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Abstract. Stone columns increase the bearing capacity and reduce the
compressibility of soft clayey soil. However, the use of stone columns is limited
because of subsequent settlement upon loading. The settlement is due to
bulging of the stone columns. Hence the major application includes
strengthening of embankment foundation, oil tank foundation, etc where a large
settlement is permitted. In case the bulging of a stone column is restricted, its
use may include building foundation also. In the present study, a soil-cement
bed is placed over the stone columns to reduce the bulging effect of the stone
columns. Numerical analysis based on Plaxis-2D is conducted to observe the
behavior of soil-cement bed and stone columns. Analysis is conducted on both
Ordinary Stone Columns (OSCs) and stone columns underlying Soil-Cement
Bed (SCB). From the result of this study, it is observed that the use of soil-
cement bed reduces the bulging effect and increases the load carrying capacity
more than two times. The degree of improvement depends on the thickness of
the SCB. As such an optimum thickness is obtained by trial and error. The
settlement at the maximum bearing capacity is also found to be a bare
minimum. The group effect of the stone columns is also studied. The bulging of
the stone columns in a group is not similar to that in a standalone condition. It
suggests that the existing theory on determination of bearing capacity of
composite soil must be modified for a group. Limited number of small scale
laboratory studies was also conducted to verify the analytical results.
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1 Introduction

The most familiar characteristic of the soft soil is that it undergoes an excessive
settlement on application of surcharge load. This is due to its low shear strength and
high compressibility, which increases the importance of soil improvement technique
for the construction on soft soil. Amongst the various well-established soil
improvement methods, the use of stone columns is proved to be a good alternative of
a pile foundation as it is cost effective, and environmentally friendly [1]. In case of
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soft soil, Golakiya et al. (2015) [2] also preferred the use of stone columns to the use
of pile due to the prohibitive costs for its large length and negative drag force.
Moreover, this method shows excellent performance in improvement of load carrying
capacity, minimization of the foundation settlement, and, accelerating the
consolidation settlements by shortening the drainage pathway [2]. Bergado et al.
(1984) carried out full-scale load test and reported gy of soft soil was increased by
three to four times with the installation of stone columns [3]. Rao and Reddy (1996)
reported that the end bearing does not have any effect on g, for column length greater
than ten times of column diameter [4]. Several researchers tried to obtain the load
carrying capacity (qu) of stone columns through numerical and analytical methods
using different concepts. For example, some used unit cell concept [5-9] i.e. a single
column surrounded by six stone columns; some [10-14] used the behaviour of
homogeneous soil with improved soil properties; some [15-17] used numerical model;
some [18, 19] used 3-D finite element technique, etc.

It is now well understood that the stone column or granular pile achieves its bearing
capacity from the shear strength of the surrounding soft soil. Upon loading, the stone
column bulges and pushes the soft soil which in turn tries to resist by imparting a
radial stress based on its shear strength. For very soft clay (cu < 12.5 kPa) the radial
stress is very low and thus columns bulge or expand excessively, which is the main
reason behind the failure of the stone columns [20]. Again, due to bulging, there is a
settlement of the ground surface resulting in the limitation of its application. The
expected settlement will be around 40 — 50% of the total settlement of untreated
ground as per Greenwood chart [21]. Thus, the construction of residential buildings
over stone columns may become unsafe. Researchers have tried to reduce the bulging
effect in order to reduce the settlement. Notable works include geosynthetic
encasement [22-28], placement of sand bed reinforced with geogrid [29], jacketing
the stone columns with tubular wire mesh [30] etc. All the techniques have their
inherent merits and demerits.

The present study shows the application of a compacted soil cement bed (SCB) over
the stone column to reduce the bulging effect of the stone columns. Numerical
analysis based on Plaxis-2D was conducted on both ordinary stone column (OSC)s
and stone columns underlying SCB. It is observed that the use of SCB reduces the
bulging effect and increases the load carrying capacity of stone columns by more than
two times. The degree of improvement depends on the thickness of the soil-cement
bed and an optimum value is obtained. A limited number of small scale laboratory
tests were also conducted to validate the analytical results.

