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Abstract. Stone columns are fundamental geotechnical units for improving soft
soil deposits. It is a common application for supporting an isolated footing over
stone columns when subjected to static loading. The same can also be used for
earthquake loading. However, when the same element is subjected to an earth-
quake loading, the behaviour would not be the same. In such cases, the geome-
try requirement needs to be studied. The study can be done numerically using
finite element analysis software, PLAXIS 3D. In this study, the earthquake of
magnitude 6.9 on the behaviour of the stone column was analysed. Parametric
analyses were carried out to determine the adequacy of the stone column geom-
etry for both OSC and ESC. The parameters studied are the area replacement
ratio and the encasement stiffness. The results proposed the optimum values for
the area replacement ratio as 40% and 35% for earthquake loading for OSC and
ESC, respectively. The optimum encasement stiffness is proposed as 1000
kN/m for static loading and stiffness greater than 2000 kN/m for earthquake
loading. In this paper, the procedure for the earthquake analysis using PLAXIS
3D is described to provide better clarity to the readers.

Keywords: Stone Column, Encasement, Rigid Footing, Earthquake Analysis,
PLAXIS 3D.

1 Introduction

Stone columns, a simple ground improvement technique, are commonly used to im-
prove the site for both large and small-scale construction. The usage of ordinary and
encased stone columns (OSC & ESC) has significantly increased over the last six
decades [1,2,3,4]. The functional requirement of weak soil deposit for drainage [5,6]
and improved strength [7,8] is fulfilled by including the stone columns. Also, the
application of stone columns for liquefaction mitigation [9] is worth mentioning.
Stone column usage proved to be the practical option to improve weak soil deposits.
Several case studies can be found about improving such soil [10,11] subjected to stat-
ic loading. When the stone columns are subjected to dynamic loadings such as earth-
quakes, machine foundations and explosions, the response of such composite soil site
would be different. In India, the seismic zones are classified from zone Il to V. Zone
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Il is the least affected by the earthquake, whereas zone V is the most active earth-
quake region [12]. There are more chances for the stone column installed site to be
subjected to earthquake loading. The response of the stone columns under earthquake
loading was studied and reported in the literature. However, compared to the literature
on static loading, there are fewer extensive studies available on earthquake loading.

The studies on earthquakes had begun only in the past decade, particularly in areas
prone to seismic activities. Kim (2012) [13] studied the site improvement by installing
the stone column for the shear behaviour and response to earthquake loading using
laboratory investigation of shake table tests. The earthquake loading was simulated
with the Hachinohe and Northridge strong motions. In this study, the soil and the
stone column behaviour was observed through the shear deformation. The site re-
sponse showed that the composite ground of soil and stone columns acts as a single
entity under seismic activities. Datye and Khare (2008) [14] explained the case histo-
ry of a storage tank containing chemicals in Bhuj, Gujarat. The site was monitored
periodically for settlement. The tank built over the stone column-treated ground had
shown no signs of failure during the earthquake. Though the earthquake was of mag-
nitude 7.7, the stone columns’ ground improvement protected the structure from fail-
ure. The case study of Bhuj brings forth the importance of the stone column in miti-
gating failures due to seismic activities.

Guler et al. (2014) [15] numerically studied the use of geotextiles around the stone
columns to prevent them from losing their integrity when subjected to earthquake
loading. The 1999 Turkey earthquake was simulated to study the efficiency of the
Geotextiles. Geotextiles provide better confinement to the stone column, even in very
soft soils. The stone column’s failure chances are exponentially high due to bulging
and shearing during earthquake loading. However, the failure pattern is prevented
from occurring due to the encasement.

Fernanado (2017) [16] presented a case history of a high-magnitude earthquake of
7.4 in the lands of Guatemala. The case history provides details for the site improved
by the stone column through field investigations like CPT and SPT on undisturbed
samples before and after the earthquake. The monitoring of the structure for settle-
ment was performed using instrumentation. The settlement observed for the stone
column improved ground before and after the earthquake was well within the permis-
sible limit.

