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In order to reduce the foundation settlement, conserve resources, and be environmental-friendly while increasing the use of soil
resources, an artificial crust layer formed by in situ stabilization is proposed to combine with prestressed pipe piles over soft
ground in road construction. In this study, a centrifuge test and two-dimensional coupled-consolidation finite-element analyses
are conducted to simulate the construction of an embankment. And a two-dimensional parametric study is conducted to study the
performance indicated by maximum long-term settlement, excess pore water, and tensile stress under various conditions. +e
results of the centrifuge test clearly show that the measured settlement, excess pore water, and tensile stress are in good agreement
with the calculated results. In addition, the key factors of pile spacing and thickness and strength of the crust have an influence on
the maximum settlement, stress of the foundation, and tensile stress of the crust using the two-dimensional coupled-consolidation
finite-element analyses. And the stress transfer regular of the foundation is analyzed under various conditions. Moreover, the
failure of the crust contained tensile cracking and shearing failure and the thickness of the pile that pierced the crust are also
affected by the key factors.

1. Introduction

Settlement of the building and slope stability accidents are
induced by the construction of an embankment. Obviously,
it is necessary to find an effective solution for treating soft
soil. Technological improvements of the foundation have
been developed with conserving resources, preventing en-
vironmental pollution, and increasing the use of soil re-
sources. Specifically, it has been proposed to combine
prestressed pipe piles with an artificial crust layer formed by
in situ stabilization over soft ground during road con-
struction in order to reduce the settlement of foundation.

+e technology is called artificial crust composite
foundation or crust composite foundation. +e artificial
crust, formed by in situ stabilization with a higher com-
pressive modulus and cohesion, replaces the traditional sand
cushion in pile-supported embankments, which reduces the
total and differential settlement and improves the global

stability of Earth structures on a deep soft soil layer. It is a
common method to make the composite foundation with
acceptable settlement so as to maintain the proper function
of the high standard road or the embankments on the soft
ground.

In order to conform to the engineering, the interaction
between foundation-cushion-load under rigid composite
foundation was studied by centrifugal model test. [1–3].

It is common to apply numerical simulation method to
describe the characteristics of soil in the geotechnical en-
gineering, and the results of numerical analysis compared
with the field engineering or model test are effective
depending on the suited constitutive model of soil materials.
In addition, it is difficult to obtain accurate results of the
analytical calculation owing to the limitation and com-
plexity, so there is a vast literature on methods to solve the
behavior of pile-supported embankments using the finite-
element method (FEM) [4–17]. +e values of numerical
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simulation method were determined based on the experi-
ment [18–21]. Plane-strain models are usually adopted in
analyzing the behavior of embankments on soft soil based on
the FEM, while the columns are usually modeled as 1m
continuous walls in a column-improved (including a pile-
improved) deposit [22, 23]. +e results of lateral displace-
ment and bending moment in the columns were incorrect in
the two-dimensional (2D) analysis under the toe of the
embankment by Chai et al. [23]. However, the results of the
settlement of the foundation and the excess pore pressure
match well with the results of the field-measured results
using a 2D model. Based on these studies, the maximum
long-term settlement and excess pore pressure could be
analysed by using the 2D FE model.

+e work of a combined foundation improvement
technology in this area is ongoing and varied. For example,
Jelisic and Leppänen [24] proposed the organic soft soil
treated by stabilization combined with lime piles; another
important constraint on all the work discussed in this area is
that no theoretical method exists. +e primary method that
has been used in the literature [25, 26] is a new method to
predict the total settlement for a method combining sta-
bilization and a floating-type deep cement mixing of the soil
stabilization method based on several loading model tests.
As far as we know, there is no definite research on the
behavior study of an artificial crust combined with rigid
piles. So, in this study, a centrifuge test and two-dimensional
coupled-consolidation finite-element analyses were con-
ducted to simulate the construction of an embankment for
stabilization combined with rigid piles. Based on the two-
dimensional coupled-consolidation finite-element models,
the impact of several key factors, including pile spacing,
thickness, and strength of the crust on the maximum long-
term settlement, excess pore water, and tensile stress are
discussed. Finally, the influences of these factors are com-
pared and evaluated according to their importance.

