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Abstract: The ordinary (OSC) and geosynthetic-encased stone column (ESC) with different bearing
strata significantly influenced its behavior. The paper established seven models for studying the
behavior of floating stone columns using the finite difference method (FDM). The effect of geogrid
and column length on the load-settlement behavior, bulging deformation, failure mode, and load
transfer coefficient were also analyzed based on proposal models. The results showed that the
bearing capacity of F-OSCs and F-ESCs increased with the increase in column and encasement length,
respectively, and a critical length (i.e., 4D, where D was the column diameter) was found in settlement
improvement. The bulging deformation was significant in F-OSCs and was observed at the top of a
long column and the full length of a short column. The geogrid encasement could constrain the OSC
to decrease the bulging deformation. The failure mode in F-OSCs was mainly a punching failure with
bulging deformation for a short column (e.g., less than 4D), and was relative to the vertical pressure
for a long column. The failure mode in F-ESCs was a punching failure, and the punching degree
increased with an increase in encasement length. The load transfer coefficient of F-OSCs or F-ESCs
was relatively stable as the column length increased to a critical value (e.g., 4D) or the encasement
length increased to a critical value (e.g., 4D).

Keywords: floating stone column; geogrid; finite difference method; composite foundation; extensively
soft soil

1. Introduction

The stone column was widely used in geotechnics engineering to improve the weak
foundation due to the good drainage [1], mitigating liquefaction [2], and increasing bearing
capacity [3]. The geosynthetic-encased stone column (ESC) solved the insufficient lateral
confinement of ordinary stone column (OSC) because of the excellent tensile-resistant
of geosynthetic material [4–6]. Therefore, the ESC-improved foundation was favored by
researchers and extensively adopted in engineering [7–9]. The geology in actual construc-
tion was complex, and the stone column was almost impossibly supported in a hardened
stratum. Consequently, the floating ordinary (F-OSC) and geosynthetic-encased stone
column (F-ESC) began occurring, and their mechanism was investigated based on model
tests [10–12]. Moreover, the F-OSC/F-ESC constructed in some cases was found to be more
economical and practical than the end-bearing ordinary (E-OSC) or geosynthetic-encased
stone column (E-ESC). However, it was unreal to understand their mechanism comprehen-
sively by conducting substantial model tests due to the time and economic problems. The
numerical simulation was a way to overcome this problem by parameter change.

The numerical simulation could detail the pile-soil interaction, which was one of
important factor in affecting the study of underground structures [13–16]. The numerical
method was used to study the floating stone column installed in the soft layer and achieved
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good results [17–20]. Moreover, most previous studies focused on either ordinary floating
stone column [21,22] or end-bearing geosynthetic-encased stone column [23,24]. However,
there are also limited studies on the performance of F-OSC/F-ESC based on numerical
simulation. The authors [25] conducted the centrifuge tests and numerical model to
investigate the effect of basal reinforcement on the global performance of F-ESC-supported
embankments. Fattah et al. [26] estimated the bearing capacity of floating stone columns
obtained by a general equation using SPSS (Statistical Package for the Social Sciences), and
the results indicated that the area replacement ratio was the most critical factor in controlling
the bearing capacity of floating stone columns. Ng and Tan [27] proposed a factor for the
settlement improvement of floating stone columns based on the 2D finite element method
(FEM). Şahinkaya et al. [28] conducted a numerical analysis of the behavior of floating
stone columns under seismic loading and found that the bearing capacity of the column
increased with the increase in column length and diameter. Ali [29] compared the behavior
between the end-bearing and floating stone columns using PLAXIS 3D and found that
the maximum settlement decreased with increased column length. Debnath and Dey [30]
adopted the model tests and finite element method to analyze the optimum column and
encasement length of floating stone columns with a geogrid-reinforced sand bed. Thakur
et al. [31] studied the floating stone column group based on model tests and numerical
simulation and found that the bulging area appeared within two times column diameter.
The numerical method could effectively reduce the workload and compensate for the
shortcomings of the experiments. However, the complexity of the interaction mechanism
among aggregate, geosynthetic material, and surrounding soil resulted in difficulty in
understanding the behavior of floating stone columns. The deformation, load transfer
mechanisms, and failure modes were complicated for such column-reinforced foundations
and are not thoroughly understood. Therefore, further investigation of the behavior of
floating stone columns was essential for safe application in practical engineering.

