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Abstract: An accurate description of the load transfer behaviors of the geosynthetic-encased stone
column (GESC) is of great importance for revealing the bearing capacity of GESC. Static load tests and
shake table model tests were performed to characterize the static and dynamic load transfer behaviors
of the composite foundation reinforced by the GESC. Under static loading, static load tests were
conducted on a fully geosynthetic-encased stone column (FGESC), partially geosynthetic-encased
stone column (PGESC) and traditional stone column (TSC). The influence of length and stiffness of the
encasement on the stone columns were investigated. Under seismic loading, the shake table model
tests were performed to analyze the differences of the dynamic pile-soil stress responses between
the composite foundations with the GESC and the TSC. The results show that the static pile-soil
stress ratios of the composite foundation with the FGESC are about three to six times of those of the
composite foundation with the TSC, and the difference increases with the increase in the stiffness or
length of the encasement. The static vertical stress of 60% acting on the pile top can be transferred to
the pile bottom for the FGESC, while only 27~45% for the TSC. The dynamic pile-soil stress ratios of
the GESC and the TSC first decrease and then increase slightly with the increase of the input peak
acceleration. The dynamic pile-soil stress ratio of the GESC is about three times that of the TSC under
seismic excitation with the same type and peak acceleration. The attenuation rate of dynamic stress
along the pile body under dynamic loading is much faster than that under the static loading. Under
the static and dynamic conditions, the load transfer capacity and pile efficacy of the GESC are always
better than those of the TSC.

Keywords: geosynthetic encased stone column; composite foundation; static load test; shake table
model tests; load transfer behaviors

1. Introduction

Soft soil is characterized by a high water content, large void ratio, high compressibility,
low shear strength, and is widely distributed in coastal and inland areas of China. When
soft soil is used for the foundation of structures, foundation reinforcement is required, and
stone column is a common foundation reinforcement technique [1–3]. However, when the
strength of the surrounding soil is low, the stone column is prone to lead to failure of the
composite foundation due to excessive deformation [4]. Engineering practice has proved
that if the undrained shear strength of foundation soil is less than 20 kPa, the suitability of
the stone column shall be checked. For this reason, Van Impe [5] put forward the method of
making a sleeve of geomaterial and wrapping the stone column with this sleeve. In this way,
the sleeve can provide radial restraint for loose gravel material, so as to control the swelling
deformation of the stone column. This kind of pile is called a “geosynthetic-encased stone
column (GESC)” in this paper.
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In order to reveal the bearing characteristics of the GESC, many scholars have studied
the bearing capacity and deformation of single pile [6–9]. Murugesan and Rajagopal [10]
conducted an experimental study of single and group pile models for reinforcing saturated
soft clay foundations with the GESC. It is found that the sleeve can effectively improve
the bearing capacity of the stone column and control pile deformation, and the ultimate
bearing capacity of the GESC is about four times more than that of the stone column. Gniel
and Bouazza [2] carried out a series of small-scale model tests on the GESC. They found
that the swelling deformation of pile mainly occurred under partially wrapped sleeves,
and the pile deformation is at a minimum when the sleeve length is consistent with the pile
length. Lo et al. [11] found that the bearing capacity of end-bearing GESC (end-bearing
pile) is improved when the sleeve’s stiffness increases. When the stiffness of the GESC is
larger, the pile swelling deformation is more uniform and the swelling amount is smaller,
and the settlement is also smaller [12]. However, the above researches are generally aimed
at composite foundations reinforced by the GESC without a cushion. The cushion can
regulate the pile-soil deformation and help the pile and soil to work together. Moreover,
there is also a lack of research on the effect of different geotextile tensile strengths on the
load transfer characteristics of the GESC.

For composite foundations reinforced by the GESC, some scholars carried out research
on pile-soil stress ratio and end-bearing influence characteristics [13,14]. Ouyang et al. [15]
investigated the pile-soil stress sharing ratio, and the pile stress transfer law of composite
foundations with the GESC. Almeida et al. [16,17] conducted in situ tests and numerical
simulations to study the stress concentration, pile deformation, and excess pore water
pressure in soft soil, and the soil settlement characteristics of the GESC under embankment
loading. They found that the pile-soil stress ratio gradually increased with the development
of foundation consolidation. Fattah et al. [18] compared the bearing capacity of the GESC
and the stone column under embankment load, as well as the pile-soil stress ratio and
settlement law when the foundation was damaged through model testing. The shaking
table model test can reproduce the actual seismic responses of acceleration, stress and strain
in composite foundations during earthquake, which is one of the reliable means to study
the ground motion response of a geotechnical structure [19,20]. There is little research on
the response characteristics of composite foundations with the GESC under earthquake
conditions, and there is no shaking table model for a reference. Tang et al. [21] pointed
out that the wrapped stone column can effectively strengthen the saturated sandy soil
foundation and improve the liquefaction resistance of the saturated sandy soil foundation.
In addition to the research results of our research group [22], there is no other research
on sandy soil foundations reinforced by the GESC under earthquake conditions. The
literature [22] is mainly about the difference in acceleration response between the GESC
and the TSC, and does not involve dynamic load transfer behavior. The load transfer
behaviors of the GESC under both static and dynamic conditions are not thoroughly
understood [23].

