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Loading
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Abstract: This research paper investigates the behaviour of
soft clay reinforced with stone column under sustained loading.
Experiments were conducted in the laboratory on stone column
reinforced prepared soft soil bed of kaolin having strength of 7.5
kPa with aggregate of size 2.5 to 10 mm as column material. The
stone column with four diameters of 38.1, 50.8, 63.5 and 76.2mm
were constructed which correspond to low to high area
replacements ratios (i.e. 6.93% - 26.49%). The plain and
reinforced soft clay beds were subjected to a sustained load of 150,
200, 250 and 300 kPa where each applied load has been
maintained for 24 hours and the settlement behavior of composite
ground was taken into account. The test results represent the
settlement of reinforced soil bed decreases with increase of
column diameters. The settlement reduction ratio is a measure of
ground improvement which increaseswith area replacement ratio.
The experimental and theoretical results values were compared as
per 1S15284 (Part 1): 2003 with reference of stress concentration
ratio ‘n’(The ratio of stress in the column to the stress of
surrounding ground area). The % variation in theoretical and
experimental results is in the range of #50% and therefore the
theoretical procedure needsto be revised.

Keywords: soft clay, stone column, compactive effort,
replacement method, settlement reduction ratio

[. INTRODUCTION

The embankments of bridges, rail and road, fluid storage
vessels where the settlement is higher, the stone column
techniqueiscredible than pilein termsof low cast and time of
establishment as a substructure. The ground which treated
with stone columns would have high bearing capacity, low
settlement downs and possible free drainage. The suitable
soils for this technique are loose sands to soft clays. The lab
studies reported the effect of related phases like ratio of area
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replacement, length to diameter, space to diameter on bearing
capacity of reinforce soil bed.

Ambily and Gandhi [3] investigate the stone column
behavior where the column spacing, strength and moisture
content of surrounding soil taken as variable in study. They
concise that when loading provided to the column areaaone,
the bulging will occur from a height of 0.5 to 1 times the
column diameter from the top. Ambily and Gandhi [4] also
probe the unit cell notion for single and group of columnsin
load variations. The results confirm that unit cell simulation
of single column in laboratory to an interior column in field
could be carried out. Isaac and Girish [15] investigated the
material suitability for stone columns. The five different
materials selected for study is found in deceasing order of
suitability for load deformation behavior are stones, gravels,
quarry dust, river sand, and sea sand. Further, conclusion
was that with decreasing in spacing between stone columns
the effectiveness increases. Babu et al. [5] suggested an
alternate approach to enhance the load bearing capacity of
stone columns by providing vertical circumferential nails
where no. of plate load tests were carried on test tanks. The
vertical nails gives the confining effect to stone column
which reduce the bulging from 3 to 4 diameter length from
top. Babu et a. [5] explained an approach to imrove the load
carrying capacity of stone columns by providing vertical
circumferential nails by conducting ano. of plateload testsin
laboratory from unit cell notion. The vertical nails gives the
confining effect to stone column which reduce the bulging
from 3 to 4 diameter length from top. Cimentada et al. [12]
studied the deformation and radial consolidation of end
bearing stone columns in a modified Rowe-Barden
oedometric cell with two different cells to column diameters
ratios and reported that consolidation coefficient will be
higher when replacement area increases. Shivshanker et a.
[26] Investigated the behaviour of stone columns in layered
soil bed and found that weak soil in upper layer hasinfluence
on load bearing capacity, bulging and stiffness of stone
columns. Shahu and Reddy [27] conducted full drained,
load-control model experiments for floating type stone
column group foundation and found that bending of acolumn
is dependent on the position of a column in the group, where
the ratio of area replacement, I/d ratio, over consolidation
ratio, relative iffness and the stress ratio affects the
repercussion of stone column group foundation

Kumar and Jain [18] reported that stone columns or
granular piles can be used to improve the behaviour of black
cotton or soft expansive soil. Dehariya et al.
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[13] studied the load settlement pattern of granular
column in the conditions of saturated and unsaturated soil.
The results represent that, at lower water content soil offers
high load bearing resistance. Rajput et a. [23] have aso
selected black cotton soil for studying the efficiency of
granular sand piles. They concluded that length to diameter
ratio equals to 5 which may be an ideal sand pile length to
instate the benefits of installing the sand piles and the load
carrying capacity of sand pile increases with decrease of
spacing.