In this paper, seven numerical models were developed to investigate the behavior
of F-OSC and F-ESC installed in a clay foundation. The properties of materials (e.g., soil,
aggregates, and geogrid) and interface were calibrated by numerical models or laboratory
tests, and the proposed numerical models were validated by experimental data. The
effect of geogrid and column length on the behavior of floating stone column composite
foundations was studied based on proposal models. The load-settlement behavior, bulging
deformation, failure mode, and load transfer coefficient were also analyzed.

2. Model Preparation and Validation
2.1. General

The numerical method can solve complex geotechnical problems for three-dimensional
analysis. FLAC3D (Fast Lagrangian Analysis in the Continua Software Program) was used
to establish a 3D numerical model [32]. FLAC3D was good at solving continuum problems
and analyzing the materials’ and structures’ bearing capacity and deformation. The column
and soil deformations were fully captured based on the numerical model through the node
information updated continuously. The displacements and forces were solved numerically
using FLAC3D in time. This paper totally established seven numerical models to study
the effect of encasement and column length on the behavior of floating stone columns.
The proposed numerical model was calibrated against the model test results. The load-
settlement, bulging deformation, failure mode, and load transfer coefficient were analyzed
in this paper. Table 1 summarizes the model test parameters, and the numerical model (F-
OSC6D or F-ESC6D-4D) was presented in Figure 1. For instance, F-ESC6D-4D represented
the floating geogrid-encased stone column (F-ESC) with 6D in column length and 4D in
geogrid length.
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Table 1. Summary of model test schemes.

Description
Stone Column Geogrid Model Box

Diameter (D) Length (L) Length (l) Diameter (De) Height (H)

F-OSC2D

100 mm

200 mm

-

300 mm 1000 mm

F-OSC4D 400 mm
F-OSC6D 600 mm
F-OSC8D 800 mm

F-ESC6D-2D 600 mm 200 mm
F-ESC6D-4D 600 mm 400 mm
F-ESC6D-6D 600 mm 600 mm
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Figure 1. Numerical model of F-OSC6D and F-ESC6D-4D.

The geogrid element was used to model the geogrid encasement, and the soil and stone
column was simulated as the zone element in FLAC3D. The cylindrical zone (soil and stone
column), the same size as the model tank, was first generated within the predetermined
computational area and was grouped to realize the different properties setting of soil
and stone column. The interface was introduced into the models to investigate better the
column-soil interaction in F-OSC improved foundation. Therefore, the interface or geogrid
element was built for the F-OSC or F-ESC. The cylindrical zone element center was set in
the same properties as the stone column for constructing a floating stone column with a
diameter of 100 mm. The other zone area was assigned the same properties as the soil.
The normal displacement of the side and bottom of the zone element (soil) was fixed to
zero. The vertical pressure was applied to the top of the stone column to model the actual
vertical loading. The data were recorded by writing the fish function and history command
in FLAC3D.

2.2. Soft Soil

The clay was classified according to ASTM [33] as CL and used in composite founda-
tion testing. To determine the properties of clay, the conventional triaxial test was conducted.
In the meantime, the corresponding numerical model with 38 mm in diameter and 76 mm
in height was built based on FLAC3D. The comparison between the laboratory test and
the numerical model is shown in Figure 2. The initial slope was about 0.3 MPa, which was
used in numerical model. The numerical results were consistent with the experimental
data. The properties of clay used in the numerical model are presented in Table 2.
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Figure 2. Indoor triaxial test of the clay with moisture water 36%.