Although some scholars have carried out research on the GESC, they mainly focus
on the study of the bearing capacity of composite foundations reinforced by the GESC,
including pile-soil stress sharing, etc. However, the static and dynamic load transfer
behaviors of composite foundations with the GESC are less explored. In this paper, the
pile-soil stress transfer characteristics, pile axial force transfer law, and radial restraint
effect of pile perimeter soil of composite foundations reinforced by the GESC with different
stiffnesses and lengths of encasements were investigated through a series of static load tests.
Based on these tests, the response characteristics of dynamic axial stress, dynamic pile-soil
stress ratio and horizontal shear stress of composite foundations with the FGESC and the
TSC were investigated via shaking table model tests. The research results can provide a
reference for understanding the bearing mechanism of the GESC.
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2. Static Load Test Design of a Composite Foundation Reinforced by the GESC
2.1. Preparation of Test Model

Based on a foundation treatment project with the GESC in Ningbo, China, a model test
study was conducted via model similitude ratio design. In the actual project, the diameter
of the GESC was 1 m, and the pile length–diameter ratio was 6.5. The internal dimension of
the model box was 100 cm × 100 cm × 90 cm (long × wide × high). Considering the size of
the model box and the characteristics of the GESC, the similitude ratio (prototype/model) of
the length was determined to be 10 in the model test. Since the experiment was conducted
in a conventional gravity environment, the gravity similitude ratio was determined as
1. Considering that soft clay in actual engineering exhibits strong nonlinearity in the
process of loading, it is difficult to find a similitude material to simulate soft clay, so the
density similitude ratio was determined as 1. According to the Buckingham π theorem,
the similitude ratios of stress, tensile strength and force can be calculated as 10, 100, 1000,
respectively. The diameter and pile length of the GESC in the model test were determined
as 10 cm and 65 cm, respectively, in the experiment. The pile length–diameter ratio was
also 6.5. The distribution of the piles was in the form of equilateral triangles with an area
replacement rate of 16%. The diameter of the bearing plate was determined as 25 cm
according to the affected area of single pile. The similar ratio of tensile force and tensile
strength of the sleeve was determined as 1000 and 100.

The overall arrangement of the indoor static load test of the composite foundation
reinforced by the GESC is shown in Figure 1. The soil layers in the model box from bottom
to top were hard soil and soft clay, with a thickness of 15 cm and 65 cm, respectively.
Considering the high water content of soft clay, the model box was treated with water
protection and rust prevention. According to the actual project design, the pile body
adopted the form of an end bearing pile; that is, the pile end was directly fixed to the hard
soil layer, and the pile length was taken as 65 cm. The thickness of the hard soil layer was
15 cm, the density was 1920 kg/m3, the water content was 31%, the cohesion was 40 kPa,
and the internal friction angle was 36◦. The Q235 steel pipe with a wall thickness of 2 mm
was used to form the GESC(PGESC). Firstly, the steel pipe was fixed on a hard soil layer,
and the fiberglass sleeve was pre-arranged outside the steel pipe. Secondly, the soft clay
was filled in the model box while the stone column was made. In total 0.4 kg of crushed
stone was poured into the steel pipe each time. Then, we slowly pulled the steel pipe up
by 2 cm, while vibrating the crushed stone, and keeping the sleeve in the same position.
Finally, the earth pressure box was installed in the pile to monitor the stress value.
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Considering the tensile strength and mesh size of the sleeve material, two kinds of glass
fiber mesh simulation sleeves were selected, and their tensile strengths were, respectively,
11 kN/m and 43 kN/m. The grid size of both materials was 2 mm × 2 mm. The glass
fiber was stitched into a sleeve shape, where the suture line was similar to the glass fiber
material. The tensile strength tests were conducted on both sleeves and their joints, and the
tensile–strain curves were obtained, as shown in Figure 2. The secant modulus of sleeve I
and sleeve II were 95 kN/m2 and 200 kN/m2, respectively, when the strain was 5%. Their
joint strength was close to the sleeve strength. It is difficult to find suitable materials to
simulate soft clay on the premise of the following similar ratio, and the muddy, soft soil
excavated from a seashore in Ningbo, China exhibits great nonlinearity. Therefore, the
undisturbed soil excavated on site was directly used as the test soil. The total thickness
of soft clay in the model was 65 cm, and each layer was filled by 10 cm. The first 6 layers
were 10 cm, and the last layer was 5 cm. The weight of the soft clay per cm thickness in the
model box was controlled to be 17.2 kg during filling. The density of the stone column was
1565 kg/m3. The gravel grading curve inside the pile is shown in Figure 3. The particle
size was 1.7~10 mm, and the non-uniformity coefficient and curvature coefficient were 2.60
and 1.86, respectively. According to the specification in the “Standard for the engineering
classification of soil” (GB/T 50145-2007) in China, the soil with a nonuniform coefficient less
than 5 is regarded as homogeneous; that is, poorly graded. Therefore, the gravel particles
were uniform and poorly graded [24].
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After the completion of the soft clay and pile body, the foundation surface was levelled
and a layer of low strength non-woven geotextile was laid on top. Then, we lay 5 cm of
thick small gravel onto the non-woven geotextile to form a cushion layer. The cushion layer
was made up of gravel with a diameter of 0.2–1.0 cm, and the thickness of the cushion layer
was 5 cm. Its elastic modulus was 42 MPa, internal friction angle was 40◦, and unit weight
was 18 kN/m3. Here, the secant modulus of geotextile at 5% strain was 0.36 kN/m2, the
tensile strength was 1.6 kN/m, and the corresponding strain was 110%. The geotextile
has no reinforcement effect and is only used to prevent the upper cushion material from
squeezing into the lower soil mass. After the composite foundation model was made,
it was first pre-pressurized by stacking for 24 h. After that, we let it stand for 24 h to
eliminate any disturbance. Some soft clay samples were taken near the model box and
indoor geotechnical tests were conducted to obtain the physical and mechanical parameters.
The density of the soft clay was 1720 kg/m3, the moisture content was 45%, the cohesion
was 3.4 kPa, and the internal friction angle was 3.5◦. Finally, the bearing plate, load sensor,
ball joint, and hydraulic jack were arranged on the model, in turn, as shown in Figure 4. A
spherical hinge and hydraulic jacks were used to make the load a vertically concentrated
force and to apply the vertical load step by step, respectively.

