacement ratio, Ar of 0.4, the settle-
ment improvement factor, n drops from 4.2 at β = 1.0
to 2.2 at β = 0.7, which is about 52 % less tha original
value. However, the reduction is less at low value of
Ar. So, it is advisable to use stone columns to higher
depths for better performance.

Fig. 14. Effect of change in depth ratio on settlement at different
area replacement ratio

Settlement improvement factor is found to be pre-
dominant upto load intensity of 150 kpa. As the load
reaches 400kpa, the improved ground has settlement
reduction by 1.55 for β = 1.0 compared to 1.6 for
150 kpa. This implies minimal value of settlement im-
provement can be obtained for stone column improved
ground at higher loading. The reason after this could be
dominant punching behavior in floating stone columns.

H. Variation in angle of internal friction of stone
column

For Guheswori site, the stone column will be highly
efficient in settlement reduction at area replacement
ratio greater than 0.1. At area replacement ratio of
0.4 and depth factor of 0.8, the improvement factor of
3.4 is observed at φc = 450 whereas, improvement
factor of 2.1 is observed φc = 350. Change of

Fig. 15. Effect of loading on settlement at various depth factor

internal friction angle of stone column by 10 degrees
at Ar = 0.4 helps in settlement improvement by 1.62
times.

Fig. 16. Variation of settlement with change in angle of internal
friction of stone column

Similarly, at area replacement of 20 percent and depth
factor of 0.8, the improvement factor of 1.92 is ob-
served at φc = 450 whereas, improvement factor of
1.45 is observed φc = 350. Change of internal friction
angle of stone column by 10 degrees at Ar = 0.2 helps
in settlement improvement by 1.32 times only.

IV. CONCLUSION

The use of stone column has been found to be very
efficient in the foundation improvement of Guheswori
Waste Water Treatment Plant. Analysis showed that
the structure has higher factor of safety with greater
diameter of stone column. The factor of safety has
been found to be decreasing with increase in spacing
of the stone columns. The settlment of the raft has
been found to be reduced by 19% by the use of stone
column at area replacment of 0.042 (ie 26 nos. of
0.6m dia , 5m height) in radial pattern in the field
compared to the settlement without the use of stone
column. Also, settlement has been found to be more
in submerged condition with stone column than in dry
condition without stone column. Thus, proper drainage
of the site is necessary. Similiarly, It is found that the
effect of change of friction angle is found to be more
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prominent at higher area replacement ratio. Change in
cohesion by unit value has been found to increases the
ultimate load carrying capacity by 9 percent at lower
cohesion values.Hence, Proper identification of the soil
parameters is necessary for the cost-effective design.
The performance of the stone column foundation has
been found to be more at higher depth factors. Ultimate
load carrying capacity of the stone column foundation
has been found to have negligible impact by change
in modular ratio. Loading on the foundation has found
to have no significant impact at shallow depth of
stone column. The settlement reduction factor has been
found to decrease at higher loading at same depth
factor.
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