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Abstract: The performance of stone columns in enhancing the stability of structures subjected to seismic loads has
significant implications for soil improvement in soft clay soils. This research presents a computational and experimental
analysis of stress transfer mechanisms in stone column-supported foundations under dynamic seismic loading. A series of
mathematical models were developed to simulate stress distribution and displacement patterns within standard and geogrid-
encased stone columns (OSC and GESC), incorporating varying shear strengths of clay soils and seismic frequencies. The
finite element method (FEM) was employed to validate shaking box model experiments, with 18 models tested across
dynamic loading scenarios. Key findings include the influence of frequency and undrained shear strength on lateral stress
values and the enhanced resistance offered by geogrid-encased columns. The study further illustrates that stress values at
half the depth of the stone column are consistently higher than those at one-third of the depth, corroborating analytical
predictions. The integration of experimental data with mathematical analysis provides a robust framework for optimizing
stone column design in earthquake-prone regions.

Keywords: Stone column, mathematical modeling, finite element analysis, seismic loading, stress distribution, dynamic
systems.

1. Introduction . iy . :
deformation under additional weight determines the stone

To increase the bearing capacity of unstable terrain and
lessen the settling of buildings constructed on it, stone
columns are frequently utilized. By boosting strength,
lowering the pressure of soft and weak soils, speeding up
the consolidation process, and lowering the soil's propensity
for liquefaction, stone columns improve and stabilize the
soil. Its primary application stabilizes soft soil types,
including silts, soft clays, and silty sands.

The friction and cohesiveness of the stone mass, the friction
of the soil around the column, the elasticity or hardness of
the foundation that transfers pressure to the improved
ground, and the volume of lateral pressure around the soil
mass and on both sides of the stone column as a result of
the interaction between the various components in the
system all contribute to the strength of the bearing of the
stone column.

The negative ground pressure resulting from the stone
column's bulging and its improved resistance to lateral

column's axial capacity. Many researchers first proposed
the theory of load transfer, estimating the final bearing
capacity and predicting the stability of the stone column

[1].

It is unclear how frequently loading affects the behaviour
of soft clay. According to some published research, when
the frequency of cyclic loading decreases, there is an
increase in both the accumulated pore pressure and the
shear strain caused by the loading [2, 3]. The stress level on
the surrounding soil will reduce due to the stone column's
presence, increasing the overall load carrying capability [4,
5, 6].

Mok et al. [7] used a cross-hole test based on S-wave to
examine the deformation of a stone column and verify its
integrity. A primary distinction is the application of S-
wave, which is typically quantified using an S-wave
recorder. The other important point is that recalculating the
column dimensions requires knowing the velocity of the s-
wave of the column aggregation (V a profile). The angle of
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internal friction and the earth pressure coefficient at the rest
of the column aggregates can be used to examine velocity
records. Luckily, the ambiguity in the velocity record
makes estimating the column diameter extremely
challenging. The technique can help detect bottleneck
defects and defects like gourd in the shape of the stone
column.

Ashour [8] studied the behavior of stone columns when
exposed to cyclic loading. The soil was bred to generate
harsh sandy pores. The effect of cyclic pressures and
loading frequency on permanent deformation was
examined. It was found that the dynamic pressure on the
soil threshold for cyclical loading increases with the
provision of stone columns.

Three-dimensional (3-D) Finite Element (FE) analysis was
adopted by Tang et al. [9] to model a centrifuge test on the
decrease of silty sand layer liquefaction potential by the use
of stone column SC method. The silty sand layer's and SC's
predicted responses were fairly close to the findings in the
lab. Along with the shear stress distributions and shear
stress drops, an examination was conducted of the total site-
stiffening influences resulting from the installation of SCs.
The impact of the surface load at the SC area and the
hydraulic conductivity of SC on the liquefaction decrease
activity was investigated using parametric research. The
results demonstrated that the behavior of the SCs is in a
combined shear and flexure mode. Furthermore, SCs with
hydraulic conductivity above a certain threshold can
significantly reduce the liquefaction risk.

By employing direct shear testing, Govind and
Chandrakaran [10] investigated the increase in lateral load-
carrying capability of soils reinforced with geosynthetic
encased stone column in comparison to the soil supported
by regular stone column. The findings demonstrated that
the diameter of the stone shaft and the size of the stone
utilized determine the shear stress and the angle of internal
friction. It was discovered that when the regular stone
column was swapped out for an encased stone column,
there was an increase in shear stress and the angle of
internal friction.