Figure 4. Loading device and measuring equipment for the composite foundation reinforced by the
GESC: (a) Installation of the GESC; (b) Loading device after installation.

2.2. Sensor Arrangement

In order to monitor the settlement of the top surface of the foundation, four dial
indicators were evenly arranged at the edge of the top surface of the bearing plate. The
dial gauge range was 50 mm. In order to monitor the axial force of the pile, the earth
pressure boxes A1~A4 were arranged at the depths of 0, 20, 40 and 65 cm from the pile
top, as shown in Figure 5. To improve the monitoring accuracy of the earth pressure box:
when burying the earth pressure box, we lay 2 cm of thick fine sand on the earth pressure
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box, and places a round rubber pad with the same diameter as the earth pressure box
under the earth pressure box. In order to measure the vertical stress of the soil around the
pile, earth pressure box B1 was arranged 2 cm away from the edge of the pile. In order
to measure the horizontal earth pressure of the soil around the pile, earth pressure boxes
C1~C4 were arranged a 2 cm distance from the outer edge of the pile on one side of the
pile. The earth pressure boxes C1 to C4 were arranged at depths of 0, 20, 40 and 65 cm
from the top of the pile. The earth pressure boxes (B1, C1~C4) buried in soft clay adopted a
resistance strain type miniature earth pressure box. The external size was ϕ30 mm × 7 mm
and the measuring range was 200 kPa. The earth pressure value in the pile body (A1~A4)
was measured using a resistance strain type micro earth pressure box. The external size
was ϕ70 mm × 10 mm and the measuring range was 800 kPa. In order to eliminate the
problems of “stiffness matching” and “soil arching effect” of the earth pressure box, earth
pressure boxes B1 and C1~C4 were calibrated with soft clay used in the test, and earth
pressure boxes A1~A4 were calibrated with standard sand. After each group of model tests,
we checked and corrected the change in the calibration coefficient of the earth pressure box.
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2.3. Experimental Conditions

There were four groups of tests: the first group was a fully geosynthetic-encased stone
column with a tensile strength of geotextile of 11 kN/m (FGESC-11); the second group was
a fully geosynthetic-encased stone column with a tensile strength of geotextile of 43 kN/m
(FGESC-43); the third group was a partially geosynthetic-encased stone column with a
tensile strength of geotextile of 43 kN/m (PGESC-43); the last group was a traditional stone
column (TSC). The sleeve length of the PGESC was 60% of the pile length (60%l for short).
The parameters of the different groups are listed in Table 1.

Table 1. Test conditions.

Test Conditions Pile Diameter D (cm) Pile Length l (cm) 5% Secant Modulus (kN/m2) Sleeve Length

FGESC-11 10 65 95 l
FGESC-43 10 65 200 l
PGESC-43 10 65 200 0.6l

TSC 10 65 0 0
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3. Static Test Results and Discussion
3.1. Sharing Law of Pile-Soil Stress

The pile-soil stress ratio is often used to explain the sharing state of pile and soil on
the action of the upper load in composite foundations [25]. In general, with the increase of
the stiffness difference between the pile and soil, the stress in the composite foundation
gradually concentrates to the pile, and the pile-soil stress ratio of the composite foundation
increases [26]. The vertical stress Pt on the pile and the vertical stress Ps on the soil can be
measured from the earth pressure box placed on the top of the pile and the surface of the
foundation. Therefore, the pile-soil stress ratio is n = Pt/Ps. Since the upper load is shared
by the pile and soil, Equation (1) can be obtained according to the force balance:

Ps As + Pt Ap = Q (1)

where Ap is the pile sectional area, As is the soil area, and Q is the upper load. By com-
paring the measured vertical stress at the top of the pile with the calculated value using
Equation (1), it was found that the two results were in good agreement when the upper
load was smaller. When the load was larger, the difference between the two results was
10~25%. Considering that the stress distribution on the soil was uneven, the pile top stress
was corrected according to the calculated value. Therefore, the pile-soil stress ratio could
be obtained, as shown in Figure 6. In Figure 6, S is the settlement of the bearing plate, and
D is the diameter of the bearing plate.