Settlement estimation for soil reinforced with stone
column was given by Priebe in 1976[22] through semi
empirical equations. Solution was given for end-bearing type
columns assuming column material was incompressible with
both soil and column bulk densities were neglected. Priebe
assumed arational value of 1/3 for Poisson’s ratio of the soil.
Aboshi et a. [1] has given the equation for Settlement
reduction ratio by assuming uniform vertical stress thought
the column length. Balaam and Booker [6] has given the
solution for yield of stone column. The principal direction
was assumed vertical and therigid base was assumed smooth.
The main parameters affecting settlement were found to be
column spacing ratio, angle of shearing resistance of stone
column, dilatancy angle, load level, modular ratio and
Poisson’s ratio of the clay. Barksdale and Bachus [7] has
given the similar equation as given in 1S15284 (Part-1):
2003[17]. Settlement estimation for soil with stone column
was given by Priebe in 1976[22] through semi empirical
equations. Solution was given for end-bearing type columns
assuming column material was incompressible with both soil
and column bulk densities were neglected. Priebe assumed a
rational value of 1/3 for Poisson's ratio of the soil. Aboshi et
al.[1] has given the equation for Settlement reduction ratio by
assuming uniform vertical stress thought the column length.
Balaam and Booker [6] has given the solution for yield of
stone column. Principal direction was assumed vertical and
the rigid base was assumed smooth. The main parameters
affecting settlement were the column spacing ratio, angle of
friction of stone column material, dilatancy angle, load level,
modular ratio and Poisson's ratio of the clay. Barksdale and
Bachus[7] has given the similar equation asgivenin 1515284
(Part-1): 2003[17].

IS 15284 suggests stress concentration ratio 'n’ to be
taken between 2.5 to 5; whereas Barksdale and Bachus have
taken it from 1.5 to 5. The vaue 5 is corresponding to area
replacement ratio, ‘as’of about 40% and 1.5 is for ‘as’ equal to
about 7%. Baumann and Bauer [8] suggested equations for
estimating immediate and consolidation settlement of stone
column reinforced soft soil. A set of curves have been
provided for estimation of immediate settlement. Van Impe
and De Beer [28] suggested anew method for analysisof the
settlement response of granular column. Alamgir et al. [2]
presented atheoretical solution for settlement of areinforced
flexible (such as flexible raft or embankment) foundation
with end bearing stone columns. Madhav and Miura [19]
studied the effect of dilation angle of stone columns and
found that settlement reduction ratio increases even with a
dilation of 0.5% of the stone column material. Borges et al.
[10] suggested a new design form for soft soil embankments
reinforced with stone columns with finite element analysis.
“Unit cell” concept was used. It was concluded that, area
replacement ratio and compressibility ratio are the major
factors affecting the settlement of treated ground. Ellouze et
al. [14] anadlyzed the settlement of stone column reinforced
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foundation and outlined inconsistenciesin Priebe’s approach.
Zhang et a. [29] has given an analytical form for the
settlement response reinforced stone columns in soft sail.
Equal strain was assumed, column was assumed to be an
elastic material, confining pressure of the soil was assumed to
be earth pressure at rest. Rangeard et a. [25] investigated the
sand column behavior through laboratory experimental
procedure. They compared the effect of the displacement and
replacement method on settlement of soft soil reinforced
soils. The results show settlement reduction rate by
replacement method is more than that by displacement
method. The displacement method was found better than the
replacement method due to added advantage of radial
densification in surrounding soil during column installation.
Chandrawanshi [11] has developed design charts to obtain
area replacement ratio for the desired settlement reduction.
These charts are developed for very soft soils of undrained
shear strength between 2.5 to 7.5 kPa reinforced with stone
column and subjected to sustained pressure in the range of
100-200kPa. The compactive efforts for installing the stone
column were in the range of 22-224kJm? using replacement
method. One such chart is shown in Fig.1.

50

Replacement, method, Compactive effort ={223.26 kJ/m”

45

Settlement reduction ratio, S.R.R. (%)

OI()() 120 140 160 180 200
Bearing pressure, (kPa)
Fig.1. Design chart for selecting size of stone column for
desired settlement reduction (Chandrawanshi 2018).

