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Abstract
One of the proper methods to improve the soft and loose ground is the use of stone columns. High shear strength and low

compressibility materials substituted for soft and loose soils with low shear strength and increased compressibility will transfer a
significant part of the loads applied to the foundation in the soil and stone columns will improve the soil. The investigation of the
previous studies has revealed that most of the numerical analyses are conducted in 2D forms by the equivalence of stone columns
or a single cell. Therefore, the numerical analysis of improved soft-ground with stone columns has been investigated using the
finite element PLAXIS 3D software. To this end, four layouts of stone column group were used under the foundation with various
numbers of columns of 4, 9, 16 and 25. The depth of improvement was considered 6m and 10m for floating and laid on a suitable
bed, respectively. The results of decreasing the percentage of a ground settlement for various groups of stone columns and
improvement depths of 6m and 10m were in the ranges of 15-49% and 17-63%, respectively. Besides, the shear strain distribution
and the amount of stress decreased due to the increase in the number of columns. At the end, a design diagram was presented to
examine the reduction of the ground settlement in two improvement modes with an improvement depth of 6 m and 10 m
compared with the unimproved ground.
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implementation issues, and costs perspectives, and

1.Introduction choose the optimal option. The improved ground
Design engineers usually follow a specific decision- system by the stone columns is a method to increase
making process to choose and design the optimal type the strength of soft and loose soils that can be used to
of foundation. In this case, if the shallow foundation is not only increase the soil bearing and toughness
not suitable for the project, before making any capacity but also decrease the total and difference of
decision about the use of deep foundations, an the ground settlement [1]. The stone columns are used
investigation should be conducted on the appropriate for the high shear strength of the material and the
methods of the loose soil improvement to compare provision of lateral restraint by the surrounding soil.

their advantages and disadvantages of performance,
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Therefore, the stone column applies the load of the
structure and transfers it to the resistant layers.

There are different methods for implementing the
stone column, and most of them are based on
replacement and displacement. In the replacement
method, also known as the wet method, the soil is
replaced in a distinctive pattern with a stone column
that needs to dig ditches using a vibrating rod along
with water jets. In the displacement method of the so-
called dry method, the soil is displaced by a vibrating
rod along with compressed air laterally. When the rod
reaches the desired depth, the stone material is poured
into the pit and compressed by a vibrating rod. The
displacement method is appropriate for low
groundwater ground [2, 3]. Soils that are soft are
considered to be clay soils with an adhesion of less
than 10 kPa. These types of soils display a low amount
of shear strength against applied loads. Thus, a great
amount of settlement will occur in such soils as a
result of the application of overhead loads.
Consequently, in order to limit the amount of
settlements to a permissible amount, the improvement
approach involving the use of stone columns can be
practiced.

Many scholars have presented theoretical solutions to
estimate the bearing capacity and the ground
settlement of the improved bed with stone columns [4-
7]. Jalali et al. (2005) investigated a homogenization
hypothesis (the improved soil is assumed to be
homogeneous with similar properties) estimate load
and settlement capacity [8]. Pribe (1995) proposed a
method to estimate the settlement of the foundations
located in an extensive network of stone columns
based on the concept of a unit cell. In the concept of
unit cell, the soil around a stone column covered by a
single column, the distance between the columns, is
considered for analysis. When the columns are loaded
simultaneously, the lateral deformations of the soil on
the boundary of the unit cell are assumed zero. The
soil improvement factor is a function of the surface
ratio and the internal friction angle of the materials
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used in columns. Except near the edges of the loaded
surface, the behavior of all the soil-column cells are
the same, and therefore, only a single soil-column
needs to be analyzed [9]. Poorooshasb and Meyerhof
(1997) conducted studied the theory of soil
improvement by stone columns. Considering account
the linear elastic material, they presented a ratio of the
ground settlement with a stone column to a ground
settlement without a stone column [10].

