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Abstract The use of geosynthetic encased stone columns for improving very soft
soil has been widely recognized both regarding economy and performance. The
stone columns are encased to offer lateral confinement against bulging which causes
excessive settlement. In this study, the analysis of the embankment, resting on very
soft soil reinforced with stone column encased from geogrid is carried out to under-
stand its behavior. In this study a comprehensive numerical analysis is executed to
study the consequence of encasement parameters like its length and stiffness on the
on time-dependent behavior of the system. The result of the study shows significant
improvement regarding settlement reduction and lesser lateral bulging of the column.
Moreover, it also shows that encasing the column fully perform better as compared
to the partially encased column. Similarly, using stiffness of geogrid beyond 5000
kN/m does not show substantial improvement.
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1 Introduction

The use of stone columns has proven efficacious both regarding economy and perfor-
mance. Moreover, it is very successful because of its advantages. It helps in slope
stability improvement, increasing bearing capacity and the time rate of settlement,
reduction in both differential and total settlement, reducing liquefaction potential
[1, 2]. The application of a stone column serves its purpose if the undrained shear
strength (Cu) of soil lies between 15 and 50 kPa. However, if the undrained shear
strength of the soil is < 15 kPa, then the confinement provided to the stone column
by the surrounding soil is inadequate, and hence it fails in excessive settlement
due to bulging. Therefore, reinforcing the stone column either by encasement or by
placing the horizontal strip of geosynthetic along the length of the column, these
two approaches provides the extra resistance against radial bulging of the column as
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stated by Alexiew et al. [3] and Ali et al. [4]. In last two decades various projects for
the railroad and road embankment, bridge ramp, flood protection dike were accom-
plished using encased stone columns in Germany, Netherland, Sweden, and India
[5,6].

The idea of encasing the column in full or part is studied experimentally by
numerous researchers like Rathiel et al. [6] and Murugesan and Rajagopal [7]
under undrained condition. In discovering the performance of geogrid encased stone
columns (GESCs), numerical modeling has also been extensively used. Yoo and Kim
[8] adopted a unit cell (both 3D and axisymmetric) and full 3D model to compare the
different modeling approach. Yoo [9] reported the effects of various parameters by
modeling quarter of column and full 3D model. Majority of the studies focus on unit
cell approach (either 3D or axisymmetric or quarter column) by loading the column
only or entire unit cell ([10, 11] and others) or unit cell with embankment loading
[12-15]. However, an only limited study has been conducted in details considering
the encasement parameter’s (length and stiffness) on time-dependent responses under
embankment loading. Therefore, there is a need for a comprehensive study to under-
stand the modeling details as well as the behavior of GESC under the embankment
loading.

This study focuses on understanding the consequence of encasement length,
encasement on the performance of geogrid encased stone column under embank-
ment loading through 3D unit cell model. The impact of the parameters mentioned
above is evaluated regarding settlement reduction and lateral deformation of the
column along its length.

2 Geometry and Model Description

A finite element package Plaxis 3D [16] is used in the numerical analysis, where
a hypothetical case study is formulated. The soil layer consists of 9.5 m of soft
clay underlying a 0.5 m of the sand platform. The sand platform is laid before the
construction of the embankment, and it serves as the drainage blanket. The ground
water table lies at 0.5 m below the ground. The dimension of the unitis2 m x 2 m X
10 m (L x B x H) with column installed at the center of the unit cell. The dimension
of the unit cell is chosen based on a square pattern of installation having a spacing
of 2 m between the columns. The diameter (d) of column adopted in the study is
0.8 m which is equivalent to the area replacement ratio of 12.5% as reported in Balbir
et al. (2018). Figure 1 displays the details of the mesh connectivity plot of GESC
reinforced soft ground. In the present study, the length of GESC (Lggsc) is varied
between 5 and 10 m, and the axial stiffness of encasement is varied between 500 and
6000 kN/m [7, 17]. The embankment is constructed in three stages; having a height
of 2 m in each stage similar to Yoo [9]. The duration of each stage consists of two
parts. First part is a construction period of 20 days succeeded by a 30 days of rest
period.
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Fig. 1 Generated mesh
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The hydraulic and deformation boundary conditions for the model are chosen
based on the symmetry. Therefore, considering symmetry into account no displace-
ment in the perpendicular direction of the symmetry plane and to the base is allowed
[9]. Congruently, at the symmetry plane, no flow at the boundary will take place.
Therefore, the symmetry plane has been kept as a closed consolidation boundary.
Moreover, the bottom boundary is also held closed consolidation boundary consid-
ering the impervious layer below the soft clay [10]. The soft soil constitutive material
model has been used for modeling the soft soil. However, for the embankment, stone
column, and sand platform the Mohr—Coulomb material model is used. Table 1
summarizes the constitutive model and related parameters used in the analysis. The
geogrid is used in the study and is modeled as an elastic material having orthotropic
behavior. The soft soil, sand platform, and embankment were modeled using twelve
node tetrahedral elements. The geogrid was modeled using six node triangular surface
element. For modeling soil-geogrid interaction, joint elements (interfaces) were
added to geogrid and surrounding soil. The interfaces comprise of twelve node inter-
face elements with zero thickness. The Rjy.; adopted in the present study for soft soil,
sand platform, embankment, and stone column are one as reported by Aljanabi et al.
[18], whereas for geogrid soil interface it is 0.7 as reported by Chen et al. [19] and
Pandey et al. [20]. These are slender structures that can sustain only tensile force and
no compression. The present study is validated with the study conducted by Rajesh
[10] in which the surface load is applied to the top of an axisymmetric problem.