Figure 6. Pile-soil stress ratios of different types of composite foundation.

The results in Figure 6 show that at the initial stage of loading, the pile-soil stress ratio
of the different composite foundations increases slightly with the increase of settlement
S/D. Then, with the increase of settlement, the pile-soil stress ratio decreases slightly.
Finally, when the settlement S/D is greater than 10%, the pile-soil stress ratio tends to be
stable. During the whole loading process, the pile-soil stress ratio of FGESC-11 was 22~27,
the pile-soil stress ratio of FGESC-43 was 29~34, the pile-soil stress ratio of PGESC-43
was 11~19, and the pile-soil stress ratio of TSC was 3~7. The comparison shows that the
wrapping effect and the strength of the sleeve material can effectively improve the pile-soil
stress ratio, so that the stress is more concentrated on the pile and the force acting on the
soil is reduced; thus, the working condition of the composite foundation is improved. In
order to further analyze the influence of different reinforcement measures on the pile-soil
stress ratio of the composite foundation, the pile-soil stress ratios with settlement S/D = 5%,
8% and 16% were taken for comparison, as shown in Table 2. The pile-soil stress ratio
corresponding to the settlement S/D = 5% was close to the maximum pile-soil stress ratio,
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the pile-soil stress ratio corresponding to the settlement S/D = 8% was in the descending
section, and the pile-soil stress ratio corresponding to the settlement S/D = 16% was in
the stable section. As shown in Table 2, the pile-soil stress ratios of FGESC-11, FGESC-43,
PGESC-43 and TSC were stable at 23, 31, 13 and 5, respectively. The pile-soil stress ratio
of FGESC-11 was about four times that of TSC. The pile-soil stress ratio of FGESC-43 was
about six times that of TSC. The pile-soil stress ratio of PGESC-43 was about three times
that of TSC. This observation shows that the GESC has a greater bearing capacity advantage
compared with the TSC in soft clay foundations.

Table 2. Comparison of pile-soil stress ratio of different types of composite foundation.

S/D
Pile-Soil Stress Ratio

FGESC-11 FGESC-43 PGESC-43 TSC

5% 26.68 33.52 17.96 6.83
8% 24.85 32.15 16.39 6.24
16% 22.66 31.21 12.64 5.13

3.2. Transfer Law of Pile-Soil Vertical Stress

In order to study the transfer law of stress in the GESC, several earth pressure boxes
were buried in the pile body along the pile length to measure the pile stress. Based on the
axial ratio of the measured stress Pt at the top of the pile and the stress Pn in a test section
within the pile, the stress transfer law within different piles under a certain settlement
could be plotted, see Figure 7 and Table 3. In order to better compare the pile stress transfer
laws for different types of piles, Figure 7e,f were plotted. From Figure 7a,b the comparison
shows that the pile stress at 20 cm (equal to 2D) of the GESC was greater than the stress at
the top of the pile. This is because the compression modulus of the GESC was much larger
than the compression modulus of the soil around the pile, which makes the settlement of
the soil around the pile larger than the settlement of the pile. Therefore, the soil around
the pile near the top of the pile had a downward frictional resistance to the pile; that is,
negative frictional resistance.

It can also be seen from Figure 7a,b that for the FGESC, the stress transferred to the
location 40 cm below the top of the pile was about 80% of the stress at the top of the pile,
and the stress transferred to the bottom of the pile was about 60% of the stress at the top of
the pile. For the PGESC, the stress transmitted to the position 40 cm below the top of the
pile was slightly less than that of the FGESC, and the stress transmitted to the bottom of
the pile was about 40% to 60% of the stress at the top of the pile. For the TSC, the stress
transferred to the bottom of the pile was about 27% to 45% of the stress at the top of the
pile, as shown in Table 3. In Table 3, the min and max of Pn/Pt refer to the minimum and
maximum values under different loads, respectively. The comparison between Figure 7e,f
shows that the PGESC could bear greater stresses than the TSC under the same settlement,
but the attenuation law of stress increment with pile length was almost the same. Compared
with the PGESC and the TSC, the FGESC were able to bear greater stresses. Within the
range of about 1/3 of the pile length from the top of the pile, the stress in the pile varies
little, and then the stress in the pile decays downward along the pile body. Comparing the
FGESCs made of sleeve materials with different tensile strengths, it is safe to conclude that
the greater the tensile strength of the sleeve materials, the greater the stress they can bear.
However, along the pile body, the stress attenuation laws of FGESC-11 and FGESC-43 are
almost the same.