Various numerical and laboratory studies have been
carried out in order to investigate the effect of stone
columns in increasing the bearing capacity, decreasing
the settlement, and increasing the stability of the
slopes [11-15]. Murugesan and Rajagopal (2006)
conducted a numerical study to examine the behavior
of geosynthetic covered stone columns. They revealed
that the geosynthetic chamber could increase the
bearing capacity and stiffness of the stone column.
Stone columns are limited, and lateral inflations are
reduced by using the chamber [16]. Ambily et al.
(2007) examined the behavior of stone columns using
laboratory and numerical analysis. The results of the
numerical modeling had a good agreement with
laboratory results. When a column is loaded solely, the
failure caused by blowing up the column at
approximately 0.5 times higher than the diameter of
the column. Furthermore, the axial bearing capacity of
the column decreases with the increase of the distance
between the columns [17]. Zahmatkesh and
Choobbasti (2010) investigated the effect of diameter,
displacement percentage, and soil compaction due to
the implementation of stone columns on the settlement
of soft clay soil improved by a stone column using a
numerical method. Results showed that the settlement
reduction ratio increased with an increase of column
diameter at a significant percentage of displacement.
Also, soil compaction due to the implementation of the
stone column has a significant effect on the amount of
the settlement coefficient [18]. Deb et al. (2008, 2011)
studied on the granular soils armed with geosynthetic
laid on the soft soil armed with the stone column. The
results showed that the bearing capacity and ground
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settlement is decreased with the simultaneous
implementation of the stone column and the use of
geogrid for arming the soil. Furthermore, the blowing
up of the diameter is reduced by the implementation of
the stone column, and the maximum blowing up isin a
deeper location in comparison with a state without
implementing the geogrid [19, 20]. Mengfei et al.
(2016) examined the improved sand bed with a stone
column as a founder under seismic excitations using
laboratory modeling. The experimental models were
applied under various excitations in this study. The
results have shown that soil liquefaction does not
occur for the acceleration of input incitement less than
0.2 g, and the rate of settlement is meager. While soil
liquefaction was observed in the acceleration of input
incitement range of more than 0.2 g in the
embankment paw. Also, the increase was observed in
the settlement and the water pressure of the drill. [21].

Hoseinpour et al. (2016) studied the impact of ground
improvement using a geotextile-armed stone column
by constructing an embankment on the soft ground.
The results showed that the amount of ground
settlement, armed by the stone columns decreased and
2.Modeling

The PLAXIS 3D finite element software was used to
model the improved soft ground with a stone column.
Figure 1 illustrates an example of a simulated ground.
A quarter of the geometry has been modeled due to the
symmetry of the model. An element with 15 nodes has
been used in PLAXIS 3D to mesh the model. This
element is precise that gives a better tension results for
complex problems. Also, according to Figure 1, three
meshed segments with small, fine, and moderate sizes
were used in the models.

In order to simulate the soil behavior, an appropriate
model and parameters must be assigned to the
structure proportional to the materials. Nonlinear
stress-strain behavior of soil can be modeled at
different complexity levels of the problem. The
number of parameters included in the problem
increases directly with the level of failure. There is a
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its bearing capacity has increased by 2.5 times [22]. In
a 3D parametric study conducted by Nehab et al.
(2017), it was observed that the amount of settlement
of improved ground was reduced with the
improvement of the mechanical properties of the
materials of stone columns [23]. GuhaRay and Roy
(2018) analyzed the improved ground with stone
columns as a unit cell numerically. The results indicate
an increase in bearing capacity by reducing the
distance between the columns and increasing the
diameter of the columns [24].

According to the previous studies, most of the
numerical analyses are carried out in 2D forms with
the equivalence of stone columns (surface strain) or as
a unit cell (axial strain). Besides, the choice of
improvement depth is one of the most significant
factors in the designation process. Two improvement
depths that are appropriate for floating columns and
laid on the bed were chosen in the present study.
Therefore, the 3D method of PLAXIS 3D finite
element software has been used to analyze the soft
ground improvement by the group of stone columns.

need for proper parameters of the materials to simulate
precisely. An elastic-plastic model with the Mohr-
Coulomb failure criterion was used for modeling soft
soils with the stone column. This model requires two
fundamental parameters. These parameters include
modulus of elasticity (E), the Poisson's Ratio (v), the
Internal Friction Angle of Soil (), Soil Adhesion (),
and the Dilation Angle (y). The properties of the used
materials have been presented in Table 1 [25]. Soil bed
contains soft soil with a thickness of 10 m. The
dimensions of the stone columns and the distance
between these columns are selected based on the
practical considerations. The height of the column was
6 and 10 m, and the diameter was 0.8 m. The axial
load is 100 kPa that is transferred to the ground
through the concrete foundation on the improved
ground. Four layout samples of the stone column are
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shown in Figure 2 that is located below the foundation
of 6 x 6 square meters.

