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ABSTRACT

One of the common geotechnical problems is the construction on soft soil and the improvement of
its geotechnical properties to meet the design requirements. A stone column is one of the well-known
techniques used to improve the geotechnical properties of soft soils. Sometimes thick layers of soft
soil imposed the designer to use floating stone columns for improvement of such soil; in this case,
the designer will be lost the end bearing of the stone column. In this study, the effects of several
patterns of floating stone columns distribution under footing on the bearing capacity of soil and the
distribution of excess porewater pressure are investigated. The soft soil used in this study has a very
low undrained shear strength (cu) of 5.5 kPa and improved by several patterns of stone columns
(single, two linear, triangular, square, and quadrilateral). The stone column has a length of 180 mm
and a diameter of 30 mm. The material of the stone column is poorly graded sand has an angle of
internal friction (48.5°) at a relative density of 65%. The results indicated a significant increase in the
ultimate bearing capacity of soft soil when treated with floating stone columns despite the small ratio
of area replacement and reducing the excess porewater pressure and settlement. Also, the ultimate
bearing capacity of soil calculated from experimental work is compared with the corresponding
values obtained from the proposed equations in the previous studies to evaluate the validity of using
such equations.
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INTRODUCTION
The soft clayey soils are widely spread around the world, and such soils are located in the middle
and southern regions of Iraq, especially in areas close to the marshes. The growth of population and
rapid expansion of cities make using such soil important as construction material or foundation for
different projects, so one of the key solutions is improvement the geotechnical properties of soft soils.
There are many techniques can be used for the improvement of soft soil. Stone columns are used to
improve the soft clay soil has undrained shear strength (cu) <10 kPa and subjected to different types
of loading. Stone columns are used to increase the shear strength of soft soil strength, reduce and
expedite the consolidation of soil, and reduce the liquefaction potential of soils. In the case of thick
soft layer with a depth greater than 25 m, the stone columns do not reach the stable layer of soil, so
they are called floating stone columns (Datye, 1982; Abdullah et al., 2020; Karkush and Jabbar,
2021).
Datye (1982) stated that stone columns can mount the loads and may be constructed in short
intervals like floating pillars compared to the deep foundations. In areas where deep foundations are
exposed to negative skin friction, it's preferred to use stone columns to make the foundations above
it more supportable to drag force. Due to the effectiveness and economic efficiency of stone columns
in improving the geotechnical behavior of soil, they can be implemented under roads, railways, and
embankments (Unnikrishnan et al., 2002; Gadouri et al., 2019; Dong et al., 2019). Also, the stone
columns can be used for the deep improvement of soft soil; therefore, this technique is widely used
in the treatment of soft soil under railways to control the excess deformation and porewater pressure
(Sivakumar et al., 2010; Fatahi et al., 2012; Karkush and Jabbar, 2021).
A statistical equation had been proposed to estimate the ultimate bearing capacity of soft soil
treated with floating stone columns using the Statistical Package for the Social Sciences (SPSS)
program. The data used in this analysis were obtained from experimental work and collected from
previous studies. The proposed equation is applicable for clays that have undrained shear strengths in
the range (4–25) kPa and with several aspect ratios of length to the diameter of the stone column
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(Fattah et al., 2017). Many previous studies stated that stone columns are affected by many factors
such as the ratio of area replacement, length and diameter of the column, the stiffness of the column
and the surrounding soil, the concentration of stress between the columns, and the installation process.
Also, the improvement of soft soil using stone columns mostly depends on the end bearing of stone
columns and confinement stress applied to the surrounded soil under the static loads, but a little bit
of information available about floating columns' behavior in thick layers of soft soils (Elmeligi et al.,
2021; Bailappanavar et al., 2021). The main objective of this work is to investigate the effects of
several patterns of distribution of floating stone columns under footing withstand static loading. The
experimental work is devoted to obtaining the load-settlement curves for foundations constructed on
a thick soft layer and improved with several patterns of stone columns. Also, the distribution of excess
porewater pressure with depth is calculated experimentally during the application of load on the
footing. Finally, the work extended to evaluate some of the proposed equations in the literature to
assess the ultimate bearing capacity of soil treated with stone columns.