Table 2. Micro-parameters of the clay in FLAC3D.

Parameter Value Parameter Value

Elastic modular 0.3 MPa Friction angle 0◦

Poisson’s ratio 0.3 Density 1900 kg/m3
Cohesion 4.06 kPa

2.3. Aggregates

The triaxial tests were carried out based on laboratory tests and numerical model.
The specimen used in testing and modeling was 150 mm in diameter and 300 mm in
height. The axial strain and deviatoric stress were measured in tests and models. The
comparison of data variation between the laboratory test, and the numerical model is
shown in Figure 3. The numerical results were consistent with the experimental data. The
properties of aggregates used in the numerical model are presented in Table 3.
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Table 3. Micro-parameters of crushed stones in FLAC3D.

Parameter Value Parameter Value

Elastic modular 9.2 MPa Friction angle 42.9◦

Poisson’s ratio 0.27 Density 1500 kg/m3

Cohesion 0 kPa

2.4. Biaxial Geogrid

The tensile test of biaxial geogrid 35 mm in width, 250 mm in length, and 1 mm in
thickness was performed based on laboratory tests and numerical models. The tensile
force and strain were recorded from the laboratory test and the numerical model, as shown
in Figure 4. The elastic modulus was calculated as the tensile stiffness divided into the
geogrid thickness. The tensile force in 2% tensile strain was 6.6 kN/m for geogrid with
cable ties. The numerical results were consistent with the experimental data. The properties
of geogrid used in the numerical model are presented in Table 4.
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Figure 4. The tensile results of the geogrid of the simulation and test.

Table 4. Micro-parameters of geogrid in FLAC3D.

Parameter Value

Elastic modulus 330 MPa
Passion’s ratio 0.33

Coupling spring cohesion (kPa) 3.2
Coupling spring friction angle (◦) 0

Coupling spring shear stiffness (N/m3) 3.2 × 104

Thickness 1 mm

2.5. Interface

The different materials or meshes were generally assigned in the interface to reflect the
slide or deformation of structures. Potyondy and Autio [34] suggested that the cohesion
and friction could be 0.8 times that of adjacent soil under rough contact. If the stiffness of
adjacent materials had a significant difference, the contact stiffness could be calculated as
ten times that of the softer material, according to the FLAC3D help document. Therefore, the
interface parameters used in the model are determined and summarized in Table 5. The
constitutive model of the interface was Mohr-Coulomb.
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Table 5. Micro-parameters of the interface in FLAC3D.

Interface Position Cohesion (kPa) Friction (◦) Shear Stiffness (N/m) Normal Stiffness (N/m)

Column side 3.2 0 3.0 × 108 3.0 × 108

Column bottom 3.2 0 1.9 × 108 1.9 × 108

2.6. Model Validation

For simplicity, the F-OSC4D and F-ESC6D-4D were selected as examples to analyze
the accuracy and reliability of the proposal numerical models. The load-settlement curves
were plotted in Figure 5, which presents the settlement variation with vertical pressure
in F-OSC4D and F-ESC6D-4D composite foundations. The settlement increased with the
increase in vertical pressure until the model failed. It was clear that good consistency
between the model tests and numerical simulations was observed in Figure 5. The results
again indicated the precision of numerical models and materials properties.
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Figure 5. Comparison of load-settlement curves between the model test and numerical simulation in
F-OSC4D and F-ESC6D-4D composite foundations.