The width of the model is considered by the
sensitivity analysis conducted in previous studies to
reduce the boundary effects with the amount of 8B
from the center of the foundation, which B is
corresponding to the square foundation dimension
[26]. It has been assumed that the soft bed is placed on
a hard layer. Therefore, the vertical deformation was
prevented on the horizontal boundary. Furthermore,
horizontal deformation is also prevented in two
vertical boundaries, so that only vertical deformation
is allowed. A soft bed is close to a saturated state with
the absence of certain free water level. Soft soil acts in
an undrained condition to an applied critical load since
it is essentially unconsolidated or commonly
consolidated. Therefore, undrained adhesion has been
used to determine the resistance of soft soil [15]. The
stress caused by soil compaction was neglected due to

the implementation of a stone column in the current
study (the effect on the coefficient of lateral earth
pressure).

The ratio of the improved area as the total area of
stone column’s sections to the total area is called the
unimproved area. A considerable improvement is not
observed in the soil properties for the less than 10%
improved area [18, 27, 28]. Therefore, the percentage
of the replacement area applied in this study, has been
considered between 10 and 30 percent.

The column compaction process involves forcing the
stone laterally into the soft soil. Since the stone
becomes tightly interlocked with the surrounding soft
soil, no discrete interface zone exists as expected for a
pile. Perfect adhesion is assumed at the column—soil
interface and interface elements are not used in
accordance with standard practice for modeling stone
columns [26, 29].

Table 1
Properties of soil material and foundation [25]
Soil type ¥ (kN/m?) E (kN/m?) v ¢ (kN/m?) G v ()
Soft soil 17 2000 0.35 5 21 0
Stone column 19 55000 0.3 0 43 10
Concrete 24 3e7 0.15 - -
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Figl. Simulation of model geometry
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Fig 2. The stone column layouts

3.Verification

In order to verify the software performance, a
comparison was initially made between the results of
the experimental study conducted by Ambily et al.
(2007) and the numerical results obtained in this study
[17]. The laboratory model is constructed in a
cylindrical chamber on the clay bed with a diameter of
210 mm and a height of 450 mm. A stone column was
placed in the center of clay bed with a diameter of 100
mm, and a rigid plate is used to apply load with the
same diameter to the cylindrical chamber. A numerical
analysis was conducted using PLAXIS 3D software
with a fine meshing pattern.

Table2
Soil properties in the verification process [17]
: Y E c o | v
Soil type KNM?) | (kN | (kNimd) | @) | @ | °
Clay 15.56 5000 30 0 0.42
Stone column 16.62 55000 - 43 110 | 03
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Furthermore, an elastoplastic behavioral model was
used to model the materials. Table 2 represents the
properties of the materials. Figure 3 shows the
simulated geometry model. Figure 4 illustrates the
load-settlement curve for the numerical analysis and
experimental results. The results obtained from the
experimental and numerical studies are well matched
which proves the fact that the software is appropriate
to simulate improved soil with the stone column.
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Fig 3. An experimental model simulated in PLAXIS 3D
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Fig.4. Load settlement curves created to the verification
4.Results

As mentioned in the previous sections, four different
layouts of stone columns were used with a diameter of
0.8 m and an improved depth of 6 m and 10 m under
the foundation. The results of the numerical analysis
are presented below the 100 kPa superimposed load.

4.1. The Effect Of Stone Column On Bearing
Capacity And Ground Settlement

The effect of the applied load on the ground settlement
under improved and unimproved conditions has been
shown in Figure 5. As can be seen, with the increase in
the number of stone columns, the amount of settlement
has decreased in the constant live load. Therefore, with
the replacement of loose soil with appropriate soil that
results in the improvement of the mechanical
properties of the ground, the ground performance will
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be improved. According to the mentioned figure, the
settlement of improved ground in a range of layouts
from N=4 to N=25 has decreased by 15 to 62 percent
reduction in comparison to the unimproved ground.