The stress transfer characteristics of the different pile bodies under different loads
are shown in Figure 8, below. The percentage of stresses transferred to a depth of 40 cm
was the same for PGESC and FGESC. However, the percentage of axial force transferred to
the bottom end of the pile by PGESC was relatively small. With the increase in the upper
load, the attenuation rate of the axial force of PGESC was obviously accelerated, while the
transfer percentage of the axial force of the FGESC changed slightly.
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Table 3. Percentage of axial force transmission of different types of piles.

Different
Depths/cm

FGESC-11 FGESC-43 PGESC-43 TSC
Min Max Min Max Min Max Min Max

20 95.72 107.71 87.14 107.14 - - - -
40 80.54 87.59 78.22 87.99 74.43 86.64 - -
65 54.27 63.19 54.94 68.03 40.45 60.18 27.39 45.42
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3.3. Horizontal Earth Pressure of Soil around Pile

The horizontal earth pressure of the soil around the pile can provide a certain radial
restraint for the pile. For the TSC, the soil around the pile mainly provides radial restraint;
For the GESC, the sleeve and the soil around the pile can provide radial restraint for
the pile. In order to obtain the horizontal force on the soil around the pile, a number
of earth pressure boxes were buried vertically at different depths around the pile. The
stress membrane surface of the earth pressure box was parallel to the axis of the pile, so
that the horizontal stress around the pile could be monitored. The relationship between
the monitored horizontal earth pressure and the buried depth is shown in Figure 9. The
horizontal earth pressure of the soil around the pile consists of two parts, one is the static
earth pressure generated by the upper vertical load, and the other is the passive earth
pressure generated by the bulging deformation of the pile, which can be expressed as:

PSH = K0αQ + KP∆ (2)

where PSH represents the horizontal earth pressure of the soil around the pile, K0 is the
static earth pressure coefficient, α is the additional stress coefficient, ∆ is the horizontal
displacement of the pile, and KP is the horizontal resistance of the soil around the pile
caused by unit horizontal displacement.
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S/D = 8%; (b) Settlement S/D = 16%; (c) FGESC-11; (d) FGESC-43; (e) PGESC-43; (f) TSC. 

4. Shaking Table Test Design of the Composite Foundation Reinforced by the GESC 
The performance of the earthquake simulation shaking table, the size and boundary 

treatment of the layered shear model box, the design of similitude relations, the determi-
nation of similitude materials, and the construction process of the test model are intro-
duced in detail in the published literature of our research group [22]. This section does 
not repeat the content mentioned above. Considering the similitude conditions of the 
model, the length of the GESC is 70 cm, the pile diameter is 9 cm, the length diameter ratio 
is about 8, and the pile spacing is 25 cm. The piles are arranged in the form of a square 
triangle with a total of 12 piles. In the following, unless otherwise specified, the GESC 
refers to the fully geosynthetic-encased stone column. The diameter of the bearing plate 
is 44 cm, which is placed on the three central piles, and the area replacement rate is 13%. 
In order to simplify the test process and pay attention to the response of the composite 
foundation, the structure on the composite foundation is simplified as a solid steel column 

Figure 9. Variation of the horizontal earth pressure of soil around the pile with depth: (a) Settlement
S/D = 8%; (b) Settlement S/D = 16%; (c) FGESC-11; (d) FGESC-43; (e) PGESC-43; (f) TSC.
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Since the additional stress coefficient decreases with depth and the static earth pressure
coefficient remains basically unchanged with depth, the first term of Equation (2) decreases
with the increase in burial depth. The existing research shows that within the range of 0~4D
from the top of the pile, the swelling deformation of the GESC and the TSC first increases
and then decreases with the increase in burial depth. Thus, the horizontal displacement of
the soil around the pile also increases and then decreases with the increase in the burial
depth. Therefore, the maximum value of Equation (2) exists in the depth range of 0~4D
from the top of the pile. Combining with Figure 9c–f, it can be found that the maximum
horizontal earth pressure of different composite foundations occurred approximately at 2D
depth. This finding indicates that the maximum swelling deformation may occur in the pile
at this location, which is consistent with the existing test results. In the depth range of 4D
from the top of the pile, the horizontal soil pressure around the TSC is greater than that of
the GESC. The reason is that the bulge deformation produced by the former is greater than
that of the latter in the 4D depth range from the top of the pile. Therefore, the horizontal
earth pressure of the soil around the TSC is larger. When the depth is greater than 4D, that
is, under the sleeve of the PGESC, the horizontal stress of the PGESC is greater than those
of the TSC and FGESC. This is because the stress transmitted to the unwrapped section for
the PGESC is greater than the vertical stress of the TSC at the same depth, resulting in a
larger swelling deformation of this part. In addition, the upper wrapped section penetrates
the lower unwrapped section downward, which also aggravates its bulging deformation.
The above reasons make the horizontal stress of the soil around the pile, under the sleeve
of the PGESC, relatively large.

