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Abstract. Stone columns are recognized as an environmently-friendly and
cost-effective ground improvement technique. Stone columns are used in soft
soil to increase the bearing capacity, reduce the settlement, increase the rate of
settlement and reduce the liquefaction potential of the ground.

This paper presents an analytical model utilizing the method of slices to
predict the ultimate bearing capacity of the soil reinforced with a group of stone
columns. The soil within the failure zone was divided into slices and the limit
equilibrium technique was adopted to perform the analysis. Shear forces and
passive earth pressure on the boundaries of each slice were determined. By
utilizing a circular failure plane, the minimum inter-slice force coefficients were
determined.

The analysis was carried out using the Morgenstern-Price method to estimate
the failure surface together with the bearing capacity of the reinforced ground.
The failure surface was determined by trial and error to estimate the minimum
factor of safety. The ultimate bearing capacity was defined by increasing the
foundation load until the factor of safety of one was obtained. Results of the
present theory were compared with those available in the literature, where a
good agreement between the two was noted.

1 Introduction

Stone columns technique is a ground improvement method widely used over the past
decades. Stone columns are stiffer and have higher shearing resistance than the native
soft cohesive soil. This results in an increase of the soil bearing capacity and reduce in
the corresponding settlement (Etezad et al. (2015); Mitchell et al. (1985); Muir Wood
et al. (2000); Priebe (1995)). Furthermore, stone columns have higher permeability than
the native surrounding soil, which leads to reduction of the drainage path and
accordingly reduces the time required to complete the consolidation settlement
(McKelvey et al. (2004)).
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Unit cell concept was one of the first methods used to estimate the bearing capacity
of the ground reinforced with stone columns. The bulging mode of failure was used to
model this process. Accordingly, the bearing capacity of a single stone column was
predicted by estimating the horizontal capacity of the clay soil around the pile. In this
method, the capacity of the group is the total capacities of the individual columns.
Hughes and Withers (1974) used elastic-plastic theory developed by Gibson and
Anderson (1961) to calculate the maximum vertical stress that can be carried by a
single stone column due to bulging failure. Similar approach has also been used by
Balaam and Booker (1981).

Hu (1995) performed laboratory tests on a group of end bearing and floating stone
columns. Shear and punching mode of failure were reported in this study. He concluded
that the collapse pattern for soil mass reinforced by stone columns changes from
general shear failure mechanism to punching shear based on the stone column’s length.
The group interaction reported by Hu (1995) was confirmed by the numerical analysis
carried out by Lee and Pande (1998); Muir Wood et al. (2000).

Priebe (1995) reported two methods to estimate the bearing capacity of a footing on
the group of stone columns based on the general shear failure and the equivalent
homogeneous composite. In the first approach, the weighted average values of the
friction angle and the cohesion were calculated along the failure plane, and the bearing
capacity was estimated using theories for homogeneous soils. In the second approach, a
larger footing width was assumed, and the bearing capacity was determined using the
new footing width and the shear properties of the unreinforced soil. (Lee et al. 1998)
introduced the concept of composite properties of the reinforced soil. They used finite
element technique to estimate the bearing capacity and settlement of the reinforced soil.
Bouassida et al. (2009) presented design charts to determine the ultimate bearing
capacity of a group of floating stone columns. In their study, the friction between the
footing and the soil was neglected as well as the distribution of stone columns.

An analytical model was developed by Etezad et al. (2015) using limit equilibrium
method and equivalent soil properties under the footing to calculate the bearing
capacity of a rigid footing placed on the ground reinforced with stone columns. The
method utilize the general shear failure and slip surface, which was deduced from the
results of the numerical model of Hanna et al. (2013).

Many of the theories developed to predict the bearing capacity utilize the theory for
homogeneous soil as a simplified assumption. In the present paper, the method of slices
was adopted to estimate the bearing capacity of strip footing on a compacted inho-
mogeneous soil. Terashi et al. (1991) conducted a series of centrifuge tests and
full-scale tests to estimate the bearing capacity of the improved ground by compacted
sand piles. The experimental results agreed well with the bearing capacity calculated
using a circular type of slip surface. Morgenstern-Price method was utilized in this
study to calculate the bearing capacity of a footing rests on clay soil reinforced with
stone columns.
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2 Bearing Capacity Calculations Based on Slip Circle