The estimation of consolidation settlement of soft soils,
reinforced with stone column under sustained loading of
different magnitude is greatly influenced by the stiffness of
the column material. The task will be more complicated
where geogrid are used to further enhance the effectiveness
of the stone column. The present work is an attempt to study
the settlement behavior of soft soil reinforced with stone
column of varying diameters subjected to different pressures.
The test beds of soft soil were prepared in which stone
columns of different diameterswere installed. The composite
ground was subjected to sustained pressure to study the
settlement behavior. The results of the tests have been
compared with the theoretical solutions given in the literature
to examine the applicability of these solutions for further
refining the prediction settlement of stone column reinforced
soils.
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Il. MATERIAL PROPERTIES

The kaolin used as a soft soil bed for experimental work.
The basalt rock stones were used as a materia for column,
which were taken from particle size between 2.5 mm and 10

mm.

Table- I: Properties of kaolin
Property Value
Specific Gravity 2.62
Liquid Limit 27%
Plastic Limit 18%
Plasticity Index 9%
Classification(1S:1498-1970) CL

Standard Proctor Test
Optimum Moisture Content 21%
Maximum Dry Density 15.91%

Table- I1: Properties of stone aggregates

Property Value
Specific Gravity 2.66
Percentage fines (< 0.075 mm) 0%
Minimum size of aggregates 25mm
Maximum size of aggregates 10 mm
D10 2.75mm
D30 4.3mm
D60 5.65mm
Cu 2.05

Cc 1.19
Classification (1S:1498-1970) GP
Angle of internd friction, '¢' 44.5°

1. TEST PROCEDURE

A steel tank of diameter of 150 mm and height 230 mm
was used to prepare soft soil bed of homogenous properties.
The soil slurry was prepared by adding water to the dry soil
equal to 1.5 timesto itsliquid limit and stirring the mix. This
eliminated the voids and lumps from the soil. The durry was
then poured in to the mould where a brass perforated plate
and a paper for filtration was kept at the bottom to alow
drainage from the base. The soil was filled in layers, with
care to maintain amass of soil whichisfreefrom voidsinthe
mould. After filling in mould, the soil has been kept in open
air for 16 to 24 hoursfor self consolidation. A filter paper was
kept on the top of soil bed to obstruct the soft soil entry
towards upper side during loading. The brass perforated plate
with a diameter 148 mm used as a footing kept on the upper
portion of soft soil bed to alow the drainage from the top.
The laboratory CBR testing machine was used for loading
purpose on the soft soil bed (Fig. 2). A sustained load of 65
kPa has been applied on the top plate and maintained for 24
h.A sample of this soil was extracted from the mould to check
the shear strength by vane shear test. The test bed prepared in
this manner has shear strength of 7.5 kPa. This may be a
practical ground situation of asoft soil bed. The stone column
was constructed in this test bed by replacement method. For
making the stone columns of different diameters, stainless
steel thin pipes of internal diameter of 38.1, 50.8, 63.5 and
76.2 mm was used to pull out the soil. The stone werefilled in
layers of 25 mm from bottom to the top. Each layer was
compacted by atamping rod of 0.6 kg dropped from 100mm
height. The energy transferred by blows during installation of
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column increasesthe stiffness of column material and densify
the nearby soil. The diameter of installed column is observed
dlightly larger than the pipe diameter used for extracting the
soil.

After the construction of the stone column in the soil bed,
desired load (pressure) was applied to study the settlement
behavior of the composite soil.

The pressure was maintained for 24 hours. Settlement was
recorded at different time intervals. The test beds were
prepared for four stone column diameters (Fig.3) and in each
of four different pressures were applied. The settlement
behavior of the raw soil i.e. without stone column was also
observed for these sustained pressures. The summary of tests
isgivenin Tablelll.

Table-111: Summary of tests conducted

Soft soil bed
of average Stone Applied pressure maintained for No
undrained column 24 hours of
shear diameter Tests
strength of 150 | 200 | 250 | 300
7.5kPa (mm) | kPa | kPa | kPa | kPa
Unreinforced
soil bed - L ! ! ! 4
395 1 1 1 1 4
Reinforced
soil bed with | 526 1 1 1 1 4
Stone 65.5 1 1 1 1 4
Column
77.2 1 1 1 1 4
Total Tests 20

Proving ring

Settlement dial gauge

Stone column

Loading Frame

Fig.2. Loading arrangement

.|

Fig.3. Installation of Stone columns of different
diameters
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IV. TEST RESULTS i

Avg. Cu=7.5 kPa

Applied Pressure = 150 kPa

SETTLEMENT OF THE SOFT SOIL BED

The settlement of the soft soil bed i.e. without stone
column for sustained pressure of 150, 200, 250, 300 kPa
maintained for twenty four hours was recorded as 10.08,
12.14, 14.82 and 16.39 mm.