Figure 6 shows the effect of the number of stone
columns with a height of 6m on the load of 100 kPa
that is applied on the foundation. As expected, the
decrease in the number of columns increased the
distance between the columns, which would decrease
the confinement due to the adjacent of columns and as
a result, will increase the amount of the settlement.
According to this figure, the enhanced ground
settlement has decreased by approximately 15 to 49%
by increasing the total number of stone columns.
Similarly, in Figure 7, the effect of the number of
stone columns at a depth of 10 m on the amount of
settlement with the depth of the improved ground has
been presented.

As presented, the amount of the settlement is
maximum at the depths close to the ground surface
and will decrease with increasing depth of the
settlement. Also, the amount of the settlement
decreases with the increase in the number of stone
columns. A similar performance for stone columns
with 6 m depth is shown in Figure 8. One of the
reasons for the decrease in ground settlement by
increasing the depth of the columns is the increased
amount of column enclosement. This being the case,
by increasing the depth, the overall amount of the
coefficient of lateral pressure increases. The result of
this is that the columns at deeper depths will be more
enclosed compared to those that are at surface depths.
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Fig 5. Settlement load for stone column with the length of 10m
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Fig 6. Settlement load for stone column with the length of 6m
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Fig 7. The amount of settlement at the end of loading to the depth of stone column with the depth of 10m
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Fig 8. The amount of settlement at the end of loading to the depth of stone column with the depth of 6m

To investigate the amount of the settlement of the
improved ground to the settlement of the unimproved
ground, the settlement reduction ratio (SRR) has been

SRR = X 100 @)

S wSs SS
ws

Sws: Ground settlement without stone column
Ss: Ground settlement with stone column

The settlement reduction ratio is shown in Figures 9
and 10 for different groups of stone columns at depths
of 10m and 6m, respectively. Figure 9 shows that the
SRR is constant with an increase in depth up to 8 m
and will have a decreasing trend from 8 to 9m.
Furthermore, the SRR will increase by increasing the
number of stone columns. Hence, for the number of
stone columns 9, 14, 16, and 25, the percentage of

0 10

20

applied. The SRR is expressed as percentage and is
obtained using the following equation.

settlement reduction is 17.3, 31.5, 47.8, and 62.9%,
respectively. The group of stone columns with a depth
of 6m have similar behavior to the former group, with
the difference that the SRR value was constant up to
5m depth for all types of the columns. The SRR value
for 9, 14, 16, and 25 numbers of columns are 15.1,
27.3, 38.1land 49.2%, respectively. Comparing the
results of Figures 9 and 10 reveals that where the
depth of the stone column is 10m and is located on an
appropriate bed, the amount of settlement is less than
the improved ground with floating stone columns with
a depth of 6m.

SRR (%)

40

SO 60 70

Depth (1)

0‘-‘> 5

Fig 9. SRR for the improved ground with the 10m columns
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10 +

Depth (m)

Fig 10. SRR for the improved ground with the 6m columns

4.2 Effect of Stone Columns on Lateral Expansion

The lateral expansion of the stone column is one of the
significant parameters that influences the performance
of the stone column group. The effect of live load on
the lateral expansion has been shown in the group of
stone columns with N=9 and N=25 with two different
depths in Figures 11 and 12. The lateral expansion in
the group of the stone column with N=25 is less than
N=9. According to these figures, the maximum lateral
expansion in the N = 25 state for the improve depth of
10m and 6m is reduced to 75 and 87 percent,
respectively, in comparison to the N=9 state.
Additionally, the maximum lateral expansion value for

the 10m stone columns was more than the 6m state
due to the location of these columns on the harder bed
(floating state).

Most of the previous analysis has been determined that
the maximum lateral expansion has been taken place
in the depth of less than 0.4d, which d represents the
diameter of the stone column. Indeed, in some analysis
with a depth of 6m, due to the floating of the stone
columns, the maximum lateral expansion took place at
the end of the columns. In order to reduce the lateral
expansion, a 30 cm thick layer of granular soil can be
applied on the improved ground.

