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This paper investigates the loading behavior and soil-structure interaction associated with a floating stone column under rigid
foundation by using the discrete element method (DEM). The aggregates and soft soil are simulated by particles with different
sizes. The rigid foundation is simulated by two loading plates at the same position with the same velocity. The stress
distributions and microscopic interaction between the column and soft soil are investigated. The vertical stress of the column
increases with settlement and decreases with the depth. The position of the column with large radial stress also has large
deformation, which decreases from top to bottom. The vertical and radial stresses of the soft soil increase with settlement, and
the radial stress shows high value in the upper part of soft soil. The stress concentration ratio is obtained by two loading
plates, which decreases from 2.5 to 1.55 during loading. The interaction between column and soft soil shows that the column

does not penetrate into the underlying stratum but drags the surrounding soil down.

1. Introduction

Stone columns have been proved to be effective, economical,
and environment friendly to improve the soft soils [1, 2].
They can increase bearing capacity, reduce final and differen-
tial settlement, accelerate soil consolidation, improve slope
stability, and decrease liquefaction potential [3-5]. Since this
technique was first recorded in 1839 in Bayonne (France), it
has been widely used around the world [6-8]. Numerous
studies have been done to reveal the engineering characteris-
tics of stone column-improved soft soils, especially in recent
decades.

Based on one-dimensional (1D) consolidation theory by
Terzaghi and ideal drain well solution by Barron, many ana-
Iytical, semianalytical solutions of soft clay with stone col-
umn have been obtained. Most of them considered pore
water pressure and time factor, derived consolidation equa-
tions under various geological states and boundary condi-
tions. The average degree of consolidation can be well
predicted by using the solutions [9-15].

Field monitoring can get the settlement and deformation
of structure; the data can be used to reliably analyze settle-
ment and bearing capacity of stone columns in soft clay. In
situ monitoring generally lasts for several years, even more
than ten years, which is time-consuming and uneconomical
[1, 2]. Laboratory tests can overcome those disadvantages,
which simulate field structure in small scale. Experimental
study on behavior of stone column can be carried out by var-
ious parameters like shear strength of soft clay, loading con-
ditions, and diameter and spacing of stone columns [16-21].
Obvious bulging deformation can be observed when only
pile is loaded; the maximum bulging location is 0.5 times
the column diameter from the top [20]. No significant bulg-
ing is seen when the load is applied to the entire model tank
area [20, 21].

The finite element method (FEM) is widely used to ana-
lyze the behavior of stone columns. It is assumed that stone
column is isotropic and continuous, and part of the model is
usually taken as research object due to the axial symmetry
[22-30]. Some studies convert individual stone columns to
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FI1GURE 1: Layout of stone columns.

column walls using plane strain analysis. The results coin-
cide with equivalent area method in long-term conditions
[26]. The computational efficiency of FEM is relatively high,
but its results mainly focus on the macroscopic level of
model.

DEM-FDM is a coupled numerical modeling scheme.
Isolated stone column can be simulated by DEM, and sur-
rounding soil is simulated by FDM with Mohr-Coulomb
yield criterion. Many studies using this method have been
done to understand the behavior of stone columns and sur-
rounding soils [31-35]. It is found that the failure mode of
isolated stone column in soft clay is related to soil elastic
modulus and soil cohesion [31]. The force and displacement
between stone column and soil are transferred by a series of
walls, which cannot be captured directly.

The DEM is widely used in geotechnical engineering,
such as slopes, embankments, roads, and rocks [36-46]. In
geotechnical engineering, DEM can simulate the disconti-
nuity of soil and rock and reveal the microscopic failure
mechanism. Wang et al. [40] have used DEM to study
the effects of confining pressure and load path on defor-
mation and strength of cohesive granular materials. Yu
et al. [42] have investigated the failure mechanism of
sandstones under different bedding angles and osmotic
pressures by DEM. DEM is an effective simulation method
because of the granularity of stone column aggregate; it
can simulate microscopic response of granular materials.
Gu et al. built a 3D DEM model for an end-bearing stone
column in soft clay, and the stone column and surround-
ing soil were simulated by DEM. They analyzed the stress
and deformation of an isolated stone column under load
[47]. However, in practice, stone columns do not always
penetrate the soft soil layer and sit on a hard bearing layer
[19, 21]. Stone columns are ordinary installed under rigid
foundation or uniform distributed load [22]. Until now,
according to the author’s knowledge, there is no DEM
research on the stress and deformation of floating stone
column under rigid foundation.