The impact of footing shape under cyclic stress
circumstances on clay soil was examined by Najim et al.
[11]. Square and circular locations with a defined footing
area were the most common postures employed in the
study. On cohesive soil with three undrained shear
strengths (20 kPa, 40 kPa, and 70 kPa), cyclic load testing
was carried out. In order to examine the effects of
foundation depths on sediment change, total vertical stress,
and two loading rates (3 mm / sec and 6 mm / sec), two
depths were combined for the foundation: 5 cm and the
surface. The transmitted total vertical stress increased as the
loading rate of soft, medium clay increased, according to
the results.

The current work is the second stage of the research
conducted by Raheem et al. [12]. It aims to comprehend

how soft soil reinforced with stone columns reacts to an
earthquake load applied dynamically. Under various
circumstances, geogrid-encased stone columns (GESC) and
regular stone columns (OSC) were employed. In order to
comprehend the strain mechanism, the current study
focuses on the lateral dynamic response of foundations on
soft soil under seismic stress (during vibration), the
dynamic reaction of the stone column to lateral shaking,
and the interaction of soil and structure.

2. Experimental Work

2.1 Soil used

Clayey soil was chosen from an area in Iraq south of the
city of Baghdad. To ascertain the qualities of the soil,
multiple laboratory studies have been conducted. Specific
gravity in accordance with ASTM D854 [13] requirements,
Atterberg limits (liquid and plastic limits) in accordance
with ASTM D4318 [14], and grain size distribution (sieve
analysis and hydrometer tests) in accordance with ASTM
D422 [15] specifications are some of the studies that fall
under above. According to the findings, the soil was made
up of 22% silt, 75% clay, and 3% sand. The soil is
categorized as CL type by the USCS. The soil's chemical
and physical characteristics are presented in Table 1. Fig. 1
displays the grain size distribution of the clayey soil that
was utilized.

Table 1: Clay soils' chemical and physical characteristics.

Properties Account
(Liquid limit) % 44
(Plastic limit) % 22
(Plasticity index) % 22
(Specific gravity) 2.7
(Sand) % 3
(Silt) % 22
(Clay) % 75
(Maximum dry unit weight) kN/m? 17.3
(Optimum moisture content) % 17
SO; % 0.58
Gypsum content % 1.24
pH 9.02
T.D.S. 1.69
sand I silt I clay
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Fig. 1: Grain size distribution of the soil particles.
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2.2 Broken stone

The broken stone came from a certain stone business that
crushed big stones. The angular, white stone granules are
shaped as such. In compliance with Al-Sheikhly's [16]
recommendations, crushed stone with a grain size of
approximately 1/7 to 1/9 of the stone columns' diameter
was selected. The ASTM C128-04a [17] states that the
specific gravity is 2.62, the dry unit weight is 15.5 kN/m?,
and the particle sizes range from 4 to 10 mm.

3. Preparation of Model Tests

3.1 Preparation of soil

The shear strength diversity of the clay soil must be
measured against the time after mixing with various
moisture contents before producing the soil layer in the
container. As a result, six samples with various moisture
concentrations were made separately. Every component is
layered five times inside a CBR mold. To release the
trapped air in each stratum, a different hammer was
utilized. The samples were then sealed with polythene
sheets and left for a period of seven days. Every day, the
undrained shear strength was measured using a portable
vane shear device. As seen in Fig. 2, these experiments
allow the soil to rest for a while in order to regain strength
following the mixing procedure. The time effect and soil
shear strength both diminish with increasing water content.
The shear resistance variance of the soil with water content
over the next 72 hours is explained in Fig. 3.

The soil is placed in a container with an undrained shear
strength of 15 kN/m2, or 30% water content, in accordance
with the conclusion drawn from Figure 3. Additionally, the
soil was prepared with an undrained shear strength of 25
kPa, which corresponds to the produced container's 28%
water content. 500 kg of soil were divided into 20 kg
groups for the soil preparation process; water was added to
each group to achieve the desired consistency. For a full
day, moist mixed soil is packed into plastic bags.