4. Shaking Table Test Design of the Composite Foundation Reinforced by the GESC

The performance of the earthquake simulation shaking table, the size and boundary
treatment of the layered shear model box, the design of similitude relations, the determina-
tion of similitude materials, and the construction process of the test model are introduced
in detail in the published literature of our research group [22]. This section does not repeat
the content mentioned above. Considering the similitude conditions of the model, the
length of the GESC is 70 cm, the pile diameter is 9 cm, the length diameter ratio is about
8, and the pile spacing is 25 cm. The piles are arranged in the form of a square triangle
with a total of 12 piles. In the following, unless otherwise specified, the GESC refers to
the fully geosynthetic-encased stone column. The diameter of the bearing plate is 44 cm,
which is placed on the three central piles, and the area replacement rate is 13%. In order to
simplify the test process and pay attention to the response of the composite foundation, the
structure on the composite foundation is simplified as a solid steel column with a height
of 60 cm, standing on the bearing plate, and its mass is 370 kg. The design parameters of
the stone column are the same as those of the GESC, but the difference is that there is no
sleeve outside the stone column. The soil layer in the model box is divided into two layers,
the bottom layer is a 20 cm thick, hard soil layer, and the upper layer is a 100 cm thick,
sandy soil. The plan and elevation layout of the GESC are shown in Figure 10. The material
parameters of the sand are listed in Table 4. The non-uniformity coefficient of the crushed
stone aggregate in the pile body is 2.29, the curvature coefficient is 1.57, the crushed stone
particles are uniform, and the grading is poor.

The dynamic earth pressure boxes H1 to H3 were arranged at 0, 20 and 40 cm from the
top of the pile to collect the axial dynamic stress response in the pile body. The dynamic
earth pressure box H4 was arranged on the top surface of the soil between the piles. The
dynamic earth pressure boxes V1 to V3 were arranged vertically along the side of the pile
at 0, 20 and 40 cm from the top of the pile to monitor the horizontal shear stress applied
to the pile body by the soil. The location of the dynamic earth pressure box is shown in
Figure 11. Artificial wave (CHO), El Centro wave (EL), Wenchuan Qingping wave (QP) and
Kobe wave (KB) were loaded into the shaking table model test. The duration of the original
seismic wave was first compressed by the time similitude ratio, and then interpolated by
the sampling frequency to obtain the required input wave, as shown in Figure 12. The CHO,
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EL, QP and KB seismic waves with the same peak value were input, in turn, and the peak
acceleration values were 0.1 g, 0.2 g, 0.4 g, 0.6 g and 0.9 g, respectively. Before inputting
each level peak, a white noise of 0.05 g was input to check the dynamic properties of the
model. The same seismic wave was loaded simultaneously into the X and Z directions, and
the acceleration amplitude applied in the Z direction was multiplied by a factor of 0.7.
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Table 4. Material parameters of the sand.

Type Natural Density
(kg/m3)

Moisture
Content (%)

Dry Density
(kg/m3)

Maximum Dry
Density (kg/m3)

Minimum Dry
Density (kg/m3)

Relative
Density

Compactness
Type
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Figure 11. Layout diagram of a dynamic earth pressure box (unit: cm): (a) Section 1-1; (b) Section 2-2;
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Figure 12. Time history curves of the input seismic waves: (a) RG wave; (b) EL wave; (c) QP wave;
(d) KB wave.

5. Dynamic Test Results and Discussion
5.1. Axial Dynamic Stress of Pile

Figure 13 shows the time history curves of axial dynamic stress at different positions of
the GESC under the excitation of the 0.4 g KB wave. It is apparent from this figure that the
seismic action makes the stress at different positions in the pile fluctuate above and below
zero, and finally, there is a certain residual stress. This observation shows that during the
earthquake, the pile bore repeated actions of extrusion and relaxation; after the earthquake,
the stress in the pile body had changed compared with the initial value.
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Figure 13. Time history curves of the axial dynamic stress of the GESC: (a) Pile top; (b) 20 cm below
pile top; (c) 40 cm below pile top.

The maximum value of the stress time history curve of the GESC under the excitation
of a certain peak value and type of seismic wave was selected. The percentage Nz/N0 of
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the maximum stress at any position of the pile body to the maximum stress at the top of the
pile can be calculated. The distribution of stress percentages along the pile body is shown
in Figure 14. Under the excitation of a certain seismic wave, the dynamic stress decayed
rapidly from the top to the bottom of the pile. For example, under the excitations of the
EL, QP and KB waves of 0.1~0.4 g, when the dynamic stress was transferred from the pile
top to 20 cm below the pile top, the dynamic stress decreased by 60~85%. Under static
loading, there was almost no change in stress when the pile top force was transferred to
20 cm below the pile top (see Figure 7). This finding indicates that the attenuation rate of
dynamic stress along the pile body under earthquake conditions is much faster than that
under static loading. It may be that the pile soil interaction is stronger under the earthquake
conditions.
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Figure 14. Maximum compressive stress of the GESC under different seismic waves: (a) EL wave;
(b) QP wave; (c) KB wave.