2 Numerical Modelling

Numerical modeling for this study was performed by using Plaxis 2D software. Many
researchers obtained satisfactory results using this software. For example, Marto et al.
(2014) conducted analytical study using the software Plaxis 2D for the prediction of
bearing capacity of geogrid reinforced stone columns [31]: Phutthananon et al. (2020)
developed numerical model on the behavior of conventional deep cement mixing and

Theme 8 446



Proceedings of Indian Geotechnical Conference 2020
December 17-19, 2020, Andhra University, Visakhapatnam

T-shaped column constructed in an embankment [32], etc. In the present study, a
group of three stone columns of diameter 20 cm under a circular footing was taken
and an axisymmetrical analysis was carried out. Fig. 1 shows a sectional elevation.
The Mohr-Coulomb failure criterion was considered to govern the stage of failure of
the clay, soil-cement bed, and stone column materials. All the material properties that
were applied to the numerical models are listed in Table 1. The values of Poisson's
ratio (v for both the column materials and clay were taken from the data available in
the literature [33]. The other parameters were obtained from the experiments
conducted in the laboratory as mentioned in the subsequent paragraphs.
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Fig. 1. Sectional elevation of three stone columns for numerical modeling

Table 1. Properties of clay, stone and soil-cement utilised in the PLAXIS-2D analysis

Material ~ Constitutive model y E (MPa) v c (kPa) ¢ (degrees)
(KN/m?)
Clay Mohr-Coulomb 15 15 0.35 10 0.1
Stone Mohr-Coulomb 17.0 55 03 O 44
SCB Mohr-Coulomb 15.2 91 0.21 454 42
Note:

pu=Poisson’s ratio; y= unit weight; E=elasticity modulus; c=cohesion; ¢= friction
angle.
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In this finite element model, fifteen nodded triangular elements were considered. All
the analyses were carried out with the application of loading in increments. Fig. 1
presents the boundary conditions considered which are vertical roller for lateral
boundaries and fixed for bottom boundary. The other dimensions are: tank size 1m x
Im x 1m; stone column diameter, d=50mm, and length, 1=40cm. The depth (t) of the
SCB was considered to be variable like, t=0.5D, 0.75D and 1D (where, D=diameter of
footing). After the application of load, the settlement of stone columns was recorded
and plotted against the bearing pressure as shown in Fig. 2. One additional analysis on
ordinary soft clay was also performed for a comparison purpose. It is observed that
for the ordinary soil, the bearing pressure increases with settlement. For a single stone
column without any soil cement bedm, the bearing pressure increases with settlement
and the increase is nearly two times the value for normal soil. With introduction of the
soil cement bed, the bearing pressure increases many fold. However, a sudden failure
is observed when the settlement is more than 10 mm. That means, up to 10 mm
settlement, the application of stone columns underlying SCB is completely safe. From
the graph, the qy of the soft soil were noticed as 7.7 and 32 kPa corresponding to the
settlement of 10 and 50 mm respectively. With the use of single stone columns, the qu
of soft soils can be increased by 148% and 72% corresponding to the settlement of 10
and 50 mm respectively. The q, of soft soil can be improved by 1900% and 470%
with the utilisation of stone columns underlying soil-cement bed corresponding to the
settlement of 10 and 50 mm respectively. For the group stone columns, the load
carrying capacity of the soft soil is increased by 523% and 249% with the use of
group stone columns corresponding to the settlement of 10 and 50 mm respectively.
For the group stone columns underlying SCB, the bearing pressure was increased by
2536% and 572% corresponding to the above-mentioned settlements as shown in
Fig.3. It is also observed from Figs. 2 and 3 that with increase in t from 0.5D to 1D,
the bearing pressure also increases, however, after t=0.75D, the increment in qu was
marginal. So, the optimum thickness was considered as 0.75D. The improvement in
bearing capacity can also be defined by using a term Improvement Factor (I.F.) which
is stated as the ratio of bearing pressure acting on the reinforced clay bed to that of the
unreinforced soft soil bed at same value of footing settlement (s/D %). Fig. 4 shows
I.F. versus non-dimensional settlement (s/D in %) graph for all the combinations of
reinforcements which shows a distinct improvement in qu for both single and group
stone columns with the placement of SCB. The I.F. versus s/D (in %) graph of clay
bed reinforced with only SCB (without stone column) is also shown in the figure for
comparision purpose. The maximum increment was noticed corresponding to the
settlement of 2 to 3% of the diameter of footing. At this point, the values of
improvement factors are 2.75, 7, 24.5, 25, 45 for clay bed with single stone column,
group stone column, only SCB, single stone column underlying SCB, and group stone
column underlying SCB respectively. Therefore, it can be concluded that the
maximum |IF is obtained with placement of SCB over the stone columns at a
settlement of 2 to 3% of the diameter of footing. The deformed mesh of the single and
group stone columns without SCB obtained from the analysis are shown in Figures 5
(@) and (b) whereas Figures 5 (c) and (d) show the deformed mesh of single and group
stone columns underlying SCB respectively. The deformations due to loading are also
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clearly observed from these figures. That means maximum improvement can be
achived by combining the group of stone columns with SCB.
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Fig. 2. Bearing pressure-settlement response of SCB over single stone column.
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Fig. 3. Bearing pressure-settlement response of SCB over group of 3 stone column.
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Fig. 4. Variation of improvement factor or stress concentration factor
with single and group stone columns with and without SCB
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Fig. 5. Deformed mesh of (a) single stone column, (b) group stone columns,(c) single
stone column underlying SCB, and (d) group stone columns underlying SCB
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3 Experimental Investigation
3.1 Material used