USED MATERIALS
Soft Soil
The soil samples were obtained from a depth of 9 m below the ground surface and the groundwater
table encountered at a depth of 2-3 m. The geotechnical properties of soft soil used in tests are listed
in Table 1. The coefficient of permeability of soft soil is 1.45E-08 cm/min which is calculated
indirectly from the data of the 1-D consolidation test. The unconfined compression strength test
results conducted according to ASTM D 2166-00 on disturbed and undisturbed soil samples are
shown in Figure 1. The undrained shear strength of undisturbed soft soil is 5.5 kPa, and the
corresponding axial strain is 6%. The soft soil sample's sensitivity is 1.13 and can be classified as
slightly sensitive (Das, 2013). The undrained shear strength of soft soil (cu) is 11 kPa. measured from
the unconsolidated undrained triaxial test as shown in Figure 2. This value is higher than that
measured by the unconfined compression strength test due to the presence of confining pressure
which help to increase the deviator stress at failure.
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Table 1. The geotechnical properties of natural soft soil.
Property

Value

Liquid limit, %

35

ASTM

Property

Value ASTM

Maximum dry density, kg/m3

1753

D4318
Plastic limit, %

19

Plasticity index, %

16

Liquidity index, %

D1557
Optimum water content, %

19.0

-

Soil symbol according to USCS

CL

0.625

-

Initial void ratio

0.78

Specific gravity

2.7

D854

Compression index

0.166

Sand content, %

10.0

Silt content, %

50.0

Clay content, %

40.0

Swelling index
D422

D2487

0.027 D 2435

Coefficient of volume change, m2/MN

0.49

Coefficient of consolidation, cm2/sec

0.05

12

Stress (kPa)

10
8
6
4

Disturbed soil sample, Cu= 4.84 kPa
2

undisterbed soil sample, Cu= 5.5kPa

0
0

2

4 Strain (%) 6

8

10

Figure 1. Stress-strain curves were obtained from unconfined compressive strength tests.
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Deviatoric stress (kPa)

25

20

15

10
Cell pressure= 100 kPa
Cell pressure = 200 kPa

5

Cell pressure = 300 kPa
0
0

5

10
Axial strain (%)

15

20

Figure 2. Stress-strain curves were obtained from unconsolidated undrained triaxial tests.
Stone Column
Based on the results of previous studies, the appropriate fill material used in the construction of
stone columns must have a friction angle more than 35 (Bergado and Lam, 1987; Juran and
Guermazi, 1988; Rajagopal et al., 1999; ASTM, 2003; Kim and Lee, 2005; Gniel and Bouazza,
2009; Madun et al., 2012; Emrah, 2012; Hanna, 2013; Karkush et al., 2018; Karkush and Yassin,
2020). Accordingly, a poorly graded sand of an appropriate size to the dimension of stone column is
selected to simulate the stone column material, where sand is widely used in previous studies. The
geotechnical properties of stone column material are listed in Table 2.
Table 2. Physical and mechanical properties of stone column material.
Property

Value

ASTM

Property

Value ASTM

Maximum dry density, kg/m3

1947

D4253

D10, mm

0.9

Minimum dry unit weight, kN/m3

1468

D4254

D30, mm

1.3

Dry density at Dr =65%, kg/m3

1753

-

D50, mm

1.75

Coefficient of uniformity (Cu)

2.22

-

D60, mm

2.0

Coefficient of curvature (Cc)

0.94

-

Suitability number

3.0

-

5

-
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Angle of internal friction (φ), 

48.5

D3080

Specific gravity

2.65

D854

It is challenging to construct uniform stone column with a relative density higher than 80%;
therefore, the relative density of sand used in the stone column is selected to be 65% (Frikha et al.,
2015). The stone column diameter (d) and spacing between columns measured center to center (S)
are selected to be 30 and 75 mm respectively. The typical aspect ratio of length/diameter (L/d) is
preferred to be in the range between 6 and 10, so the length of the column is selected according to
this ratio. There is no respectable increase in soil bearing capacity treated with stone columns when
L/d ratio greater than 10 (McKelvey et al., 2004). After selecting the appropriate dimensions of a
stone column, selecting the fill material of stone column is necessary. Generally, the typical ratio of
stone column diameter to the particle size of fill material (d/dg) is ranged from 12 to 40 (Muir et al.,
2000; Shahu and Reddy, 2011). Accordingly, the stone column fill material is sand has sizes in the
range (0.7-2.5) mm, which satisfying the d/dg ratio (12 to 43).