Reddy and Mohanty (2017) [17] presented a numerical study on stone column im-
proved layered slope using OpenSeesPL software. The layered deposit consists of a
stiff cohesive layer over a layer of saturated cohesionless soil deposit. Analyses were
carried out with and without stone columns in the sloping layered deposits. Nepal
earthquake of magnitude 7.8 was simulated in the software. The results have shown a
considerable reduction in the peak ground parameters of the stone column compared
to the unimproved ground. Sahinkaya et al. (2017) [18] studied numerically using
PLAXIS 2D the effect of the diameter and length of the column, spacing between the
columns, and angle of internal friction of the stone column material on the bearing
capacity of the composite ground for both static and earthquake loading. Turkey’s
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2011 earthquake was simulated for seismic loading. The results showed that the bear-
ing capacity of soft soils increases when subject to earthquake loading. Also, the au-
thor emphasised the efficiency of using floating columns in seismic zones.

Cengiz and Guler (2018a) [19] presented a study on the ESC and OSC through
shake table laboratory tests. The dynamic loading was applied sinusoidally for two
peak acceleration cases. The effect of the dynamic loading was observed in terms of
the shear strain of the columns. ESCs exhibited better performance than the OSC by
keeping the column intact and reducing the lateral movement of the column. Further-
more, the vertical loading on the tested columns for static and dynamic loading has
shown changes in the load-carrying capacity. The dynamically loaded columns alone
have lesser vertical load carrying capacity than the static ones. This reduction is more
in the case of OSCs compared to ESCs. The author concluded that the OSCs are more
prone to reduced strength when subjected to earthquake loading.

Cengiz and Euler (2018b) [20] proposed results based on 1g shaking table tests for
OSCs and ESCs. The vertical load-carrying capacity of the ESC and OSC during and
after the earthquake has shown significant behaviours. The length of the encasement
also plays a crucial role, suggesting full-length encasement instead of partial encase-
ment in seismic-prone areas. Also, the end-bearing columns performed well when
compared to the floating columns under earthquake loading. The horizontal strain in
the ESCs during earthquake loading depends on the encasement stiffness and the
nature of the column material. On the whole, the ESCs performed better when com-
pared to the OSCs under the action of earthquake loading.

Cengiz and Guler (2020) [21] studied the effect of the testing boundary conditions
on the behaviour of the stone columns, both OSC and ESC. The free-field and rigid
boundary conditions were simulated in the shaking table tests. El-Centro and Kobe
earthquakes were utilised for the stone column loading schemes. In these tests, an
important observation was that the encasement’s major failure was observed in the
vertical direction rather than the horizontal. The failure mode could be due to the
seismic type of loading. Moreover, the rigid boundary condition limited the entire
functioning of the encasement under seismic loading, But with the free-field condition
boundary, the encasement was utterly functional and strained to the maximum hori-
zontal strain value.

Zheng et al. (2020) [22] proposed design charts for determining the seismic bear-
ing capacity coefficients for strip footing using the upper bound limit analysis theo-
rem. The charts can be used to design the stone column groups in active earthquake
zones. The bearing capacity factors Nce, Nge and N, for different friction angles of
stone column material concerning the horizontal seismic coefficient can be obtained
from the proposed design chart. Karkhush et al. (2021) [23] presented a study on the
seismic behaviour of floating stone columns. In this study, the author emphasised the
importance of the stone columns’ length and diameter in the seismic behaviour of the
composite ground. The stone column’s improved soil’s peak acceleration, velocity,
and frequency values are much lesser than the unimproved ground. It was also report-
ed that the variations in the deformation of short and long stone columns.
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The studies from the literature emphasise the usage of stone columns to prevent
the improved composite ground from failure against seismic forces. The geometrical
requirement of the stone columns and the optimum value were not addressed any-
where in the literature collected so far. Therefore, this study aims to determine the
adequacy of the area replacement ratio (a;) and encasement stiffness (Je) of the stone
column supporting a rigid isolated footing when subjected to an earthquake magni-
tude of 6.9. The study is carried out by numerical modelling using PLAXIS 3D soft-
ware.