In this study, a 3D model for floating stone column in
soft clay is built, and the model is loaded uniformly on the

TaBLE 1: Microscopic properties of aggregate.

Parameter Value
Particle density (g/cm”) 2.65
Coeflicient of particle friction 0.8
Particle normal stiffness (N/m) 6.0 x 107
Particle shear stiffness (N/m) 1.0x 107
Contact bond normal strength (N) 130
Contact bond shear strength (N) 130

TaBLE 2: Microscopic properties of soil particles in the top layer.

Parameter Value
Particle density (g/cm’) 2.65
Coefficient of particle friction 0.25
Particle normal stiffness (N/m) 4.0x10*
Particle shear stiffness (N/m) 4.0x10*
Contact bond normal strength (N) 32
Contact bond shear strength (N) 32

top. The vertical and radial stress of the column and the soft
soil, the porosity, coordination number and deformation of
the column, the stress concentration ratio, and the
column-soil interaction are analyzed.

2. Numerical Simulation

2.1. Unit Cell. Stone columns are usually arrayed in trian-
gular or square as depicted in Figure 1. Thus, the part of
column and surrounding soil is a hexagon (Figure 1(a))
or square (Figure 1(b)). Due to axial symmetry conditions,
the hexagon or square can be transformed into a circle (cyl-
inder) with the same area. The diameter of unit cell is 2r, =
1.05-1.13s, for triangular and square form, respectively,
where s, is the distance from center to center between
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FIGURE 2: 3D model for unit cell of a floating stone column in soft clay.

columns, r_ is the radius of the column, and r, is the replace-
ment radius of the column.

2.2. Parameter Selection. The DEM software, three-
dimensional particle flow code (PFC3D, version 5.0), is
applied in this study. PFC is a mature business software of
Itasca company. The displacements and contact forces of
each particle are calculated by Newton’s second law.

The linear contact bond model is used in this study to
simulate the aggregate and the soft clay. The parameters of
aggregates and soil particles are shown in Tables 1 and 2,
which have been validated by Gu. In the Gibson soil model,
the undrained shear strength of soft clay increases with
depth. According to Han’s suggestion, the undrained shear
strength of soft clay can be calculated [48]:

7,=c+0.25y'z, (1)

where ¢ is the cohesion of soft clay and y' is the effective spe-
cific weight of soft clay. The contact-bond strength of the
lower six layers was 3.40N, 3.65N, 3.95N, 420N, 4.55N,
and 4.90 N, respectively.

2.3. DEM Model of a Floating Stone Column under Rigid
Foundation. A 3D DEM model is built to simulate a floating
stone column under rigid foundation. Figure 2 shows the
unit cell for a floating stone column in soft clay. In order
to effectively simulate stone column-soil interaction and
improve the calculation efficiency, the diameter and height
of the model are set as 800 mm and 1500 mm, respectively.

Measurement
sphere ID = 8

Side
boundary
n—

T T T =
0 180 280 350
Y

FIGURE 3: Position of measurement spheres within the model.
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FiGure 5: Radial stresses of stone column under different
settlements.

The bottom slab of the model is fixed. The friction coeffi-
cient of side boundary is set as 0 to reduce the influence of
the boundary on the model. The diameter of stone column
is 260mm, and the length is 1000 mm. The diameter of
aggregates ranges from 30 to 50. Aggregates with a diameter
of 30 to 40 mm make up 40% of the stone column, and
aggregates with a diameter of 40-50 mm make up 60%. The
porosity of stone column is 0.37. The area replacement ratio
is 10.56%, between 10 and 35% [7].

Geofluids
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Due to the irregular shape of soil particles and the influ-
ence of mineral component, the microscopic interaction of
soil particles is very complex [49, 50]. DEM is difficult to
simulate clayey soil accurately. This study makes some sim-
plifications, ignores some properties, and focuses on the
cohesive features of soft clay. The soft clay is simulated by
linear contact bond model. The diameter of soil particles
ranges from 18 to 20mm. A total of 117930 particles are
generated to simulate soft clay around and beneath the stone
column. For clear display, the soil particles are divided into
two groups, the soil around stone column and the
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FiGure 8: Continued.
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(e) s=120mm

(f) s=150 mm

FIGURE 8: Deformation of the column during loading.

underlying stratum, which are shown in different colors. The
initial porosity of soft clay is 0.4.