EXPERIMENTAL MODEL
The physical model is manufactured to investigate several patterns of floating stone columns on
the load-settlement behavior of soft soil under raft footing as shown in Figure 3. The porewater
pressure readings are measured by a piezometer fixed at the bottom of the soil bed in the soil container
for each load increment and three porewater pressure transducers fixed on the sidewall of soil box.
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Figure 3. The physical model for static loading tests.
Steel box and Instruments
To simulate the field conditions in the laboratory, a suitable measuring factor should be selected;
in reality, it is not possible to maintain appropriate measurement factors in physical model tests that
fully meet all factors governing the response of the prototype (Hu, 1995). Based on the concept of
the unit cell, the area replacement ratio (As) and the diameter ratio (N) can be related by the following
equation (Ashour, 2016).
As = Acol ⁄A = (d⁄D)² = 1⁄N2

(1)

Where:
As = (d/m.S)2 and m is a constant depends on the distribution pattern of columns;
Acol: cross-sectional areas of stone columns;
A: cross-sectional areas of soft soil;
d: diameter of the stone column;
L: the length of the column;
D: equivalent diameter of the unit cell;
7
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The normal value of area replacement ratio in the range5 to 30% (Ashour, 2016). This range of
area replacement ratio delivers a diameter ratio (N) between 2 to 5 and this ratio corresponds to the
findings of Hugher and Withers (Hugher and Withers, 1974). Hugher and Withers (1974)
demonstrated that the stone column could increase the strength of the soft soil within a distance of up
to 2.5d. The soil container dimensions are (700×700×600) mm, where these dimensions are selected
to prevent stresses from reaching the boundaries of a container when the zone of pressure starts
from two-thirds of the length of the column and extended using the method of 2:1 (Frikha et al.,
2015). To satisfy the above conditions, a raft foundation of dimensions (120×120) mm can be used
in tests, so the parameter N in Eq. 2 equals 2.8. According to the stone column diameter (30 mm) and
N =2.8, the area replacement ratio is 12.5%. The following instruments are used in the manufactured
model:


The load cell of 1000 kg capacity and 50 g accuracy connected with a digital indicator.



Porewater pressure transducers are fixed on the sidewall of soil box at distances (50, 200, and
350) mm measured from the surface of the soil and connected with a digital indicator.



Two LVDTs connected with digital indicators.
Soil Bedding

The dry mass of soft soil required to fill the steel container was calculated according to the field
unit weight and natural moisture content. The dry mass of soilwas divided into 5 layers, each layer of
8 cm thickness, and weighs 75.6 kg based on the field density of 1.93 g/cm3 and natural moisture
content of 29%. This quantity of soil is divided into three parts, each of 25.2 kg and tamped well with
uniformly distributed 16 blows by a special hammer of dimensions (250×250) mm and weighs 9.75
kg. After putting the last layer of soil, the surface of the soil has been scraped to get a flat surface as
shown in Figure 4. The bedding soil in the steel box is fully saturated and covered with a nylon layer
to prevent any loss of moisture and left for (8-10) days for curing and regain its strength (Fattah et
al., 2017).
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Figure 4. Soil bed in the steel container.

A specific number of holes of 30 mm diameter are drilled in the soil bed using a hollow steel pipe
of an outer diameter of 30 mm coated with lubrication oil and pushed down to reach the required
depth of 180 mm. Then, a predetermined mass of the sand is poured into the hole with tamping to get
the desired density of sand. The weight of sand per column was calculated according to the dry density
of sand (1.714 g/cm3) and the relative density of stone column material is selected to be 65%. A steel
rod of 1.5 kg weight was used to compact the sand in the stone column hole. The sand was divided
into four layers; each layer was compacted with 10 blows by the rod, which dropped from a distance
of 40 mm. The designation and distribution patterns of stone columns under footing in soft soil are
given in Table 3 and Figure 5.