2. Numerical modelling of stone columns supporting rigid
footing using PLAXIS 3D

2.1 Numerical Modelling in PLAXIS 3D

The numerical modelling was done using the finite element modelling software
PLAXIS 3D. PLAXIS 3D, with a dynamic analysis option [24], can be used to per-
form the earthquake analysis. The overall procedure for the analysis is similar to that
of the static loading. Initially, the model dimensions were determined based on the
field-scale size. Appropriate boundary conditions were decided and applied; the struc-
tural elements were added to the soil geometry; the soil and structural element proper-
ties were assigned to the respective elements; the meshing of the field-scale model;
the simulation of staged construction; calculation of the numerical problem; output
evaluation.

The earthquake simulation is the significant difference between the two types of
analysis. For the simulation of an earthquake in a model, it is necessary to make the
field-scale model to transfer the earthquake motion within the soil and the structures.
The mechanism can be addressed by changing the boundary conditions. The Xmax and
Xmin boundaries are simulated to be in the far region, so the model dimensions in the
X-direction should be of greater length than the dimension of the structure analysed.
The boundary assigned for the X-direction is a free-field condition. The direction
normal to X has no boundary conditions, which is due to the action of the earthquake
in the X-direction alone. The earthquake is applied to the field-scale model as pre-
scribed surface displacement at the bottom of the model. The signal is given as input
along with the surface displacement as a ‘dynamic multiplier’.

In this modelling, the input signal is in the form of a table using the *.smc or plain
text file. SMC stands for “strong motion centre”, which can be obtained from the
strong motion centre websites [25]. This study used the plain text file with time and
acceleration details as the input. The input signal applied at the model’s base must
travel to the soil and the structures near the ground. The boundary condition must be
assigned Zmin as a ‘compliant base’ for the earthquake wave propagation simulation.
These boundary conditions only work in the calculation stage when the interfaces are
added inside the model at the boundary edges. The interfaces provide dummy node
pairs for absorbing the incoming wave and carrying the incoming signal. Moreover,
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the interface must not be activated in the staged construction for the earthquake analy-
sis. The interface is used only for the creation of the node pair.

The earthquake analysis in the staged construction can be described based on the
dynamic time and time steps. Dynamic time depends on the total duration of the input
signal; otherwise, the time after the maximum acceleration is reached. The time steps
can be obtained using Newmark implicit time integration scheme. The time step cal-
culation itself is a critical study to be carried out. For the present analysis, the auto-
matic time step calculation was selected. The damping ratio for the analysis was taken
as a 5% benchmark value. The Rayleigh coefficients for each material were deter-
mined based on the shear wave velocity, the earthquake motion’s maximum frequen-
cy, and the damping ratio. At last, the node points in the field scale model should be
selected before the calculation to provide us with the curves for the vital points.

Validation of the Numerical model. The author has already validated the model
using field results on the earthquake analysis [26]; the same has not been repeated
here due to page restrictions.

3. Numerical modelling and Input Parameters for the field-scale
model parametric analysis

The field-scale model dimensions were utilised based on the literature [26] and the
need to simulate the far-field conditions for the earthquake analysis. Therefore, the
model dimensions were 10 m x 5 m x 10 m (Fig. 1(a)). The depth of the model was
assumed based on the homogeneous clay layer thickness of 10 m. The field problem
consists of a square footing of size 5 m x 5 m supported by a group of four stone col-
umns, and the water table was assumed to be at the footing level. The footing was
modelled as a linearly elastic rigid plate element. The end-bearing stone columns
were modelled as a volume element. The interfaces should be added inside the model,
as shown in Fig. 1(b). The interface elements derive their properties from the adjacent
soil elements.
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Fig. 1. Field-scale model in numerical modelling domain (a) soil profile (b) structural profile