A circular plate and an annular plate are generated as
loading plates. The two loading plates are rigid and will
not be deformed during the loading process. The diameter
of the circular plate is 260 mm. The inner diameter of the
annular is 260 mm and the outer diameter is 800 mm. The
two loading plates move down simultaneously to obtain an
initial pressure of 5.0kPa. Under the initial pressure, the
particles of stone column and soil reach a certain compac-
tion state. The displacement control method is used in the
loading process. During the loading process, the two loading
plates simultaneously move downward at a uniform speed of
0.008 m/s. This speed is small enough to ensure that the
model remains quasistatic during loading. The ratio of the
maximum unbalanced force to the maximum contact force
is less than 0.003.

The parameter variation of aggregates and soft clay
during loading can be monitored by measurement spheres.
Figure 3 shows the location of measurement spheres within
the model. There are fourteen measurement spheres of
260 mm diameter along the stone column to the bottom slab.
These measurement spheres (ID from 1 to 14) overlapped
each other, allowing for more intensive monitoring of data.
Forty-two measurement spheres (ID from 15 to 56) are gen-
erated to monitor the surrounding soft soil at different posi-
tion. The diameter of these measurement spheres is 100 mm.

3. Results

3.1. Stresses and Deformation of the Stone Column. The mea-
surement sphere provided by PFC3D 5.0 can effectively
obtain the stress and deformation changes of the column

and soil clay during loading. Because the medium is discrete,
stress cannot be obtained directly. The average stress in a
measurement sphere can be computed:

1
6=——Y F9eLl, 2

c

where 0 is the average stress in the measurement sphere, V'
is the volume of the measurement sphere, N is the number
of contacts in the measurement sphere or on the boundary,
F() is the contact force vector, L() is the branch vector join-
ing the centroids of the two particles in contact, and ®
denotes outer product.

3.1.1. Vertical and Radial Stresses. Figure 4 shows the distri-
bution of vertical stress along the stone column under differ-
ent settlements. On the whole, the vertical stress increases
with the increase of settlement. When the settlement is more
than 1000 mm, the stress on the top of stone column
decreases significantly. This is because the horizontal con-
straint of the aggregates on the top of column is small, and
the effective volume of the measurement sphere (ID = 14)
is decreasing due to the increase of settlement. The vertical
stress firstly increases and then decreases along the stone
column, which means that the vertical load is transferred
from the column to the surrounding soil. At the beginning,
the maximum stress is about at the 200mm below the
column top; with the increase of settlement, it gradually
moves down to 500 mm. The vertical load on the column
is transferred downward, but not to the bottom of the
column.
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FIGURE 9: Vertical stresses of the soft soil: (a) 180 mm, (b) 280 mm, and (c) 350 mm away from the center of the column.

Figure 5 shows the distribution of radial stresses along
the stone column under different settlements. As shown in
the figure, the maximum radial stress occurs within the
range of 400 mm below the column top. With the increase
of settlement, the radial stress also increases, but the affected
area does not increase.

3.1.2. Porosity Change. The change of porosity is an impor-
tant index of stone column. It can reflect the change of rel-
ative density of the column during loading. However, the
exact variation of porosity is difficult to obtain in laboratory

and field tests. The measurement sphere in PFC can easily
measure the change of porosity with time. Porosity is the
ratio of the volume of the void in the measurement sphere
to the volume of the whole measurement sphere. Four mea-
surement spheres are selected at the model heights of
700 mm, 900 mm, 1100 mm, and 1300 mm. The four posi-
tions correspond to 200mm, 400mm, 600mm, and
800 mm in the column, respectively.