From the above analysis, it should be noted that the compressive stress at the top
position of the GESC is larger, which also indicates that damage is more likely to occur at
this position. In order to analyze the change in axial stiffness at the pile top position during
seismic excitation, the change curves of the maximum compressive stresses at the top of the
GESC and the traditional stone column with the input peak acceleration were plotted, as
shown in Figure 15. Under the seismic excitations with different input peak accelerations,
the absolute value of compressive stress in the GESC was greater than that in the traditional
stone column. This is because the GESC is restrained by the sleeve and the pile stiffness is
larger, so the stress concentration at the pile top is larger. Under the excitations of different
seismic waves, the compressive stress at the top of the GESC increases with the increase of
the input peak acceleration. When the input peak acceleration was greater than or equal
to 0.4 g, the increase speed of the compressive stress at the top of the GESC decreased.
This is because the stiffness of the GESC decreases with the increase of the input peak
acceleration, so the increase speed decreases. For the traditional stone column, when the
input peak acceleration was 0.1~0.4 g, the compressive stress at the pile top increased with
the increase of the input peak acceleration. However, when the input peak acceleration
was 0.6 g and 0.9 g, the compressive stress at the pile top decreased with the increase of the
input peak acceleration. It may be that under the excitation of the 0.4 g KB wave, the top
of the traditional stone column was damaged in the process of vibration, resulting in the
reduction of its stiffness. However, since the top of the GESC was not damaged under the
earthquake conditions, the maximum compressive stress did not decrease with the increase
of the input peak acceleration.
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Figure 15. Maximum compressive stresses at the top of the GESC and the traditional stone column
under different seismic waves: (a) EL wave; (b) QP wave; (c) KB wave.

5.2. Dynamic Pile-Soil Stress Ratio

Since the top surface of the pile and the top surface of the soil between the piles were
on the same horizontal plane, under the model test conditions, the stresses of the pile and
soil basically reached the maximum at the same time point. The maximum stresses of Point
H1 on the top surface of the GESC and Point H4 on the top surface of the soil between the
piles are used to calculate the maximum stress ratio of the pile and soil, which is defined
as the dynamic pile-soil stress ratio. The dynamic stress ratio does not consider the static
effect, but only considers the dynamic stress change caused by the earthquake, reflecting
the sharing effect of the pile and soil on dynamic stress when the vertical dynamic effect of
the composite foundation surface is at maximum. Under different excitation conditions, the
change in the dynamic pile-soil stress ratio of the GESC and the traditional stone column
with the input peak acceleration is shown in Figure 16. The dynamic pile-soil stress ratios
of the GESC and the traditional stone column first decreased and then slightly increased
with the increase of the input peak acceleration. Under the excitation of the 0.4 g EL, QP
and KB seismic waves, the dynamic pile-soil stress ratios of the GESC and the traditional
stone column were relatively small. Under the excitations of the 0.1~0.9 g seismic wave,
the dynamic pile-soil stress ratio of the GESC is in the range of 8~21, and the dynamic
pile-soil stress ratio of the traditional stone column is in the range of 1.6~6.5. Under the
excitation of the same peak and type of seismic wave, the dynamic pile-soil stress ratio
of the GESC is about three times that of the traditional stone column. The geosynthetic
material enhances the tensile and shear strength of the composite foundation’s soil mass
through a reinforcement effect [27,28].
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5.3. Horizontal Stress at Pile Side

Under the RG, EL, QP, KB seismic excitations with the amplitudes of 0.1 g, 0.2 g
and 0.4 g, the maximum horizontal stress distribution at the sides of the GESC and the
traditional stone column is shown in Figure 17. The horizontal stress at the side of the
GESC presents a triangular shape with a large top and a small bottom. The maximum
compressive stress at the pile top is the largest, and the maximum value can reach 18.5 kPa.
This is because the confining pressure stress on the upper part of the pile is smaller, and the
pile and soil are not close enough, so the movement interaction between the pile and soil is
larger. At the depth of 40 cm, the horizontal stress at the pile side of the GESC is close to
zero. The maximum horizontal stress at the top of the traditional stone column is small,
and the value is almost zero. As the stone column is made of loose materials, it is highly
dependent on the surrounding soil, and the soil mass at the top of the pile provides less
confining pressure stress. Therefore, the rigidity of the top of the pile is smaller, and the
gravel in the top of the pile moves together with the soil mass, and the interaction between
them is smaller. When the depth is increased, the confining pressure stress provided by the
soil around the pile increases, the pile stiffness increases, and the interaction between the
pile and soil increases. The standard ranges of maximum horizontal stresses of the GESC
and the TSC are 0~6 kPa and 0~20 kPa, respectively.
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Figure 17. Maximum horizontal stresses at the pile side of two types of piles: (a) GESC; (b) Traditional
stone column.