2. Centrifuge Model Testing

+e centrifuge model tests were adopted in this paper. +e
centrifuge model tests were performed at the Geotechnical
Centrifuge Facility of Hong Kong University of Science and
Technology [27]. +e main purpose of the centrifuge model
tests is analyzing the stress and deformation in the crust
composition foundation. +e centrifuge test was performed
at a centrifugal acceleration of 80 g (g denotes the Earth’s
gravity) and completed in one flight.+e plane dimension of
the model box was 600mm× 100 mm× 310mm (i.e.,
48m× 8m× 24.8m in the prototype), the height of the
embankment was 56.3mm (i.e., 4.5m in the prototype), the
length of the piles was 200mm (i.e., 16m in the prototype),
the pile spacing was 37.5mm (i.e., 3.0m in the prototype),
and the crust was with a thickness of 21mm (i.e., 1.68m in
the prototype), which are shown in Figure 1. Yao et al. [28]
had discussed the boundary effect of the side friction in the
centrifugal tests. +e distance from the box edges was ap-
proximately 100mm, while, in the paper, the distance from
the foot of the embankment to the box boundary was
100mm.

A digital camera was mounted at 450mm at the front of
the transparent sidewall, with a maximum resolution of
2592×1944 pixels to capture digital images of the soil at
various stages during the in-flight test. Processing two
subsequent digital images quantified the movement of the
soil. +e movement of the soil was corrected by particle
image velocimetry (PIV) analysis coupled with a close-range
photogrammetry [29].

Model material and centrifuge modeling procedure were
described in detail by Wang et al. [30, 31]. In this study, pore
water pressure sensors and strain gauges were used, in
addition to measuring soil and pile motion. In addition,
strain gauges were installed at the bottom of the crust, which
are shown in Figure 1. +e pore water pressure transducers
were installed underneath each embankment, which were
adjacent to the middle pile to confirm the time effect at
depths of 31.3mm (i.e., 2.5m in the prototype) from the
surface of the ground.

+e centrifuge model test was conducted to study the
load responses and deformation in the crust composite
foundation. In addition, the deformation characteristics of
the crust were also investigated. Based on the investigations,
the following conclusions can be drawn.

By the deformation, it was found that the final middle
settlement of the crust composite foundation can be re-
duced. +e excess pore water pressure is lower during the
loading period and the dissipation rate of the excess pore
water pressure is slower at the same loading period. +e
explanation for this event is that the stress can be spread and
reduced due to the crust with the properties of plate. +us,
the consolidation rate became slower based on the low
permeability of the crust.

By comparing the axial force of the piles, the axial force
of the middle pile is smaller. However, the axial force of side
pile is higher in the crust composite foundation. +is can be
explained by the following observations: the redistribution
of foundation stress by the crust with the properties of plate,
the fully functioning bearing capacity of the side section, and
the conflict between the crust and the subsoil. +e largest
tensile stress occurred in the middle of the crust and the
characteristics of a similar plate were taken to depend on the
tensile stress changing, as well as on the maximum tensile
stress occurring at the end of the construction. In conclu-
sion, cracking damage of the crust occurred during the
loading period.

3. Finite-Element Analysis

3.1. Modeling. +e centrifuge tests were backanalyzed to
promote a better understanding of the centrifuge tests and
calibrate a constitutive model and its model parameters
against the measured data.

+e piles are usually modeled as continuous walls by the
two-dimensional coupled-consolidation analyses, using the
finite-element program PLAXIS 2D (Hohai University 2017,
Code: CP12111492f4498588b0).

Due to symmetry, only half of the finite-element model
and the boundary conditions were modeled, as shown in
Figure 2.+emodeled area had a vertical thickness of 19.9m
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from the ground surface and an overall horizontal width of
24m. +e soil and artificial crust domains were represented
by 15-node triangular elements and the geosynthetic layer
was represented by 5-node geogrid elements. +e pile is
calculated by plate element. Slippage between the soil and
the piles was modeled by interface elements. McDowell et al.
[32] assumed 0.1m thickness of the annulus. +e bottom
boundary displacements of the mesh were set to zero. All the
degrees of freedom were constrained except for the vertical
movement.

+e effective unit weight of filling below the groundwater
level was changed due to the effect of buoyancy; when the
filling was settled into the groundwater with the loading, the
effective unit weight decreased under the groundwater level.
+e update grid and water pressure were adopted in this
finite-element program.