Table 3. The testing program was adopted for this study.
Symbol

cu (kPa)

No. of stone columns

As (%)

Hc/Hs

Pattern

SL0

5.5

0

0.0

0.00

Non

SL1

5.5

1

4.9

0.45

Single

SL2

5.5

2

9.82

0.45

Linear

SL3

5.5

3

14.7

0.45

Triangular

9
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SL4

5.5

4

19.6

0.45

Square

SL5

5.5

4

19.6

0.45

Quadrilateral

Figure 5. Distributions patterns of stone columns under raft footing in soft soil.
Testing Procedure
The following points can summarize the procedure adopted in testing the raft footing under static
loading constructed on soft clayey soil reinforced with several patterns of floating stone columns:
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Put the bedding soil in the box according to the field unit weight and moisture content as
described in soil bedding;



Constructing the floating stone columns according to the required pattern of stone columns
distribution;



Put a raft footing model of dimensions (120×120×10) mm in the center of the steel box on the
surface of clay soil, where the centerline of the footing coincides with the centerline of the load
cell and hydraulic jack over stone columns;



Fix two linear variable displacement transducers (LVDTs) to measure the settlements of the
raft footing;



Apply the load increment using a hydraulic jack, where the loading rate is constant (1 mm/min).
The loading increment maintained for 24 hrs. or until the reading of settlement became constant.
During this period, the load and settlements are recorded;



The porewater pressure is recorded at the end of each load increment by using three porewater
pressure transducers placed at different heights (50, 200, and 350) mm from the top of the soil
surface and by a piezometer tube fixed at the bottom of soil box.

RESULTS AND DISCUSSION
Six soil specimens were prepared to measure the improvement in the strength of soft soil,
reduction in soil compressibility, and excess porewater pressure distribution. The soil specimens were
reinforced with five patterns of floating stone columns. The load was applied at the top of the soil
surface on a square plate of dimensions (120×120) mm. The results obtained from the physical model
are the variation of settlement and porewater pressure with applied load. The distribution of stone
columns can be divided into three main categories: single stone column (SL1), linear distribution of
stone columns (SL2), and a group of stone columns (SL3, SL4, and SL5). The load-settlement
relationship for several patterns of distribution of floating stone columns is shown in Figure 6. Based
on the results of tests presented in Figure 6, it is observed increasing the ultimate bearing capacity of
soil with increasing the number of stone columns, but the configuration of the distribution of stone
11
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columns under footing has negligible effect. The ultimate bearing capacity of soil is assumed to be
corresponding to a settlement of 20% of the footing width. The ultimate bearing capacity of soil
increased by 76, 97, 132, 148, and 145% for soil samples SL1, SL2, SL3, SL4, and SL5, respectively.
Using four stone columns with a square pattern is more efficient than using a triangular pattern, where
the difference between the two patterns is about 3% despite the same area replacement ratio of 19.6%.

0

10

20

Pressure (kPa)
30
40
50

60

70

80

0

Settlement (mm)

5
10
15
20
25

SL0
SL1
SL2
SL3
SL4
SL5

30

Figure 6. Settlement versus pressure for soil samples reinforced with several patterns of floating
stone columns.

The ultimate bearing capacity (qult) of natural soft soil sample (SL0) can be calculated by
Terzaghi’s Eq. 2.
q ult = N𝑐 cu

(2)

Nc is the bearing factor for clay and equals 5.14 and cu is the undrained shear strength of the soft
soil (5.5 kPa). The ultimate bearing capacity of natural soft soil calculated by Eq. 2 (28.27 kPa) is
well agreed with the value calculated experimentally (31 kPa). Also, the bearing capacity of soft soil
reinforced with stone columns can be calculated according to the following equations presented in
the literature:
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a) Bowels (1996) presented an approximate formula for the ultimate bearing capacity of soft soil
treated with stone columns:
q ult = K p (4 cu + σ′r )Ac Ns /Af