SSB
e—d_=39.5 mm

——d_=576mm

Settlement of reinforced soil bed (mm)

|——d,=655mm

EFFECT OF INSTALLING STONE COLUMN ON
SETTLEMENT 10+ - ,

The settlements for the soft clay bed, the clay bed - . -
reinforced with the stone columns under different applied e o T "
pressure are given in Fig. 4 to 7. The figures show that the Fig.4. Settlement vstime for applied pressure 150 kPa
trend of settlement time behavior is similar under different 0o,
applied pressures. The settlement in each case ceases after a
certain time. Thistimeistypically noted closeto 24 hrsinthe
observations. Further, the settlement isreduced for a constant
sustained pressure, with expansion in the diameter of the
stone column. The consolidation settlements noted from Fig.
4to 7 areshownin TablelV.

+d“_ 77.2 mm

s s YT Avg. Cu=7.5 kPa
Hie Applied Pressure + 200 kPa

—=— sSB
—=— d_[=395 mm

E
E
g
o
=1
5
=
g
E
g
=
z
&

Table-1V: Consolidation settlement of soft clay beds | g s2emm

124 —— d_=655mm

] ——a/-772mm

14 T T T T
ciltgnmen Settlement at sustained load v R » w) "
Type of test ; maintained for 24 hours (mm ) . e s e
P diameter (mm) Fig.5. Settlement vstime for lied pressure 200 kPa
bed g applied p
150 200 250 300 L PO Ave Cu=7.5 kP4
(mm) kPa kPa kPa kPa 5 ' i = Applied Pressure =250 kPa
U”;g;lnfb‘;jwd B 1008 | 1214 | 1482 | 1639
395 9.69 1162 | 1448 | 1594 = o
Reinfor ced 52.6 9.34 1111 | 14.28 157 ER
soil bed with £
Stone Column 655 8.76 1045 | 1352 | 1521 £ 0
772 839 | 986 | 1261 | 145 Bl T o
In order to show the effect of installation of stone column ol o nom
of different diameters on consolidation settlement, a o] T GeT77Emm
parameter settlement reduction ratio (SRR) is used. SRR ’ . ™ - ge
compares settlement of stone column reinforced soil to the Time log T(sec)
untreated soil. It is given by: Fig.6. Settlement vstime for applied pressure 250 kPa
0. > vg. Cu=7.5 a
SRR = { (- hras) / e} X 100 | T rppied e 300K
Where: hsy, = settlement of the consolidated soft soil bed, . "W
hrev = settlement of the soft soil bed reinforced with stone 8 17
column. Z 4
The higher value of SRR is a measure of ground 2 ]
improvement. Its value for different test casesisindicated in &
Table. V. 2107
= 124
o —=—SSB
Table-V: Effect of stone columns diameterson SRR g ud —d =395mm
- n B % | ——d =52.6mm A
Diameter Area Settlement Red_uctlon Ratio SRR (%) o] ——d]=655mm X :
of stone Replacement for sustained pressur e of 1 ——d - 772mm e
column ol 150 200 250 300 s !
(mm) kPa kPa kPa kPa 10° 10° 10° 10°
39.5 6.93 3.86 4.28 2.29 2.74 Time, Log T(sec)
52.6 12.29 7.34 848 364 4.2 Fig.7. Settlement vstime for applied pressure 300 kPa
65.5 19.06 1309 | 1392 8.77 7.19
77.2 26.49 1676 | 1878 | 1491 | 1153

Thus it may be noted that for a given applied sustained
pressure, SRR increases with the diameter (or area
replacement ratio) of the stone column.
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V. SETTLEMENT PREDICTION OF STONE
COLUMN REINFORCED SOIL

The consolidation settlement of the soft soil treated ground
with stone column, S, can be predicted by the procedure
givenin 1S 15284(Part-1): 2003.

S=myoH g
OR
S=[{(CcH)/(1+en)} logw{(cotAo) / oo}] ng

Where, m, = Modulus of volume decrease of soil, ¢ =
Vertical pressure in surrounding ground, H = Thickness of
treated soil, Cc = Compression index, &, = Initial void ratio,

oo = The overburden pressure in the surrounding ground,
Ac = Total applied pressure. pg = settlement reduction
factor=[1/{ 1+ (n-1)ag}], n = Stress concentration ratio (ratio
between the stress in columns to stress in surrounding
ground). It varies between 1.5 to 5 as suggested by Barksdale
and Bachus [7]. The observed values of consolidation
settlement in the present experimental study are compared
with the theoretical values predicted by IS 15284 Part | is
presented in Table VI.