3.2. Conversion of 0ree-Dimensional Problem into Two-Di-
mensional Plane-Strain Model. A three-dimensional model
with a square column configuration can be simplified into a
two-dimensional plane-strain model in the equivalent area
method [33] as follows:

Dp
′ �

πD
2
p

4d
, (1)

where Dp
′ is the width of the equivalent pile wall; Dp is the

diameter of the isolated pile; and d is the center-to-center
distance in the direction perpendicular to the plane of the
embankment’s cross section. However, the three-dimen-
sional character of the panel geometry cannot completely be
replaced by the equivalent area method. +erefore, the
equivalent properties approach for the panels was adopted
[5, 34, 35].

+e equivalent properties for the panels were calculated
based on the weighted average area while keeping the panel
width the same as in the three-dimensional geometry based
on the following equation:

Eeq �
EpAp + EsAs

Ap + As

,

Eeq �
πDp

4d
Ep + 1 −

πDp

4d
 Es,

(2)
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where Ep is the elastic modulus of the pile; Es is the elastic
modulus of the soil; Ap is the sectional area of the pile; As is
the sectional area of the soil; Eeq is the equivalent elastic
modulus of the panels.

3.3. Constitutive Models and Parameters. +e embankment
fill was modeled as an elastic-perfectly plastic material using
the Mohr–Coulomb (MC) model. +e firm clay at the
bottom and the soft clay layers were modeled as the elastic-
perfectly plastic materials using the Modified Cam-Clay
(MCC) model. +e material properties of the embankment
fill and the soil layers are presented in Table 1. In this table,
the values were determined based on experiment. In addi-
tion, EA� 1∗ 105 KN/m was adopted for the geogrid. Apart
from these, the model pile was modeled as a linear elastic
material. +e elastic modulus of model pile was set 38GPa,
and the width of the equivalent pile wall and the equivalent
elastic modulus of the panels were calculated by equations
(1) and (2), and Poisson’s ratio was set as 0.15.

Based on the hydraulic conductivity method by Chai
et al. [23], the values of kv were estimated as twice the values
of incremental loading consolidation tests deduced from the
laboratory. +e values of the horizontal hydraulic conduc-
tivity, kh, were set as 1.5 times the corresponding value of kv,
based on the previous experiences.

+e values of kv listed in Table 1 are initial values and,
during consolidation, they were allowed to vary with the
void ratio according to the following equation:

k � k0 × 10 − e0−e( )/ck),( (3)

where k0 � initial hydraulic conductivity, e0 � initial void
ratio, k � current hydraulic conductivity, e � current void
ratio, and ck � a constant, which was, in this study, assumed
as ck � 0.5e0.

A permeability coefficient for cement treated soil in the
paper was 1∗ 10−9.

+e formation method for the artificial crust was the
same as that for the Deep Cement Mixing DCM columns.
+erefore, the material properties of the crust are dependent
on the DCM columns. In the 2D FEmodel, the artificial crust
was modeled as a linear elastic material and only the elastic
modulus of the crust was used. After an extensive literature
review, Filz and Navin [4] proposed that the elastic modulus
of DCM columns should be in the range of 50qu–250quwhen
the DCM columns are constructed by a dry mixing method.
+e values of quwere obtained from the laboratory un-
confined compression test. Bruce [36] and Porbaha et al. [37]
reported that the elastic modulus of DCM columns should
be 100qu . Furthermore, Yapage et al. [35] suggested that the
correlation between the elastic modulus and the unconfined
compression strength, E� 118qu, was used for the cement-
stabilized soil.

So, E � 100–300MPa was determined based on the
unconfined compression strength and chosen for the 2D FE
model. And the Poisson ratio of artificial crust was set as
0.15.

4. Results and Discussion

In this paper, interpretation of the results was only focused
on the responses of the ground and pile due to the
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construction of the embankment. All results were presented
in the prototype scale unless otherwise stated.

4.1. Results and Comparisons

4.1.1. Settlement. Usually, the settlement is one of the focus
areas when an artificial crust composition foundation is used
for supporting roadways, railways, etc. In the past, the
settlement at the base of the embankment had been focused
by most investigators because the long-term maximum
settlement occurred at this location. However, the post-
construction settlement is actually a more direct indicator,
and it is critical to the serviceability of the roads on the
embankment [5]. In this study, the emphasis was placed on
the postconstruction settlement and the maximum long-
term settlement.