The material model for soil and the stone column was the Mohr-Coulomb model
because of its adequacy in simulating the load-settlement of stone columns. The
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Mohr-Coulomb model is commonly used in most stone column problems [5,27]. For
static loading conditions, the critical length for OSC and ESC was reported in the
literature [27]. Nevertheless, for earthquake loading, the floating columns did not
perform well [20]. So in this study, the end-bearing stone columns alone were consid-
ered. For the ESCs, the geogrid element was modelled around the stone column as a
surface. The encasement stiffness was chosen based on the practical availability of the
geogrid from 500 kN/m to 5000 kN/m [28].

The stone columns’ diameter varied based on the a, from 10% to 50%. It is not
practically advisable to consider beyond the mentioned a, values. Over the footing, a
uniform surface load of 30 kPa was assumed. The low-intensity surface load value is
the load the virgin soil can carry, which has a cohesive strength of 6 kPa [26]. The
same loading was considered for comparing results with the OSC and ESC. For the
prescribed surface displacement, 0.5 m was assumed [24]. The dynamic multiplier
was taken from the earthquake motion of magnitude 6.9 and peak acceleration of
0.349 m/s? as shown in Fig. 2. The input signal was in the plain text file format [29].
The input parameters for the numerical analysis are tabulated in Table 1.

ELCENTRO EARTHQUAKE MAY 18, 1940
NORTH-SOUTH COMPONENT

0.5

0.4

0.3

0.2

0.1
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ACCELERATION (G)

-0.2
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0.4

0 5 10 15 20 25 30
TIME (SEC)

Fig. 2. Acceleration-time history of 1940 El Centro Earthquake. [29]

Table 1. Input parameters used in the numerical analysis [26]

Parameters Soft Clay Stone Column
Material model Mohr-Coulomb Mohr-Coulomb
Unit weight, y (kN/m?) 16 18.4

Cohesive strength, cu (kPa) 6 0.1

Angle of internal friction, ¢ (°) 0 48

Young’s modulus, E (kPa) 1000 10000
Poisson’s ratio, v (N0 unit) 0.45 0.25

Area replacement ratio, ar (%) - 10% - 50%
Encasement stiffness, Je (kN/m) - 500 — 5000
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Medium size element distribution was carried out using 10-noded tetrahedral soil
and stone column elements and 6-noded triangular geogrid elements. The meshing of
the model is shown in Fig. 3.

Fig. 3. Meshing of the model.

In the staged construction (Fig. 4), the initial soil stresses in the virgin state and
the stone column installation were simulated in the ‘initial phase’ and ‘phase 1°, re-
spectively. Similarly, the stone column and geogrid elements were activated ‘in phas-
es 2 & 3’. The consolidation process was simulated in phase 2. The surface loading
acting on the footing and the earthquake input motion was simulated in phases 4 & 5.
After planning the construction stages, the calculation points for obtaining the curves
were selected. The calculation is carried out by elastic-plastic deformation analysis.
The staged construction is based on the load advancement procedure; the XMstage
multiplier starts from ‘0’ and runs up to the maximum of ‘1°. The output was evaluat-
ed in a separate output domain of the numerical software extracted as tables and
curves—interpretations made from the results are presented in the subsequent sec-
tions.

£ Phases - o X
®
) Initial phase [InitialPhase] Name vale Log nfo for last caladaton
/) Stone column nstallation [Phase _1] = General
() consoldaton [Phase_2] D initl phase [IntaPhase]
3 KO procedure

Staged constructon ~

1.000

) footing installaton [Phase _3] & ¥
) surface loadng [Phase_4] B ¥
) EQloadng Phase 5] "

Frststep
Last step
Spedal option
- Deformation control parameters
Tgnore sucton
Reached values
Reached total tme

Fig. 4. Staged Construction in numerical modelling.
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4. Results and Discussion