In theoretical calculations input values of different
parameters are taken as:

a= Areareplacement ratio (6.93% for diameter of 38.1mm
stone column). pg = 0.9665 (for, n=1.5, taken as per area
replacement ratio).The compression index, Cc = 0.14 . The
thickness of treated soil, H= 208 mm at the beginning of
pressure application. The initial void ratio, e, = 0.85. The
overburden pressure in the surrounding ground, oo = 18.76
kPa. The applied pressure, Ac = 150 kPais maintained for 24
hours.

The settlement ‘S’ value has been found 14.49 mm. The
settlement values for stone column diameter 39.5mm have
been determined for different applied pressure of 200, 250,
300 kPa was 15.65, 16.40 and 16.44 mm respectively. The
experimental and numerical results were compared aso for
other diameters and givenin Table VI.

Table- VI: Comparison of settlement by experimental

and theoretical calculations
Experimental and predicted consolidation settlement in mm for test beds

A.P. having stone columns of diameter
(kPa) 39.5mm 52.6mm 65.5mm 76.2mm
n=2.1, ug n=2.7, ug=
n=1.5, ug=0.96 =0.88 0.75 n =3.4, ug=.61
Se Sr Se Sr Se Sr Se Sr

150 9.69 14.49 9.34 13.2 8.76 11.32 8.39 9.16
200 11.62 | 15.65 | 11.11 | 14.34 | 1045 | 12.34 9.86 9.98
250 14.48 16.4 14.28 | 14.96 | 1352 | 12.88 | 12.61 | 10.46
300 15.94 | 16.44 15.7 15.08 | 1521 | 13.01 14.5 10.55

A.P.-Applied Pressure, S.C.R. ‘n’- Stress Concentration Factor,
S.R.F. ‘ug’ - Stress Reduction Factor.

The variation in consolidation settlement predicted by the
procedure given in IS 15284 to the experimental valueis
determined by the relation
% Variation = [{(Sg- Sr) /Se}] X 100 and isgivenin Table
VII.

Table- VII: Variation in consolidation settlement

between experimental and theoretical valuesfor stone
column reinfor ced soft soil beds

International Journal of Engineering and Advanced Technology (IJEAT)
I SSN: 2249-8958 (Online), Volume-9 I ssue-2, December, 2019

Applied Pressure (kPa)
150 200 250 300
39.5 -49.5 % -34.68 % -13.25 % -3.13%
52.6 -41.3 % -29.07 % -4.76 % 411 %
65.5 -29.22 % -18.08 % 473 % 14.46 %
76.2 -9.1% 12 % 17.40% 271.21%

Diameter of
column(mm)

% variation in experimental and predicted consolidation
settlement of the stone column reinforced test beds for
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From the Table VII, it may be noted that % variation in
settlement prediction by theoretical procedure is +50%;
which may be regaded as large variation.
For narrowing the gap, it is necessary to revise the theoretica
| procedure. The stress concentration factor adopted in
theoretical evaluation is based on the recommendation of
Barksdale and Bachus (1983) and is stated varying with area
replacement ratio.

In order to enhance the performance of stone column in
terms of load bearing and settlement; geogrids are used. The
inclusion of geogrid changes the stiffness of the column
material and is expected to give high SRR. Effect of stone
column stiffness on the value of “n” along with area
replacement ratio may perhaps bring the theoretical
prediction close to the experimental values.

VI. CONCLUSIONS

The settlement behavior of soft clay treated with stone
columns was studied under different sustained pressure. The
experimental results have compared to the settlement
analysis formula given by Barksdale and Bachus and IS
15284(Part-1): 2003. The conclusions from the study are
given below:

(1) The effect of stone column installation on
settlement reduction was expressed by a parameter SRR.
Higher values of SRR are indicative of ground
improvement. SRR is found increasing with the diameter
of the stone column.

(2) The theoretical prediction of settlement by IS
15284 Part 1 procedure was compared with the
experimental results. The variation in theoretica and
experimental values is +50%; and regarded as large.

(3) The theoretical procedure uses “n” which at
present suggested depending on area replacement ratio
only. Its variation with column stiffness material needs to
be studied to refine the theoretical procedure.
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