Ux (mm)
6

Depth (m)

N=0
—— N2k

Fig 11. Lateral expansion of 10m stone column in the center of the foundation
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Depth ()

Fig 12. Maximum lateral expansion of the 6m stone column

In order to examine the lateral expansion in the
adjacent stone columns, a model with N = 25 is used
as it is shown in Figure 13. According to this figure,
the stone column located at the corner of the ground
has the most lateral expansion due to the lower

confinement of that column relative to inner columns.
Therefore, the maximum lateral expansion of the
corners relative to the central columns has reached
more than 3/3 times.

e

Depth (m)

Fig 13. Lateral expansion of 10m stone columns in N=25 state

4.3.The Effect Of Stone Columns On The Tension
And Strain Contours

Bearing capacity is among the design factors of
columns. Figures 14 and 15 show that the amount of
tolerable stress in the improved ground with stone
column group is N=9 and N=25, respectively. It is
evident that the bearing capacity of the stone columns
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is higher than the surrounding soil due to the
mechanical properties and the hardness of the
columns. With the increase in the number of stone
columns, the bearing capacity of stone columns
decreases such that the maximum bearing capacity



Journal of Structural Engineering and Geotechnics, 11(1),57-70,Winter and Spring 2021

decreases from 420 KN to 320 KN as the number of columns decreases from N=25 to N=9.
- g 8 g 8§ 8 8 8 g 8
§2 & g 8 RN 3E 88

*—‘ 175000

1 P

_J.m

Fig 14. Stress in a group of stone columns with N=9

g
&

Fig 15. Stress in a group of stone columns with N=25

The sub-foundation failure due to applying the load strain distribution, and accordingly, the range of the
has been shown in Figure 16. The probable path of shear strain becomes larger. Also, by increasing the
failure, which has the highest shear strain, has been number of stone columns, the amount of shear strain
specified by the dashed line. The implementation of decreases.

the stone columns leads to the spread of the shear

No2s N Wohitamt Stone Chonmn

Fig 16. The spread of shear strain with increasing the number of stone columns with 10m depth
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4.4.Design Curve

The modified area ratio (AR) is used as a new
parameter to provide a design curve of the effect of
improved ground on the level of settling. According to
the definition, AR is the ratio of the total sum of the
columns area to the area of the foundation and
expressed in the form of percentage. Accordingly, the

effect of the improved area on the settlement reduction
ratio (SRR-AR) is shown in Figure 17. According to
this figure, the SRR increases with the increase of AR.
Likewise, the effect of using a stone column with a
depth of 10m was more than 6m that leads to a further
decrease in the settlement of the ground surface.

sy =6 (m)

- ol =10 (m)

20

40

AR (%6)

Fig 17. AR-SRR design curve

As mentioned, the settlement caused by loading takes
place in the depth of the floating stone columns. The
difference between the level of settlement in a surface
and the depth of a stone column with a height of 6m is
defined as the difference of settlement ratio (DSR).

80

70 r

DSR (%)
[ R e Y -
c & & & & &
T T T T

(=)

1

Figure 18 shows the effect of AR on DSR, which the
amount of DSR decreased by increasing AR. Thus, by
increasing the number of stone columns in the column
group, the difference of settlement will decrease
between the surface and the depth of the column.

20

30 40

AR (%)

Fig 18. The difference of settlement percentage in a group of stone columns with 6m depth
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5.Conclusion

The

numerical analysis of the soft ground

improvement by stone columns was carried out by
PLAXIS 3D. Improvement depth was examined using
the 6 and 10m columns in four different layouts. The
most important conclusions of this study are as
follows:

1.

The amount of ground settlement decreases with an
increase in the number of stone columns in a
specific superimposed load. The results of
decreasing the percentage of a ground settlement
for various groups of stone columns and
improvement depths of 6m and 10m were in the
ranges of 15-49% and 17-63%, respectively.

. The amount of SRR depends on increasing the

improvement depth and location of the columns on
the appropriate bed. Accordingly, the SRR will
have a constant trend of up to 2m and 8m for a
depth of 6m and 10m, respectively.
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