From the above analysis, it should be noted that the horizontal stress at the top of
the GESC and at the depth of 20 cm below the pile top is relatively large. Therefore, the
maximum horizontal stresses at the above positions with the input peak acceleration are
shown in Figure 18. Under the excitations of different types of seismic waves, with the
increase of the input peak acceleration, the horizontal stress at the pile top first increases,
reaches the maximum value when the input peak acceleration is 0.4 g, and then the
horizontal stress at the pile top decreases. Under the excitations of the EL, QP and KB
waves with the amplitude of 0.9 g, the horizontal stress at the pile top is almost zero. The
reduction of the horizontal stress at the pile top indicates that the shear strength of the top
of the GESC is reduced. For the depth of 20 cm below the pile top, with the increase of the
input peak acceleration, the horizontal stress at the pile side increases slightly, at first, and
then tends to be stable (under the excitations with amplitudes of 0.6~0.9 g).
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Figure 18. Variation of maximum horizontal stress of the GESC with the input peak acceleration:
(a) Pile top; (b) Depth of 20 cm below the pile top.

To compare the relative magnitude of vertical stress and horizontal stress, the ratios
of the maximum vertical stress (Pmax,v) to the maximum horizontal stress (Pmax,h) at the
top of the GESC under excitations with amplitudes of 0.1 g, 0.2 g, 0.4 g and 0.6 g, are
shown in Figure 19. Under excitation with the amplitude of 0.9 g, the maximum vertical
pressure was much larger than the maximum horizontal pressure, which covers other data,
so it is not listed in the figure. Under excitations with the amplitudes of 0.1 g and 0.2 g,
the maximum vertical stress was about 20 times the maximum horizontal stress, and the
ratio increased with the increase of the input peak acceleration. This is mainly because the
inertial action of the superstructure increases the vertical dynamic stress response at the
top of the GESC. This finding also shows that when there is a structure on the surface of the
composite foundation reinforced by the GESC, and the acceleration in the horizontal and
vertical directions is input at the bottom, the horizontal interaction between the pile and
the soil is extremely small compared with the vertical stress response at the pile top. The
static and dynamic load transfer behaviors of the traditional stone column and the GESC
are changing with time under the action of superstructure load. Since this study is a model
experiment with short-term mechanical behavior, in further studies, attention should be
paid to the long-term mechanical behavior of composite foundations reinforced by the
GESC in actual projects. In addition, the soil material parameters vary with depth in actual
projects, and the influence of soil inhomogeneity on the static and dynamic properties of
composite foundations reinforced by the GESC should also be considered.
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6. Conclusions

Static load tests of a fully geosynthetic-encased stone column (FGESC), partially
geosynthetic-encased stone column (PGESC) and traditional stone column (TSC) were
carried out, and the static stress transfer behavior of a geosynthetic-encased stone column
(GESC) was studied through the tests. Based on large-scale shaking table model tests of
a composite foundation with the GESC and a composite foundation with the TSC, the
dynamic stress transfer behavior of the two kinds of composite foundations under different
excitations were investigated. The main conclusions are as follows:

1. In soft clay foundations, the GESC has greater advantages concerning bearing capacity
than the TSC. The pile-soil stress ratio of fully geosynthetic-encased stone column
with a tensile strength of geotextile of 11 kN/m is 22~27, the pile-soil stress ratio
of fully geosynthetic-encased stone column with a tensile strength of geotextile of
43 kN/m is 29~34, the pile-soil stress ratio of partially geosynthetic-encased stone
column with a tensile strength of geotextile of 43 kN/m is 11~19, and the pile-soil
stress ratio of a traditional stone column is 3~7.

2. For the FGESC with different geomaterial tensile strengths, negative frictional resis-
tance may occur at a depth of about 2D from the top of the pile. Approximately 80%
of the pile top force is transferred to 4D depth and about 60% of the pile top force is
transferred to the bottom end of the pile. For the PGESC with a tensile strength of
geotextile of 43 kN/m, the pile top force transferred to the 4D depth is slightly less
than that of the FGESC, and about 40~60% of the pile top force is transferred to the
bottom end of the pile. For the TSC, about 27~45% of the pile top force is transferred
to the bottom end of the pile.

3. The maximum horizontal soil pressures around the pile perimeter for the GESC and
the TSC occur near the 2D depth. In the depth range of 4D from the top of the pile,
the horizontal earth pressure around the GESC is less than that around the TSC.
At the depth below the sleeve of the PGESC, the horizontal stress of the PGESC is
greater than those of the FGESC and TSC. This is related to the stress transfer and the
difference in stiffness between the upper and lower parts of the PGESC.

4. The dynamic pile-soil stress ratios of the GESC and the TSC first decrease and then
increase slightly with the increase of the input peak acceleration. The dynamic pile-
soil stress ratio of the GESC is in the range of 8~21. The upper part of the GESC
bears a larger shear stress, while the middle and lower parts of the TSC bear a larger
shear stress. The dynamic pile-soil stress ratio of the GESC is about three times that
of the TSC under seismic excitation with the same type and peak acceleration. The
attenuation rate of dynamic stress along the pile body under dynamic loading is much
faster than that under static loading.
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