However, in the present study, 3D unit cell having a square cross-sectional area
of dimension 2.25 x 2.25 m is used as reported by Rajesh [10]. All the material
properties and the dimensions were kept intact, except properties of the plate. A steel
plate of thickness (#,) 30 mm, unit weight of steel (Ygee1) = 78.5 kN/m? and E =
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Table 1 Summary of the constitutive model and related parameter
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Column
(Mohr—Coulomb)

Soft clay (soft soil)

Platform
(Mohr—Coulomb)

Embankment
(Mohr—Coulomb)

Properties | Chen et al. [19] Hosseinpour et al. | Huang et al. [21] | Aljanabi et al. [18]
[14]

y (kN/m?) |22 14.50 20 20

E (kPa) 40,000 750 20,000 20,000

v 0.30 0.28 0.33 0.30

¢’ (kPa) 0.50 4 5 5

¢’ (0°) 38 27.50 32 30

v (0°) 10 - - -

Cc - 1.26 - -

Cs - 0.097 - -

kh (m/day) | 10.368 7.50 x 1073 1 1

kv (m/day) |10.368 8.40 x 107 1 1

Note E = Tangential elastic modulus; v = Poisson’s ratio; y = Soil unit weight; ¢’ = Cohesion of
Soil; ¢’ = Soil friction angle; ¥ = Dilation angle; C. = Compressibility index; Cy; = Swelling
Index; k = Permeability (Subscript 4 and v corresponds to Horizontal and vertical respectively);
— = Data not given

4.44 x 10° kN/m? is used for the loading. The linear isotropic constitutive model
has been adopted for steel plate. The details of the constitutive model and related
parameters for other materials can be found in the referred paper. Figure 2 shows
the result of the 3D unit cell compared with the axisymmetric model of Rajesh [10]
for soft soil reinforced with ordinary stone column (OSC). The results show that the
model is in good agreement with the referred study.

Fig. 2 Validation with
Rajesh [10] for OSC (very
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3 Outcomes and Discussion

The primary emphasis in the present paper is to understand the consequence of
encasement parameters like its stiffness and length on the performance of the geogrid
reinforced stone column.

3.1 Effect of Length of Encasement

The impact of length of encasement on the behavior of GESC is analyzed by varying
encasement length (¢) between zero and one. The reference encasement stiffness
used for this parametric study is 2000 kN/m. In Fig. 3, settlement reduction factor
(B) is plotted against embankment resting on GESC improved ground having varying
encasement length. From this figure, it can be observed that column encased fully
results in a significant diminution in the settlement (> 61%) as compared to the
column without encasement. Moreover, the variance in the settlement reduction (8)
for { =0.75 and ¢ = 0.85 w.r.t, ¢ = 1 is approximately 21% and 16%, respectively.
Seeing this variation, one can state that the column encased fully contributes a signif-
icant decrease in the settlement when compared to partially encase. Additionally, the
column bulging laterally is dominant at the location where encasement terminates at
the bottom as can be noticed from Fig. 4. In this figure, lateral deformation is plotted
against column depth of GESC for various length of encasement as stated above.
However, the deformation in the case of the column encased fully is almost twice as
equated to the column without encasement (i.e., OSC) at the point of termination of
the encasement (example let us say at 5 m from the top for ¢ = 0.50).
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Fig. 4 Lateral deformation
of GESC having different 10
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3.2 Effect of Encasement Stiffness

To weigh the impact of geogrid stiffness, its axial stiffness is varied between 500
and 6000 kN/m. In Fig. 5, settlement reduction factor (8) is plotted against GESC
improved ground having different encasement stiffness. However, from this figure
we can, clearly, see that the difference in the settlement reduction by using GESC
with encasement having stiffness 6000 kN/m is inconsequential (approx. 8%) as
compared to encasement having 5000 kN/m stiffness. Therefore, we can state that
using encasement stiffness above 5000 kN/m has no determinantal effect.

Figure 6 illustrates the lateral deformation of the OSC and GESC having the
different stiffness of the encasement. As expected the lateral deformation in the case
of OSC is 14.43 times higher as compared to GESC with the stiffness of 6000 kN/m.
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Fig. 6 Lateral deformation 10 o
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However, it is 1.18 times for the encasement stiffness 5000 kN/m as compared to
6000 kN/m. From the previous studies [2, 8] the maximum lateral deformation occurs
at the depth varying between 2 and 3*D from the top of the column. This maximum
deformation depth is dependent on the loading area as well as the strength of the
surrounding soil. In the current study as can be seen from Fig. 6, this depth is nearly
1.7*D.

4 Conclusion

The paper presents an organized numerical analysis of embankment resting on a stone
column encased with geogrid. The area replacement ratio study is kept constant at
12.5% during the analysis. From the study, the following points are concluded.

1. The fully encased stone column shows better performance as compared to a
partially encased column regarding both settlement reduction and in prevention
of radial bulging of the column.

2. It is observed that when the column is partially encased, maximum bulging
occurs at the location where encasement terminates.
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