Figure 6 shows the porosity changes of the column
during loading. The initial porosity of stone column is
0.37, which increases to 0.425 immediately after the initial
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pressure is applied. As the load continues to increase, the
porosity of the three lower positions changes little and is
basically stable between 0.41 and 0.42. The porosity of
the upper position is stable at about 0.42, when settlement
is less than 750 mm. When the settlement is greater than
700, the porosity increases with the increase of settlement.
This indicates that when the settlement is less than
750 mm, the aggregates of the column are relatively dense.
As the load continues to increase, the lower part of the
column remains stable, and the upper part shows sign of
failure.

3.1.3. Coordination Number. The coordination number is
the average number of active contacts for each particle in a
measurement sphere and is computed as

_ ZN,, ”gb)

C
n Nh

, (3)
where C, is coordination number, N, is the number of par-

ticles with centroids in the measurement sphere, and n is
the number of active contacts of particle b.
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The coordination number can be used to estimate the
particle movement of the column. Four measurement
spheres at the model heights of 700 mm, 900 mm, 1100 mm,
and 1300 mm are selected. The four positions correspond to
200 mm, 400 mm, 600 mm, and 800 mm in the column,
respectively. Figure 7 shows the coordination number in
the column during loading. After the initial pressure was
applied, the coordination number at the heights of 700 mm,
900 mm, 1100 mm, and 1300 mm was 4.9, 4.7, 4.5, and 4.0.
As the load gradually increases, the coordination number of
the four positions has some fluctuations, but the coordina-
tion number increases in general, which means that the
aggregates became denser. At the end of loading, the coordi-
nation number at the height of 700 mm, 900 mm, 1100 mm,
and 1300 mm was 4.7, 4.6, 4.3, and 3.8. The aggregates at
the upper part of the column have a small coordination num-
ber, which also mean that the aggregates are relatively loose.
This is consistent with the result of porosity.

3.1.4. Deformation. The deformation of the column can
reflect the failure mode intuitively. However, it is difficult
to monitor the deformation process of stone column under
load in laboratory test and in situ engineering practice.
Numerical simulation can overcome this disadvantage and
conveniently obtain the deformation of column under vari-
ous loads. PFC 3D obtained the deformation of the column
during loading, as shown in Figure 8. Under the action of
load, the column is constantly compressed and expanded.
Expansion becomes smaller from top to bottom. The defor-
mation of the upper part of the column is large, and the
radial stress is also large, which shows a certain positive
correlation. When the settlement reaches 1500 mm, the
shape of the column is close to the frustum of a cone. The
results of the PFC numerical simulation are similar to those
of the experiments [20, 21]. Wang et al. [20] and Guo et al.
[21] conducted the model test of stone column under
uniform load on the entire top of model. The deformation
of stone column under rigid foundation is different from
that under load only on the column top. When the load only
applies on the column top, obvious expansion deformation
will occur below the column top [29, 33]. This difference is
related to the confined strength of the soil. When the load
is applied to both column and soil, the soil can provide
greater confined strength than when the load is applied only
to the column.

3.2. Vertical and Radial Stresses of the Soft Soil. The vertical
and radial stresses of the soft soil during loading are
obtained using measurement spheres at different positions.
Figure 9 shows the vertical stresses of the soft soil 180 mm,
280 mm, and 350 mm away from the center of the column.
Figure 9(a) shows that the vertical stress fluctuates along
the depth direction. This is because the soil in this area is
close to the column and is greatly affected by the deforma-
tion of the column. The vertical stress distributions of the
soft soil are relatively regular in Figures 9(b) and 9(c). The
vertical stresses in Figure 9 all increase with the increase of
load. At the same position away from the center of the
column, the vertical stress decreases with the increase of

3.0

2.5+

2.0 4

Stress concentration ratio

1.5 4

1.0 4 T T T T T T T T T
0 30 60 90 120 150

Settlement (mm)

FiGURE 11: Stress concentration ratio with settlement.

the depth. As the loading plate gradually moves down, the
volume of the measurement sphere at the top gradually
decreases, so the stress measured by the measurement sphere
at the top also decreases.

Figure 10 shows the radial stresses of the soft soil
180 mm, 280 mm, and 350 mm away from the center of the
column. Figures 10(a) and 10(c) show that the radial stress
of the upper part of the soil is relatively large. Figure 10(b)
shows that the radial stress fluctuation of the soil in the mid-
dle is large, but the value of radial stress is small. At the
height of 500 mm, that is, the position of column foot, the
radial stress increases significantly.