3. Results and Discussion
3.1. Load-Settlement Behavior

Figure 6 shows the load-settlement curves of F-OSC composite foundations with
different column lengths. The ultimate bearing capacity of a column was defined as the
settlement reaching 0.2 times the diameter of the loading plate, i.e., the settlement equaled
20 mm in this paper. The settlement increased with an increase in vertical pressure in all
columns until the column reached failure. The ultimate bearing capacity of the clay bed
was 27.1 kPa at the settlement of 20 mm [12]. The F-OSC would improve the performance
of clay bed significantly, and the improvement extent was 69.74%, 91.88%, 97.42%, and
110.33% for the F-OSC2D, F-OSC4D, F-OSC6D, and F-OSC8D, respectively, compared with
clay bed without reinforcement. The ultimate bearing capacity was 46, 52, 53.5, and 57 kPa,
respectively, for the F-OSC2D, F-OSC4D, F-OSC6D, and F-OSC8D. The bearing capacity
was improved by the columns with different lengths, i.e., the bearing capacity increased
with the increase in column length. Further, there had a critical value of column length in
improving F-OSC (i.e., l = 4D). The improvement degree was 2.9% and 9.6% for F-OSC6D
and F-OSC8D, respectively, compared with F-OSC4D. There was a slight improvement in
F-OSC when the column length exceeded 4D. Generally, the effective column length was
recommended as not to exceed 10 times the column diameter [12]. Therefore, the effect
of geogrid length on the behavior of F-OSC and F-ESC was analyzed based on the 6D in
column length.
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Figure 6. Load-settlement curves of F-OSC composite foundations with different column lengths.

Figure 7 shows the load-settlement curves of F-ESC composite foundations with
different geogrid lengths. The settlement in different foundations also increased with the
progressive loading until the model failed. The ultimate bearing capacity was 70, 77.5, and
77.8 kPa, respectively, for the F-ESC6D-2D, F-ESC6D-4D, and F-ESC6D-6D. The geogrid
encasement could significantly improve F-OSC by its lateral constriction, increasing the
bearing capacity, integration, and stiffness. The improvement degree of bearing capacity
for the F-ESC6D-2D, F-ESC6D-4D, and F-ESC6D-6D was 30.84%, 44.86%, and 45.42%,
respectively, compared with F-OSC6D. The bearing capacity of F-OSC was improved by
the geogrid encasement with different lengths, i.e., the bearing capacity increased with the
increase in geogrid length. Moreover, there also was a critical value of geogrid length in
improving the bearing capacity of floating stone column (i.e., l = 4D). The improvement
degree was 10.7% and 11.1% for F-ESC6D-4D and F-ESC6D-6D, respectively, compared
with F-ESC6D-2D. The encasement length once exceeded this critical value meaning that
the bearing capacity of F-ESC6D had a slight variation. Therefore, partial encasement (e.g.,
4D) was recommended to improve the performance of F-OSC with an appropriate column
length (e.g., 6D). Moreover, the effective length of the encasement was 3-4 times the column
diameter suggested by Gu, et al. [35] based on model tests. The results from the numerical
model in this paper were consistent with Gu, et al. [35].
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3.2. Bulging Deformation

Figure 8 presents the bulging deformation of different F-OSCs with different column
lengths. The radial strain increased with the increase in vertical load in all columns. In
Figure 8a, the bulging deformation appeared at full column length, and the maximum
bulging deformation was observed in the column tip. A small vertical pressure (e.g.,
58.5 kPa in F-OSC2D) had a significant deformation (e.g., 15.5%) due to a small column
length, as shown in Figure 8a. In Figure 8b–d, the relatively large vertical load (78 kPa)
resulted in a great radial strain (bulging deformation) due to a relatively enough column
length and a slight radial strain in the bottom of the column was observed. There was a
fractional difference among F-OSC4D, F-OSC6D, and F-OSC8D, except for the strain of
F-OSC4D at a vertical pressure of 78 kPa. Interestingly, the radial strain was significant in
the full length of F-OSC4D when the vertical load reached 78 kPa due to column failure.
The bulging area was observed between 0 and 4D, and there was almost no deformation of
columns below 4D. The maximum bulging deformation found at 0.3D and the values were
13.96%, 13.29%, and 13.37% respectively, for F-OSC4D, F-OSC6D, and F-OSC8D.
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Figure 9 presents the bulging deformation of different F-ESCs with different geogrid
lengths. Similarly, the deformation increased with the increase in vertical load in all
columns. The column with geogrid encasement had a slight deformation compared with
F-OSC, and the load could be transferred deeper, resulting in a great bulging deformation
below the encasement area. As shown in Figure 9a,b, the bulging deformation appeared
below 2D and 4D (i.e., without encasement) for F-ESC6D-2D and F-ESC6D-4D, respectively.
The maximum deformation was observed below the encasement area, and the values were
6.91% and 4.22% for F-ESC6D-2D and F-ESC6D-4D, respectively. The short encasement
could not constrain the bulging deformation of the column due to the insufficient confine-
ment of the surrounding soil. The encasement length increasing from 2D to 4D significantly
improved the bulging deformation of the column, but the column tip still appeared to have
relatively large bulging deformation due to the great bearing capacity and a punching
failure. The deformation was relatively even and slight in F-ESC6D-6D due to full-length
encasement. The improvement degree of encasement was slight as its length increased
from 4D to 6D. Combining with Figures 8 and 9, it could be concluded that the geogrid
encasement could effectively decrease the bulging deformation, and the critical encasement
length was 4D.
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3.3. Failure Mode