A 2-D model made of soft clay reinforced with stone columns was developed. The ground
was loaded with a uniform pressure to simulate the case of strip footing. The failure zone
was divided into 50 slides and the forces acting on each slide are shown in Fig. 1. The
limit equilibrium method by Morgenstern et al. (1965) method was used in the computer
program SIDE V-6.020, developed by Rocscience (2012), to calculate the minimum factor
of safety of the circular slip surface (Fig. 2). The analysis was also check with the
Bishop’s Simplified method for comparison (Bishop 1955). The footing was loaded to the
ultimate capacity in the form of uniform pressure applied on the ground surface.

| Slip circle
center

Footing Width |

|
[B] Uniform Load;

[q,]

/
NN

Stone columns

Fig. 1. Forces acting on a slide in the slip circle

2.1 Validation

The results obtained from the present analysis was compared with the laboratory and
numerical results available in the literature (Hanna et al. (2013); Hu (1995); McKelvey
et al. (2004)). Table 1 presents these comparison, where a good agreement can be
noted. This further validate the methods of Morgenstern-Price and the Bishop’s Sim-
plified method of slices as viable techniques to estimate the bearing capacity of clay
soil reinforced by a group of stone columns. However, Bishop’s Simplified method
generally overestimates the factor of safety as compared to Morgenstern-Price method
(Turnbull et al. 1967). Nevertheless, both approaches underestimate the bearing
capacity of the reinforced soil.
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Fig. 2. An example of the bearing capacity calculation using slip circle method
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2.2 Parametric Study

In this study, the results are presented in the form of improvement ratio (IR), which is
defined as the ratio of the capacity of improved soil to the capacity of the unimproved
soil. In this analysis, the effect of the stone columns spacing to diameter ratio (S/D),
and the number of stone column rows (N) on the bearing capacity at a given
replacement ratio (As %) was performed. Each row of the stone columns was assumed
as a trench with a width (b) and the spacing between trenches was considered the same
as the spacing between columns as shown in Fig. 3. The trench width was calculated
using Eq. 1. In this case, the replacement ratio (As) was calculated using Eq. 2. The
ratio of S/D was examined in the range of 1 to 3.0 as given in Table 2.

nxD?
T 4xS

()

_ Nxb NxnuxD?

A =
’ B 4xSxB

2)

Where,

N is the number of stone columns rows, b is the trench width, B is footing width, D
is stone column diameter, and S is the spacing between stone columns.

Moreover, this method was also used to determine the effect of the undrained
strength of the clay soil (Cu), and the replacement ratio (As %). In this analysis, the
replacement ratio ranged from 10% to 30% which widely used in practice (Hanna et al.
(2013); Hu (1995)). The range of the other parameters believed to govern the bearing
capacity are presented in Table 3.

The effect of the column arrangement on the bearing capacity was also investigated.
Figure 4 presents the spacing/ diameter ratio of stone columns versus replacement
ratios, assuming all other parameters are constant. It can be noted that the bearing
capacity increases with the increase of the replacement ratio. Also. It can be noted that
the spacing between stone columns slightly influences on the improvement ratio. For
low replacement ratio (<10%), the improvement ratio is almost constant, which agreed
well with Castro (2014) observation. However, the improvement ratio reduces with the
increase of the columns spacing ratio; for higher replacement ratio (20%, and 30%),
which confirm that for small spacing between columns, the lateral support from the
surrounding soil increases and accordingly, will show significant improvement.

Regarding the effect of the clay shearing resistance, it is noticeable that the
improvement ratio reduces with the increase of shear strength of clay soil (Cu) for the
same spacing/ diameter ratio as shown in Fig. 5. Contrary, the improvement ratio
raised by the increase of the stone columns shearing resistance angle (¢) as shown in
Fig. 6.