Subsequently, five dirt layers have been stacked inside an
800 x 800 x 1000 mm steel container; each layer is lightly
pounded with a 50 x 100 mm wooden hammer. As
recommended by Fattah et al. [18], the soil was allowed to
recover its strength between 15 and 25 kPa over the course
of three days.
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Fig. 2: Relationship of the undrained shear strength for
time.
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Fig. 3: Variation of the undrained shear strength with water
content after 3- day curing.

3. 2 Composition of the stone columns

Following the preparation of the earth bed, the stone
columns' construction process begins. The stone column's
depth, with L = 400 mm and D = 50 mm, is equal to (L / D
= 8). A particular depth was reached by pushing down the
earth using a (50 mm) outside diameter (PVC) tube. The
procedure for installing a stone column is depicted in Fig.
4. A (hand drill), made specifically for this purpose, is used
to remove the soil from the inside of the tube. The PVC
pipe was then carefully taken out. To achieve a density of
15.5 kN/m?, the stone is placed in five layers, each of which
is piled by a rod with a 44 mm diameter.

Fig. 4: The process of stone column installation.

3. 3 Composition of the (encased-stone column)

The process of creating geogrid pipes involves shaping and
sewing the geogrid mesh roll using nylon threads along a
coated stone column that has a diameter of 48 mm and a
length of L/D = 8. After the earth layer was ready, the
construction process for the stone column encased in
geogrid started. There is a holy plastic tube that has an
exterior diameter of 50 mm. One inserts the plastic tube
into the ground. The soil inside the plastic tubes is removed
using a manual auger. Next, a PVC tube is used to insert it
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into the tube geogrid stone column hole. A rod is used to
build each layer of stone to give the final product a dry unit
weight of 15.5 kN/m®. Fig. 5 displays the procedure of
building the encased stone-column.

Fig. 5: Steps of geogrid encased stone column installation.
3.4 Application of loads on the footing

The theoretical ultimate bearing capacity of the footing was
determined based on the following variables: depth of
foundation, breadth of foundation, undrained shear
strength, and shape of foundation. This allowed for the
selection of the value of the imposed load on the footing
model. Based on Hansen equation [19, 20] (Hansen, 1970;
Bowles, 1996), the following calculations were performed
for a soft clay soil with safety factor 3 and shear resistance
(16) kPa:

qui= ¢. Nc .Sc. dc. ic. gc. bc + q. Ng. Sq. dq. ig. gq. bq +
0.5 g.B. Ny.Sy.dy.iy. gy. by (1
where:

quit = ultimate bearing capacity,

¢ = cohesion of soil,

q = surcharge (y Df),

D¢ = depth of the footing,

Nc, Nq and Ny = bearing capacity factors,

B = width of foundation,

v = soil unit weight,

Sc, Sq, Sy = shape factors,

dc, dq, dy = factors of depth,

ic, iq, iy = factors of inclination,

gc, gq, gy = factors of ground, and

bc , bq, by = factors of base.

For the soil used in this study, the value of (f) is equal to 0
(cohesive soil) so the above equation becomes:

Quie=5.14 cu (1+ st de - ie —be — ge) + q ()

A square steel foundation is used for dimensions (0.75 mm
x 0.75 mm) and 20 mm thickness in the center of the base
area.

4. Design and Manufacturing of the Model
(Model of Shaking Table)

Using a shaking table is one of the methods that may be
used to replicate the excitation and loading of an
earthquake in a lab setting. A vital piece of lab equipment
for simulating loading during dynamic excitation, such as
an earthquake, is the shaking table. There are various types
of loadings, such as random, harmonic, and genuine
seismic motion. One of the simplest and least expensive
methods is the shaking table; it can replicate any kind of
dynamic loading and be connected to any PC program or
software.

In this study, dynamic motion of a harmonic form at
various frequencies is the input motion produced by the
shaking table. As seen in Fig. 6, the shaking table device is
primarily composed of four parts:

e  Shaking table base.
e  Electrical motor and Ac-drive.
e  Steel container.

e Damping system.