The failure mode coefficient δ was introduced in this paper to study the failure mode
of the F-OSC/F-ESC improved foundation, as follows:

δ =
δp

δd
=

δt − δd
δd

(1)

where δp, δd, and δt are the settlement of bulging deformation, the column’s tip settlement,
and the column’s top settlement, respectively.

Figure 10 shows the failure mode coefficient variation of different F-OSCs with dif-
ferent column lengths during vertical loading. The short column with 2D column length
had a small value of δ which was significantly less than 1.0, and the value was stable with
the increase in vertical load, indicating that the short column without geogrid encasement
was damaged by a punching failure with slight bulging deformation. The main failure in
F-OSC4D was almost unchanged under vertical loading, and its value of δ smaller than 1.0
except for the final load. The failure mode in F-OSC4D could be considered as a punching
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failure with large bulging deformation. The value of δ in F-OSC6D and F-OSC8D was
great than 1.0 when the vertical pressure reached a value. This result revealed that the
F-OSC6D and F-OSC8D mainly appeared to punch deformation in early loading, and
then their deformation mode primarily transformed into bulging deformation until the
column failure (i.e., deformation failure). The failure mode in F-OSC6D and F-OSC8D was
a bulging failure with punching deformation. The great the column length, the earlier
the deformation mode transition point. If the column length was adequate, the column
failure would be altered (e.g., F-OSC2D and F-OSC4D), and the deformation mode could
be changed (e.g., F-OSC6D and F-OSC8D).
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Figure 10. Change in failure mode coefficient of different F-OSCs during loading.

Figure 11 shows the failure mode coefficient variation of different F-ESCs with different
geogrid lengths with vertical loading. The value of δ in all columns was smaller than 1.0,
indicating that the column with geogrid encasement was damaged in a punching failure
with a slight bulging deformation. The column with short encasement had a certain increase
in failure mode coefficient with vertical loading (e.g., F-ESC6D-2D). The short geogrid
length could not prevent the development of bulging deformation, and a relatively large
bulging deformation could be observed in F-ESC6D-2D, consistent with Figure 9. However,
the column with 4D and 6D encasement had a stable variation in failure mode coefficient
with vertical loading. The bulging deformation was almost not observed in F-ESC6D-4D
and n F-ESC6D-6D due to good bearing capacity, consistent with Figures 7 and 9.
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Figure 11. Change in failure mode coefficient of different F-ESCs during loading.
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3.4. Load Transfer Coefficient

The load transfer coefficient was used in this paper to study the load transfer law on
floating stone columns, as follows:

α = σp2/σp1 (2)

where σp1 and σp2 are the stress at the top and bottom of the column, respectively.
Figure 12 shows the variation of the load transfer coefficient of different F-OSCs with

different column lengths during vertical loading. The value of α decreased with increase
in vertical pressure, and then increased with the increase in vertical pressure in F-OSC2D.
The bulging deformation increasing the energy dissipation of the surrounding soil and
decreasing integration of F-OSC resulted in the decrease in value of α, and then the large
settlement and a punching failure caused by a great vertical load increased the value of α.
The load transfer coefficient variation of F-OSC4D was similar to that of F-OSC2D, but it
was not significantly obvious in the ascent stage due to the punching failure. Moreover, the
difference between α value of F-OSC4D, F-OSC6D, and F-OSC8D was slight. The bulging
failure was observed in the column with the encasement greater than 4D, as shown in
Figures 8 and 10, so the load transfer coefficient in F-OSC4D, F-OSC6D, and F-OSC8D
almost decreased with an increase in vertical pressure. The vertical load was limited to be
transferred deeper due to poor integration and stiffness, and large bulging deformation in
long columns (e.g., F-OSC4D, F-OSC6D, and F-OSC8D).
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Figure 12. Change in load transfer coefficient of different F-OSCs during loading.

Figure 13 shows the load transfer coefficient variation of different F-ESCs with dif-
ferent geogrid lengths during vertical loading. The geogrid encasement increased the
integrity and stiffness, and the F-ESCs were damaged in a punching failure, as shown in
Figure 11. Therefore, the value of α in all F-ESC decreased with the increase in vertical
pressure, and was stable in the later stage (e.g., 80 kPa–140 kPa). Although the punching
deformation could result in a large load in the bottom of the column, the column with
geogrid encasement had a significant bearing capacity to carry more vertical load leading
to a decrease in the load transfer coefficient. The difference between different F-ESCs in
the value of α was slight. The vertical load could be transferred into deeper by the column
with high integrity and stiffness.
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4. Conclusions

A finite difference method (FDM) was used in this paper to establish the numerical
models based on FLAC3D. The geogrid-type element was used to model the geogrid
encasement, and the zone-type element was adopted to simulate the soil and aggregates.
The interface was introduced in numerical models to realize the relative movement between
different materials. Seven models were developed to investigate the effect of geogrid and
column length on the behavior of floating stone columns. The load-settlement behavior,
bulging deformation, failure mode, and load transfer coefficient were also analyzed. The
behaviors of floating stone columns were analyzed through the developed numerical
models, and the main findings are summarized as follows:

(1) The bearing capacity of F-OSCs increased with the increase in column and encasement
length, and a critical length (i.e., 4D) was found in improving bearing capacity. The
geogrid encasement could increase the bearing capacity of F-OSCs, and also had a
critical length (i.e., 4D) in settlement improvement.

(2) The bulging deformation was significant in F-OSCs and observed at the top of a long
column and the full length of a short column. The geogrid encasement could constrain
the OSC to decrease the bulging deformation due to excellent tensile strength. The
short encasement length (e.g., 2D) could not effectively confine the column, and only
the deformation transferred deeper.

(3) The failure mode in F-OSCs was mainly a punching failure with bulging deformation
for a short column (e.g., less than 4D), and was relative to the vertical pressure for a
long column. The failure mode in F-ESCs was a punching failure with a slight bulging
deformation due to a good integration improved by geogrid, and the punching degree
increased with an increase in geogrid encasement length.

(4) The load transfer coefficient in the short column would increase in a later stage due to
a punching failure. The load transfer coefficient of F-OSCs or F-ESCs was relatively
stable as the column length increased to a critical value (e.g., 4D) or the encasement
length increased to a critical value (e.g., 4D).

5. Limitations

This study was focused on the numerical analysis of floating geogrid-encased stone
column improved foundation using FDM. The main work was to investigate the behavior
of floating stone columns. The deformation of the stone column, failure mode, and load
transfer law were analyzed based on the validated models. The shape of aggregates could
be considered in the model in future research to reveal the mechanical properties better.
The fluid could be added into the model to simulate the more actual condition.
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