To compare the numerical results obtained from PLAXIS-2D, three experiments (one
with clay bed alone, one with a group of OSC without SCB, one with a group of stone
columns underlying SCB) were conducted in the laboratory. Each experiment was
conducted in a steel tank of size Im x 1m x 1m. The dimensions of a stone column
were diameter d =50mm and length, 1=400mm and thickness of SCB, t=0.75D=15cm
(optimum value).

For constructing the clay bed, the tank was wrapped with a polythene sheet to
minimize the side friction. Clay was collected from a nearby paddy field, pulverized,
thoroughly mixed with water, put in the tank in layers and uniformly compacted. The
compacting effort was achieved after a number of trials so that the density of clay
would be 15 kN/m3. In all the tests the water content was kept constant as 33%
corresponding to the undrained cohesion of 10 kPa. For the tests on clay bed and
OSC, the thickness of clay bed was 90cm, and for the test on stone columns
underlying SCB, the thickness of the clay bed was 75cm. The geotechnical properties
of clay are presented in Table 2.

Table 2. Properties of clay

Properties Value

Liquid limit (%) 42.4

Plastic limit (%) 20.6

Plasticity index (%) 21.8
Specific gravity 2.6

Bulk unit weight at 34 % water content (kN/m®)  15.8
Undrained shear strength (kPa) 10
USCS classification system CL

After constructing the clay bed, three bore holes were dug using an auger of 50 mm
diameter upto the required depth for the construction of stone columns. Then the bore
holes were cleaned with repeated insertion of the auger. Before filling the holes with
stones, the diameter and length of the hole were checked with an open-ended steel
pipe having inner and outer diameters of 48.5 and 50 mm, respectively.

The holes were filled by the stones of size 2 to 6 mm with uniform compaction in
each layer. For compacting the stones in each layer, one tamping rod of 10 mm
diameter was used. The number of blows were adjusted after a number of trials to
achieve a density of 17 kN/m?. It is very difficult to maintain a uniform relative
density of stones placed in the stone column. A number of trials were made with
different number of blows for each of five layers and a plot was made between
number of blows and relative density of stone. The number of blows corresponding to
70% relative density was adopted for the present experiments.
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The spacing between the columns was kept as 2.5 times the diameter of stone column.