The results of the stone columns supporting rigid isolated footing subjected to earth-
quake loading are summarised and discussed in the following sections. The numerical
analyses were carried out based on the parameters already mentioned to study the
effect of the geometry of the stone column when subjected to earthquake vibrations.
The soil’s cohesive strength, the stone column’s length, the stone column material’s
stiffness, and the earthquake’s magnitude were all kept constant. The a, and Je varied
from 10 % to 50% and 0 kN/m (OSC) to 5000 kN/m, respectively. The Settlement
Reduction Ratio (SRR) was utilised to determine the settlement reduction profile.
SRR is the settlement ratio of the improved ground to virgin soil [30]. The results
determined the adequate geometry for the stone column by drawing tangential lines in
the graph (Fig. 5). Also, by comparing the results from the earthquake analysis, the
optimum geometry for the OSC and ESC was decided.

4.1 Effect of area replacement ratio

When the soil reinforced with OSCs and ESCs, is subjected to earthquake loading, the
seismic waves affect the vertical settlement. Though there is settlement due to the
static loading, the earthquake excitation would induce further disturbance and settle-
ment of the composite ground. The variation of the settlement response of the footing
on soft clay and OSC and ESC reinforced ground when subjected to the earthquake
loading is shown in Fig. 5. With increasing a; value, the SRR value reduced and be-
came constant for an ar value of 30% and beyond. By drawing tangent lines to the
curves, the adequate value for the a, can be obtained from Fig.5. The a, value of 28%
and 25% was observed to be adequate for the OSC and the ESC, respectively. It is
observed that the a, value influences the vertical settlement of the footing supported
by the composite ground up to a particular limit. Beyond which &, did not influence
the settlement value. The constant a; may be due to the reduction in the confinement
of the stone column beyond a particular diameter. From a practical point of view, the
provision of higher a, would hinder the installation of stone columns and the provision
of the encasement. Therefore from the a, point of view for practical application, 30%
and 25% would be adequate for OSC and ESC, respectively.

Effect of the encasement stiffness. The footing settlement for varying Je and a; are
shown in Fig. 6. The OSCs settlement is shown as J.=0 kN/m in the same figure. The
earthquake’s effect is also included in the settlement. It is observed that the footing
settlement reduced with increased encasement stiffness. However, this reduction is
only up to a stiffness value of 1000 kN/m, beyond which there is no significant set-
tlement reduction. From the footing settlement, the effect of the encasement under
earthquake loading was significant, only up to 1000 kN/m. So from this point of view,
the encasement stiffness of 1000 kN/m was found adequate.

Effect of an earthquake. The earthquake acceleration in the bedrock obtained from the
source was 0.349 m/s? [29]. When the waves reached the soil-structure, the accelera-
tion was observed as 0.265 m/s? from the numerical analyses. Similarly, the accelera-
tion values were obtained, as shown in Fig. 7. The acceleration values were observed
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to reduce in the stone columns compared to the virgin soil. The reduction in accelera-
tion would be due to the lesser vibration of waves in the denser stone column, which
mitigates the amplification of the earthquake motion. Also, it can be seen from Fig. 7
that with increasing encasement stiffness of the stone column, the acceleration of the
earthquake motion reduces gradually.

The divergences in the results (Fig. 7) may be due to the variation in the meshing
of the numerical models. These results show that the higher the encasement stiffness,
the lesser the earthquake would affect the stone column reinforced soil. Also, increas-
ing the area replacement with stone aggregates mitigated the acceleration by 30%.
The results signify the importance of the encasement and the stone columns in the
earthquake-prone region. So from the acceleration values, it is proposed that the a, can
be increased up to 40%, and encasement stiffness of more than 2000 kN/m can be
provided in earthquake-prone regions.