(3)

Where:
Kp: coefficient of passive earth pressure = 𝑡𝑎𝑛2 (45 + 𝜑⁄2).
φ': drained angle of internal friction of stone column material;
cu: undrained shear strength of soil;
𝜎𝑟′ : effective radial stress measured by pressuremeter, if this value is not available, it can be use 6cu;
Ac: cross-sectional area of the stone column.
Af: cross-sectional area of the footing.
Ns: number of stone columns.

b) Bouassida et al. (1995) developed an equation for calculating the bearing capacity of a group of
stone columns.
q ult = 4cu + 2As (cu (K p − 2) + cs √K p )

(4)

Where:
cs is the cohesion of stone column material,
As: the area replacement ratio,

c) Fattah et al. (2017) proposed an equation for calculating the bearing capacity of stone columns
based on a statistical analysis of collected data.
q ult = 15.34 cu0.401 A0.266
Ns0.084 (L/d)0.526
s

(5)

where:
cu is the undrained shear strength of soil in kPa,
L/d is the length to diameter ratio of the stone column.
13
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The results of ultimate bearing capacity of soft soil calculated using Terzaghi equation and for
soil improved by several patterns of stone columns calculated from experimental work are compared
with those calculated theoretically using Eqs. 3, 4, and 5 are given in Table 4. The modified Davison
approach was also used to calculate the bearing capacity of soil reinforced with several patterns of
stone columns from the load-settlement curves (Davisson, 1972). The ultimate bearing capacity of
reinforced soil calculated using the Davison approach is well agreed with the experimental results,
ranging from 11.7 to 22%. This deviation range is arbitrary and not related to the pattern of
distribution stone columns under the footing. One of the old equations used to calculate the bearing
capacity of soil reinforced with stone columns proposed by Bowels (1996), but this equation
underestimates experimental results ranging -2.17 to -65.49%. This deviation range is very high and
not accepted because this equation neglected the spacing between stone columns, length of stone
columns, and pattern of distribution of stone columns under the footing.
Also, the equation proposed by Bouassida et al. (1995) gives an underestimation (-15.59 to 39.95%) for the bearing capacity of soil reiiinforced with stone columns. In this equation, the effect
of spacing between columns, the stone column diameter, the number of stone columns, and the length
of stone columns are replaced by one parameter, which is the area replacement ratio; this ratio is not
sufficient to substitute these four essential parameters. Using Eq. 5 proposed by Fattah et al. (2017)
shows good agreement with the results of experimental work. This equation is derived by regression
analysis of several studies in this field, especially the construction of stone columns in soft clay and/or
floating stone columns. The deviation between the ultimate bearing capacity of soil predicted by Eq.
5 and experimental work ranged between 0.67 to 10.74%. Generally, all the proposed equations (3 to
5) do not take the effects of the distribution of stone columns under the footing. Therefore, the square
pattern (SL4) results are the same as for the quadrilateral pattern (SL5). It is recommended to make
a wide investigation to find out an acceptable general equation that can be used for preliminary
estimation of the ultimate bearing capacity of soil treated with floating stone columns.
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Table 4. Comparison of bearing capacity calculated from experimental work with several
theoretical solutions.
Davisson

Bowels (1995)

Bouassida et al.

Fattah et al.

(1995)

(2017)

Exp.
(1972)
Symbol Ns

qult
qult

%

qult

%

qult

%

qult

%

kPa

dev.

kPa

dev.

kPa

dev.

kPa

dev.