< Steel box

Pneumatic jack

system

\

Electrical motor

Shaking table base

Fig. 6: Shaking table setup.
5. Steps Model Tests

Typical tests were conducted with a stone column on
enhanced natural soil. For soft clay soils, a total of eighteen
dynamic load test models comprising two series were
conducted with varying shear strengths. To estimate the
limits of the dynamic load of foundations in soft (untreated)
soils susceptible to seismic stress (during vibrations), six
models were tested. Three frequencies (0.5, 1 and 2 Hz) for
the device were used to test the models. Similarly, twelve
foundation models with three distinct frequency ranges
(0.5, 1, and 2 Hz) of the apparatus were evaluated to treat
soft soils under dynamic loads on regular and enclosed
stone columns. The base is placed with dimensions (75 x 75
mm) on the surface of the soft soil model that has not been
treated and the soil model that has been treated with regular
and geogrid-encased columns. The maximum permitted
static load on the footing initially loads the footing.
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Using a time-off-light sensor (LVDT) under earthquake
stress, the foundation's horizontal displacement has been
measured (during shaking). It is feasible to think of the
system as a tiny lidar system because flight sensor
technology was utilized to precisely measure the amount of
time it takes for pulses of infrared laser light to reach the
closest object and be reflected back to the detector, as
shown in Fig. 7.

Under seismic load (during vibrations), the horizontal stress
of the regular and encased stone column was measured
using the pressure cell sensors depicted in Figure 8. To
directly monitor the pressure on the stone column wall, the
incredibly flexible A201TEKSCAN flexible pressure
sensors with a 1500 kPa flexi-force sensor capability were
employed. Three pressure sensors were employed; as
illustrated in Fig. 7, the first sensor was positioned one-
third the depth of the stone column, the second one-third
the length of the stone column on the opposite side of the
first sensor, and the third one-half the length of the stone
column below the first sensor. With pressure sensor
measurements of 0.203 mm thick, 14 mm broad, and 9.53
mm in area, a comparatively high number of sensors could
be installed from the wall due to their size and thickness.

Sensingl
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Fig. 7: Dimensions and shape of the sensor used.

Fig. 8: Model testing procedure.

6. Results and Illustrations

The relationship between the horizontal stresses recorded at
various soil column levels and time for footings on regular
and encased stone columns built in soft clay with cu = 15
kPa and 25 kPa at various frequencies (0.5, 1 and 2 Hz) is
depicted in Figs. 9 to 20.

Under varying frequencies and with cu = 15 and 25 kPa, the
stress values at half the depth of the stone column are larger
than those at the third depth of the stone column in both the
ordinary and encased cases. Because of the shaking, the
consequent pressure variation is visible along the typical
stone column. At both the 15 and 25 kPa undrained shear
strengths of soft clay, the stress values declined with
frequency. However, in the instance of the encased stone
column, the resulting pressure fluctuation grew in value at 15
kPa of undrained soft clay shear strength with increasing
frequency. The values of the maximum horizontal stress
along the stone column at two depths are recorded in Table 2.
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Fig. 9: Horizontal stresses — time relationship of model
footing on ordinary stone column under 0.5 Hz frequency,
cu= 15 kPa.
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Fig. 10: Horizontal stresses — time relationship of model
footing on ordinary stone column under 1 Hz frequency,
cu= 15 kPa.
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Fig. 11: Horizontal stresses — time relationship of model
footing on ordinary stone column under 2 Hz frequency,

cu= 15 kPa.
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Figure 12. Horizontal stresses — time relationship of model
footing on geogrid encased stone column under 0.5 Hz

frequency, cu= 15 kPa.
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Fig. 13: Horizontal stresses — time relationship of model
footing on geogrid encased stone column under 1 Hz

frequency, cu= 15 kPa.

o
S

] e T
—at depth H/3
===t depth H2

2

L

4
8

Stress (kPa)
g

=)
=

8

o et it

0 200 400 600 800 1000 1200 1400
Time (sec)

Fig. 14: Horizontal stresses — time relationship of model
footing on geogrid encased stone column under 2 Hz
frequency, cu= 15 kPa.

140

120

=

-

?

Stress (Kpa)

-
=

s at dep vﬂ(’
2t depth H/3 (side2)
2t depth H

[
=

=3

0 200 400 600 800 1000 1200 1400
Time (sec)

Fig. 15: Horizontal stresses — time relationship of model
footing on ordinary stone column under 0.5 Hz frequency,
cu=25 kPa.
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Fig. 16: Horizontal stresses — time relationship of model
footing on ordinary stone column under 1 Hz frequency,
cu=25 kPa.
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Fig. 17: Horizontal stresses — time relationship of model
footing on ordinary stone column under 2 Hz frequency,
cu=25 kPa.
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Fig. 18: Horizontal stresses — time relationship of model
footing on geogrid encased stone column under 0.5 Hz
frequency, cu= 25 kPa.
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Fig. 19: Horizontal stresses — time relationship of model
footing on geogrid encased stone column under 1 Hz
frequency, cu= 25 kPa.
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Fig. 20: Horizontal stresses — time relationship of model
footing on geogrid encased stone column under 2 Hz
frequency, cu= 25.