0.4
oscC
—&— 500 kN/m
0.35 —— 1000 KN/m
e=fe==1500 kN/m
=== 2000 kN/m
0.3 === 3000 KN/m
[vd =0=—4000 kKN/m
% 5000 kN/m
0.25 -
0.2 -
0.15 T T T T T T T 1
10 15 20 25 30 35 40 45 50
a, (%)
Fig. 5. Settlement Reduction Ratio for different ar (%) and Je (KN/m).
70
—o—ar=10% ——ar=20% ar=30%
65 —¥—ar=40% —¥—ar=50%
€
£ 60
£ 55
£
o 50
2 45
(o))
£
g 40 —= = = I
T35 * * 3%
30 T T T . |
1000 2000 3000 4000 5000
Je (kN/m)

Fig. 6. Effect of Je (kN/m) for different ar (%).
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For field application under static loading, 20% to 30% of a, is used. It was not re-
ported as a standard value in the literature. The optimum value of a, of 30% for flexi-
ble footings under static loading was reported by Black et al. [31]. The current study
proposes the adequate value of a; as 30% and 25% with a 10% increment for the ef-
fect of the earthquake loading for OSC and ESC, respectively. Along with this, the
encasement stiffness of 1000 kN/m was found to be adequate for static loading. How-
ever, for resisting the seismic forces, it is proposed that higher stiffness of the en-
casement would provide a better solution for mitigating the amplification of the seis-
mic forces. So encasement stiffness of 2000 kN/m and above would be a better choice
in earthquake-prone regions.

022 -
0.21
% 027
£
< 0.19
c
8
T 0.18 ar=10%
3 —o—ar=20%
3 0.17 - _
< —l—ar=30%
0.16 = ar=40%
' —3—ar=50%
0.15 ; ; . . .
0 1000 2000 3000 4000 5000

J. (KN/m)
Fig. 7. Acceleration in the direction of maximum shaking for different ar (%) and Je (KN/m)

4.2 Stress Concentration Factor

Stress Concentration Factor (SCF) [32] denotes the ratio of the vertical stresses car-
ried by the stone column to that of the surrounding soil. The SCF values were calcu-
lated from the numerical analysis results. The SCF values for static loading would
usually be 2.5 and 5 calculated at the ground surface [32]. However, in these analyses,
the SCF values range from 29 to 59. The values show that the earthquake loading has
a higher effect on the stone column mechanism.

Also, it is observed (Fig. 8) that the variation of the SCF values is minimum and
becomes constant for different a, values. For 40% and 50% a, values, the SCF values
were almost constant for different encasement stiffness values. From this observation,
it can be proposed that an optimum geometry is available from the stone column
mechanism and agrees with the observations in the previous sections. The optimum
values proposed are shown in Table 2.
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Fig. 8. Stress Concentration Factor for different ar (%) and Je (KN/m)
Table 2. Optimum values for OSC and ESC
Parameters Static Loading Earthguake Loading
0scC ESC 0sC ESC
Avrea replacement ratio, ar (%) 30 25 30% +10%  25% + 10%
Encasement stiffness, Je (KN/m) - 1000 - > 2000

5 Conclusion

This paper attempts to propose optimum values for the geometry of the OSC and ESC
supporting rigid isolated footing subjected to earthquake loading. A parametric analy-
sis was carried out for varying ar and Je values. The results found a fair value for a;
and Je, beyond which there is no significant effect on the footing settlement. The a;
values were found as 30% and 25% for OSC and ESC, respectively. Similarly, 1000
kN/m was found to be adequate for encasement stiffness. When the observation was
made from the acceleration point of view in the direction of maximum excitation, it
was found that there is a requirement for a, and Je values for reducing the acceleration
in the soil profile. In that case, it was observed that 10% higher a, values mitigate the
amplification.

Similarly, encasement stiffness greater than 2000 KN/m serves the same require-
ment. Therefore, this study proposes an optimum a, value of 40% and 35% for earth-
quake loading for OSC and ESC, respectively. The optimum Je is 1000 kN/m for stat-
ic loading and stiffness greater than 2000 kN/m for earthquake loading. Analyses for
different magnitudes of earthquake and soil profiles would further broaden the study’s
scope.
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