The soil-cement stabilized bed was placed over the columns in one of the tests. The
SCB was prepared by thoroughly mixing locally available c-¢ soil, reddish in colour,
with ordinary Portland cement, and water in a proportion of 1part of cement with 6
parts of soil. All the materials were mixed and placed over the columns by
compacting the mixture uniformly in three layers. Each layer was compacted by using
a square hammer with uniform compaction energy to achieve a density of 15.2 kN/m?.

The shear strength parameters of the three materials were obtained at the compacted
density in the laboratory and are shown in table 1 above. The parameters ¢ and ¢ were
obtained by direct shear test; poisson’s ratio was obtained from unconfined
compressive strength (UCS) test and Young’s modulus was obtained from Four-point
bending test.

3.2. Loading arrangement

One steel plate of 20 cm diameter and 10mm thickness was used as a footing for all
the tests. The diameter of the loading plate was chosen so that all the three columns
would be covered by the plate. Fig. 6 shows the arrangement of stone columns used in
the experimental setup. After placing the footing at its specific position i.e. centre of
the bed, a uniformly distributed load was applied on it through the hydraulic jack of
10 ton capacity. The experimental setup is shown in Fig. 7

Stone column

Footing

Fig. 6. Arrangement of three stone columns
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Hydraulic jack

LVDTs

Load cell

Fig. 7. Experimental setup

The applied loads were measured using a load cell, which was connected to a loading
frame as shown in Fig 7. To estimate the settlement occurred due to the applied load,
two LVDTs of capacity 50 mm and 25 mm were located at diametrically opposite
ends of the footing. The LVDTs and load cell were connected to a data acquisition
system to store the data in a computer. Two dial gauges were also fixed on the
opposite diagonal for validation of the data obtained from LVDTSs.

3.3 Test procedure

The procedure of load test involves the application of uniformly distributed load on
footing and measurement of settlements of the plate. In all the tests, the load was
applied in equal increments and was maitained until the settlement became less than
0.02 mm/hour [34]. The loading was continued till 50 mm settlement or failure
whichever occurred earlier.

4 Comparison of Numerical Results With Experimental Results

The results of the finite-element analysis are compared with the results obtained from
the experimental model test results. The results were compared in terms of bearing
pressure versus settlement response as shown in Fig. 8 for unreinforced clay bed, clay
bed reinforced with group OSC, and clay bed reinforced with group columns
underlying SCB. Figure presents a very good match between the numerically obtained
results and experimentally obtained responses which reflects the accuracy of the FEM
results.
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Bearing pressure in kPa
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Fig. 8. Comparison of results of FEM and experimental model tests

5 Conclusions

The study reported herein presents the response of a soil-cement bed on the
improvement in the bearing capacity of single and a group of floating stone columns
in soft clayey ground. The following concluding remarks are obtained from the
present study:

1

With the use of single stone columns, the bearing capacity of soft soils can
be raised by 148% and 72 % corresponding to the settlement of 10 and 50
mm respectively.

The bearing capacity of soft soil can be increased by 1900% and 470% with
the construction of single stone columns underlying SCB corresponding to
the settlement of 10 and 50 mm respectively.

By using the group of three stone columns, the bearing capacity of soft soil
can be increased by 523% and 249 % with the use of group stone columns
corresponding to the settlement of 10 and 50 mm respectively.

The bearing capacity of soft soil can be increased by 2536 % and 572 %
corresponding to the settlement of 10 and 50 mm respectively with the use of
group stone columns underlying SCB.

Based on the maximum improvement percentage of bearing capacity, the
optimum thickness of SCB was obtained as 0.75 times of footing diameter.

Thus from this study it is clear that, the bearing capacity of soft soil can be increased
manifold with installation of stone columns underlying a soil cement bed. The
technique also reduces the bulging of stone columns and thereby minimizes
settlement of footing.
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