The distribution of vertical and radial stress of the soft
soil under rigid foundation is different from that load only
on the column top. When load is only on the column top,
the vertical stress increases along the depth, and the radial
stress in the upper soil near the side boundary is large [47].

3.3. Column-Soil Interaction

3.3.1. Stress Concentration Ratio. The stress concentration
ratio is an important parameter in geotechnical engineering,
which reflects the load sharing between column and soil. In
this study, a circular loading plate and an annular loading
plate are generated to record the load on the column and
soil, respectively. The stress concentration ratio can be
obtained by calculating the recorded load. Figure 11 shows
that the stress concentration ratio decreases with the
increase of settlement. After the initial pressure applied,
the stress concentration ratio reaches the maximum of 2.5.
This is because the column had higher stiffness than the sur-
rounding soil and carried more load. With the gradual
increase of load, the settlement becomes larger, and the
stress is transferred from the column to soil. When settle-
ment reached 150mm, the stress concentration ratio is
1.55. The results in this study are in the range of 2 to 4,
which is consistent with other’s literature [10, 26]. In Zhang
et al.’s article, the typical stress concentration ratio of a stone
column-improved ground under rigid foundation is 2 to 4
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[26]. When the settlement is greater than 90 mm, the stress
concentration ratio is less than 2. This is due to the expan-
sion of the column top; the circular loading plate cannot
record accurately. The stress concentration ratio at the later
stage of loading is an approximate value.

3.3.2. Deformation of Column and Soil at the Bottom of
Column. PFC has the advantage to monitor the movement

of particles under load. Each particle can be divided into dif-
ferent groups before loading. Therefore, the trajectory of
particles can be clearly seen during loading. In this study,
as shown in Figure 2 the particles of soft clay are divided into
two groups with different colors. The soil with yellow is the
same height as the column. Figure 12 shows the deformation
of column and soil at the bottom of column under different
settlements. With the increase of load, the deformation of
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column and soil becomes larger, and the protrusion is more
obvious. When the settlement reaches 150 mm, the protru-
sion is close to cone. The column does not penetrate into
the underlying stratum, and the column has a drag effect
on the surrounding soil. In other words, the column and
surrounding soil deform cooperatively, showing certain
integrity. This is related to the large coefficient of friction
between column and soil. The stress is transmitted from
inside to outside through the column to the surrounding
soil, thus making the protrusion to cone shape.

4. Discussion

Although the proposed DEM model can analyze the behav-
ior of a floating stone column under rigid foundation, it still
needs to be improved in the following aspects: (1) the linear
contact model was used to simulate the soil particle for sim-
plicity; the use of PFC to simulate soft soil requires further
study; (2) the displacement-control method was adopted in
the model, and the load-control method could be developed
in further study; and (3) when the column top expanded
during loading, the loading plate on the column did not
expand simultaneously.

5. Conclusions

In this present work, a 3D DEM model of a floating stone
column under rigid foundation is established. The aggre-
gates of stone column and soft clay are simulated with par-
ticles, using the linear contact model. Two loading plates at
the same position with the same velocity are used to simulate
the rigid foundation. The stress and deformation of column
and soft clay are investigated in this study. The interaction
between column and soil is also analyzed. Based on the
numerical simulation results, the following conclusions have
been obtained:

(i) The vertical stress of the column increases with the
increase of settlement and decreases with the depth
of the column. The radial stress of the column also
increases with the settlement, but the affected area
is concentrated in the shallow section

(ii) With the settlement increasing, the porosity of the
shallow section of the column increases and the
coordination number is relatively small. This means
that the aggregates in the upper part of the column
become loose as settlement increases. The porosity
and coordination number of the lower section of
the column remain relatively stable with the
increase of settlement. Therefore, the aggregates in
the lower part remain relatively dense

(iii) Under rigid foundation, the surrounding soil can
provide great lateral strength. The expansion defor-
mation of the column decreases gradually from top
to bottom

(iv) The vertical stress of the soft clay increases with the
increase of settlement. The radial stress of the upper

11

part of soft clay is large, and at the position of col-
umn foot, the radial stress increases significantly

(v) The stress concentration ratio decreases from 2.5 to
1.55 during loading. The column does not penetrate
into the underlying stratum, and the column drags
the surrounding soil down
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