The influence of stone columns number under the footing has been also investi-
gated. In this analysis, the columns number varied from N = 1 to N = 4. The columns
diameter ranged from 0.3 m to 1.6 m, which covers the maximum and minimum
ranges that may be used in practice. Figure 7 presents the effect of the stone columns
number on the bearing capacity, and it can be noted that there is no remarkable change
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Table 2. Range of stone columns dimensions used in parametric study

Area replacement No. of Column Column Spacing/Diameter | Trench
ratio, As % columns, N | diameter, spacing, ratio, S/D width
D [m] S [m] b [m]
10% 1 0.70 0.70 1.00 0.50
2 0.35 0.38 1.09 0.25
2 0.40 0.50 1.25 0.25
2 0.45 0.63 1.40 0.25
2 0.49 0.75 1.53 0.25
2 0.63 1.25 1.98 0.25
2 0.89 2.50 2.80 0.25
20% 1 1.30 1.30 1.00 1.00
2 0.69 0.75 1.09 0.50
2 0.80 1.00 1.25 0.50
2 0.89 1.25 1.40 0.50
2 0.98 1.50 1.53 0.50
2 1.26 2.50 1.98 0.50
2 1.69 4.50 2.66 0.50
3 0.46 0.50 1.09 0.33
3 0.53 0.67 1.25 0.33
3 0.59 0.83 1.40 0.33
3 0.65 1.00 1.53 0.33
3 0.84 1.67 1.98 0.33
3 1.00 2.33 2.34 0.33
30% 1 2.10 2.10 1.00 1.50
2 1.04 1.13 1.09 0.75
2 1.20 1.50 1.25 0.75
2 1.34 1.88 1.40 0.75
2 1.47 2.25 1.53 0.75
2 1.89 3.75 1.98 0.75
3 0.69 0.75 1.09 0.50
3 0.80 1.00 1.25 0.50
3 0.89 1.25 1.40 0.50
3 0.98 1.50 1.53 0.50
3 1.13 2.00 1.77 0.50
4 0.52 0.56 1.09 0.38
4 0.60 0.75 1.25 0.38
4 0.67 0.94 1.40 0.38
4 0.73 1.13 1.53 0.38
4 0.85 1.50 1.77 0.38
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Table 3. Range of parameter used in the parametric study

Parameter Range of value
Cohesion of clay soil, Cu [kPa] 5, 10, and 15
Unit weight of clay soil, yc [kN/m?] 18
Angle of shear resistance of stone, ¢ [Degree] | 35, 38, and 40
Unit weight of stone, ys [kN/m3] 20
Stone column diameter, D [m] 0.3-1.60
Stone column diameter to spacing ratio 1.00-2.50
Replacement area, As [%] 10, 20, and 30
Footing width, B [m] 5
120
= 100} ! : : 1
= x
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Fig. 6. Effect of shear resistance of stone on the improvement ratio for different replacement
ratios, Cu = 10 kPa; S/D = 1.50

120 T . : ,
X X X
= _
g 8or ' ' ' : 1
= i i 1 *  As=10%
= - = As=20%
g o0r X As=30%] 7
g
> |
% 40_ ! } 4 .
g * *
20_ ! | ! .|
0 1 2 3 4 5
N

Fig. 7. The relation between number of stone column rows versus the improvement ratio, at
S/D = 1.5, Cu = 5 kPa, ® = 35°
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in the improvement ratio particularly for low replacement ratio (<10%). However, there
is a slight reduction in the improvement ratio for higher values of replacement ratio
(30%). For a large number of stone columns, a small diameter was used to keep the
replacement ratio constant. By reducing the column’s diameter more load will be
transferred to the clay soil (less strength material), which lead to the reduction in the
improvement ratio (Black et al. (2007); Hanna et al. (2013))

3 Conclusions

Morgenstern-Price method of slices was used to calculate the bearing capacity of a soft
clay reinforced with stone columns. The theory developed compared well with the
available results in the literature. Parametric study was conducted on the parameters
believed to govern the behavior of this system. The following was concluded:

1- Morgenstern-Price method of slices was successfully used to estimate the bearing
capacity of reinforced clay soil.

2- (IR) significantly increases with the increrase of the replacement ratio.

3- (IR) reduces due to the increase of the spacing/ diameter ratio (S/D)

4- Based on the results of the present study, in order to optimize the benefit of the use
of reinforced soft clay with stone columns is to use a ratio of columns spacing to
columns diameter (S/D) equal to 1.5

5- For the same stone columns arrangement and shear resistance (diameter, spacing)
the improvement ratio (IR) increases with a decrease of the shear strength of
surrounding clay. However, the ultimate bearing capacity of the system is signif-
icantly increased due to the increase of the shear strength of the clay soil as well as
the stone. Furthermore, the improvement ratio (IR) increases with the increase of
the stone columns shearing resistance angle.
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