-

-

-

-

-

-

kPa

SLO

-

31.0

-

-

SL1

1

54.5

47.70

14.0

18.81 -65.49

32.73

-39.95

54.87

0.67

SL2

2

61.0

50.00

22.0

37.62 -38.33

43.45

-28.76

67.55

10.74

SL3

3

72.0

62.00

16.0

56.43 -21.63

54.18

-24.75

76.29

5.95

SL4

4

76.9

68.00

13.0

75.23

-2.17

64.91

-15.59

83.16

8.14

SL5

4

76.0

68.00

11.7

75.23

-2.17

64.91

-15.59

83.16

8.14

The porewater pressure is measured during the period of loading on the footing at several depths
of soil. A stand piezometer pipe installed at the bottom of soil layer (PP1) and three PWP transducers
installed at distances (50, 200, and 350) mm from the soil surface, these transducers are fixed on the
side wall of soil container. The first transducer fixed at 50 mm from the soil surface was not sensitive
for porewater pressure during the tests, where the short path of drainage helps the quick dissipation
of PWP. Figure 7 shows the variation of excess PWP, measured by piezometer (PP1) during applied
loads for the tested soil samples. The PWP was constant about 4 kPa at the beginning of tests because
the piezometer measures the static PWP before starting the load application. Using stone columns to
improve soft soil expedites the consolidation rate because the stone columns work as drainage wells.
The selection of stone columns under footing plays an essential role in shortening the drainage paths
and reducing the time required for consolidation. The comparison of excess porewater pressure values
at a certain stress level, for example, at stress, equals 34.05 kPa, the porewater pressure was 4.99 kPa
for SL1 and continues to decrease for SL2, SL3, and SL4 to become 3.94 kPa for SL5. The same
15
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behavior was shown for loading 61.31 kPa. These results indicate that the quadrilateral and square
patterns with four columns are good for providing the drainage path and reducing porewater pressure,
but the more efficient for this purpose is using a quadrilateral pattern of distribution.

7
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Figure 7. Variation of porewater pressure with applied loads measured by (PP1) method.

The variation of excess PWP with depth measured by PWP transducer and piezometer for the
tested soil samples is shown in Figure 8. The stress level of 30.65 kPa is the maximum stress applied
on the natural soft soil, the stress level of 54.5 kPa is maximum stress applied on soil reinforced with
one column, and the stress level of 76.3 kPa is maximum stress applied on soil reinforced with four
columns in square and quadrilateral pattern. When the stone column is installed at 5 cm from the soil
surface showed a little change in the measured porewater pressure and gradually decreased with
increasing the applied loads. There was an increase in the porewater pressure measured with depth
for the tested soil samples, but the PWP decreases with increasing the number of stone columns. The
triangular pattern and square pattern showed the same trend and values of PWP with depth, but using
a quadrilateral pattern shows the best behavior for porewater drainage compared to other suggested
patterns in this study.

16

Journal of Engg. Research Online First Article

Excess PWP (kPa)
0

1

2

3

4

5

6

7

0
SL0
5

SL1
SL2

Depth (cm)

10

SL3

15

SL4
20

SL5

25
30
35
40

Figure 8. Variation of porewater pressure with depth at failure load.

CONCLUSIONS AND RECOMMENDATIONS
The following points can summarize the effects of several patterns of distribution of floating stone
columns on the ultimate bearing capacity of thick soft soil and distribution of porewater pressure with
depth:


The results of tests showed the ability to use floating stone columns to improve the ultimate
bearing capacity of soft soil despite the small area replacement ratio, where the ultimate
bearing capacity increased by 76, 97, 132, 148, and 145% for soil samples SL1, SL2, SL3,
SL4, and SL5 respectively.



The floating stone column's presence reduces the porewater pressure due to shortening the
drainage pathways and time required for escape.



The increase in the number of stone columns below the footing leads to an increase in the
soil's ultimate bearing capacity due to increasing the area replacement ratio and increasing the
stress concentration ratio on columns.



The floating stone columns reduce the consolidation settlement corresponding to the failure
load by 57% for the single floating stone column and 86% for the stone columns.
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There is no significant change in the improvement of the ultimate bearing capacity of soil
between the square and quadrilateral patterns of stone columns, but there is a noticeable
change in the excess porewater pressure generated during the loading. Using a quadrilateral
pattern is more efficient than using a square pattern, although they have the same area
replacement ratio.



It is recommended to investigate the durability of floating stone columns and the effects of
stone column material's dilatancy.

Studying the behavior of floating stone columns in the improvement of partially saturated soils.
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