Returning to Figs. 9 to 20 and Table 2, we can see that
when the frequency of the model footing on regular stone
columns rises, the horizontal stresses in the soft clay with
undrained shear strength (15 and 25) kPa decrease in value.
For example, at a depth of one third the length of an
average stone column, the amount of horizontal stress drops
in proportion of (13.5) % when the frequency is increased
from (0.5-1) Hz in the soil with a resistance amount of 15
kPa. Furthermore, the amount of horizontal tension reduces
by roughly (39.9) % at the same depth when the frequency
is increased from (0.5-2) Hz.

Furthermore, at a depth of half the length of an average
stone column, the amount of horizontal stress reduces in
proportion by (4.9) % when the frequency is increased from
(0.5-1) Hz in the soil with a resistance amount of 15 kPa.
Furthermore, the amount of horizontal tension reduces by
about (27.1) % at the same depth when the frequency is
increased from (0.5-2) Hz.

It is evident that when the clay soil's undrained shear
strength was increased from 15 to - 25 kPa, the values of
lateral stress reduced. For instance, the horizontal stress at a
depth of 1/3H in the case of undrained shear strength 15 is
approximately 21.5% more than the horizontal stress in the
case of undrained shear strength 25 at a frequency of 0.5 Hz
of model footing on regular stone columns. In certain
experiments, raising the soil's strength from (15-25) kPa by
around 5.9% of the model footing on regular stone columns
results in an increase in the horizontal stress at a depth of
1/2H at a frequency of 0.5 Hz.

It is observed that the model on soil treated with a geogrid-
encased stone column has a higher value of horizontal
stress than the model on soil treated with an ordinary stone
column. In certain experiments, the model for soil treated
with a regular stone column exhibits higher values of
horizontal stresses than the model for soil treated with a
stone column encased in geogrid. For instance, at a depth of
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1/3H, the horizontal stress values in the model footing on
soil treated with OSC reduce by approximately 74.9%
compared to the model on soil treated with GESC at a
frequency of 0.5 Hz and an undrained shear strength of 15k
Pa. The horizontal stress readings for the GESC treated soil
model are approximately (21.6%) higher than the OSC
treated soil model at a depth of 1/3 h at 2 Hz and an
undrained shear strength of 15 kPa. Stated otherwise, when
the soil treated with OSC experiences an increase in
frequency, the horizontal frequency falls, and when the soil
treated with GESC experiences an increase in frequency at
a depth of 1/3 hour, the horizontal frequency increases.

Table 2: Maximum horizontal stresses of the model
footings at varied frequencies and undrained shear strengths
of soft clay handled with regular and enclosed stone
columns.

Max horizontal stress (kPa)
[Undrained Soil type
shear Depth |Ordinary stone-columaneogrid encased stone-column
strength Frequency, Hz
(cu), kPa 05 [ 1 2 0.5 1 2
H/3 [76.53 6621 | 45.96 | --=--= | === | —--e-
15 H/3 | 78.63|69.70 | 61.88 | 19.76 27.16 78.91
H/2 |123.09|117.11| 89.75 | 37.61 54.59 | 506.85
H/3 ] 60.09 | 55.69 | 37.35| 84.00 60.36 60.46
25 H/3 ] 66.52 | 65.62|42.28 | 91.69 71.48 68.66
H/2 [130.74]114.49|100.94| 179.85 | 146.59 | 109.43

7. Conclusions

1. Model footings on clay treated with ordinary stone
columns fail only under 2 Hz frequency while no failure
was recorded for model footings on clay treated with
geogrid encased stone columns.

2. Under various frequencies, in both the conventional and
encased cases, and with cu = 15 and 25 kPa, the stress
values at half the depth of the stone column are larger than
those at its third.

3. By raising the clay soil's undrained shear strength from
15 to 25 kPa, the values of lateral stress on the stone
column dropped.

4. Compared to the model on soil treated with a stone
column encased in geogrid, the horizontal stress is smaller
in the soil treated with the regular stone column.
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