+e settlement based on the centrifuge experiment
and the settlement-time history in the center of the
embankment are shown in Figure 3. In addition, Figure 3
also shows the comparison between the measured and
computed settlement values at the base of the embank-
ment using the finite-element model. +e settlement close
to the middle of the crust composite foundation mea-
sured at the end of the construction (300 days) was
18.0 cm. On 2000 day, assumed to be close to the end of
the settlement period, the maximum long-term settle-
ment in the middle of the crust composite foundations
was 27.4 cm. +e postconstruction settlement of the crust
composite foundations was 9.4 cm in the prototype. +is
project requires the residual settlement of the embank-
ment and the road surface to be less than 0.3 m at the
completion of construction [23].

+e measured maximum long-term settlement met the
engineering requirements. +e settlement was 25.4 cm at the
end of the construction and the maximum long-term set-
tlement in the middle of the crust composite foundations
was 28.4 cm using the finite-element model. +e computed
long-term settlement values agreed well with the experi-
mental measurements. +erefore, the influence of the key

factors on the settlement was demonstrated using the finite-
element model.

4.1.2. Excess Pore Water Pressure. During the construction
and traffic loading, excessive pore water pressure is gener-
ated within soft soil, which dissipates simultaneously in two
ways: hydraulically and mechanically (i.e., drainage and load
transfer to the piles) [38]. +e former way refers to a portion
of the excessive pore water pressure dissipates by drainage.
+e corresponding load is transferred to the soil skeleton,
resulting in the increasing effective stress. Meanwhile, the
latter way, mechanically, as the effective stress in the soil
increases, the soil tends to settle more than the piles. A
portion of the load will be transferred to the piles on stress
within the embankment because of the relative movement
between the soft soil and the piles. As a result, the excessive
pore water pressure in the soft soil will be dissipated much
faster than by drainage alone.

Traditional consolidation theories underestimate the
degree of consolidation owing to the artificial crust in the
artificial crust composition foundation.

In the study of the stress transfer and the consolidation
rate of the subsoil, the most direct performance was the
excess pore water pressure. +e excess pore water pressure-
time history curves are plotted in Figure 4. +e maximum
excess pore pressure near the surface of the ground was
approximately 8.8 kPa based on the crust composition
foundation and this value was recorded at the end of the
second phase of construction. +e maximum excessive pore
pressure in the clay was not high enough, for a large portion
of the embankment load was transferred to the piles as a
result of (1) soil arching within filling layers, (2) shear stress
developing in the pile-soil interface, and (3) dissipation of
generated excessive pore pressures during the construction
[9].

In addition, the stress was diffused owing to the high
elastic modulus of the crust [26]. +e comparison between
the measured and computed excess pore water pressure
using the finite-element model at the bottom of the crust is

Table 1: Material properties of the embankment and subsoil.

Parameter Soft clay Firm clay Embankment fill
+ickness (m) 17.7 2.2 4.5
Material model MCC MCC MC
Material type Undrained Undrained Drained
Unit weight c (kN/m3) 15.2 16.6 19
Saturated unit weight, csat (kN/m

3) 18 18 20
Coefficient of lateral Earth pressure, K0 0.9 0.63 —
Void ratio, e0 1.59 2.0 —
Slope of the isotropic normal compression line, λ 0.4 0.121 —
Slope of the isotropic unload-reload line, κ 0.053 0.011 —
Stress ratio, M 0.984 1.277 —
Effective friction angle, φ′(degrees) — — 30
Effective cohesion, c′(kPa) — — 0.1
Poisson’s ratio, ] 0.3 0.25 0.3
Dilatancy angle, Ψ — — 2
Elastic modulus E (MPa) — — 20
Permeability kv (cm/day) 9×10−4 8×10−3 1.0
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shown in Figure 4. +e computed maximum excess pore
pressure was approximately 8.4 kPa and the dissipation rate
of the excess pore water pressure agreed well with the ex-
perimental values. +e finite-element model demonstrated

the influence of the key factors on the excess pore water
pressure.

+e stress of soil in the crust composite foundation was
analyzed by the pore water pressure.+e pile that pierced the
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crust was set at the contact position between pile and crust
owing to the large difference in modulus between the crust
and the rigid pile. +e shear failure of crust occurred when
the top stress of the pile reached the shear failure stress of the
crust oweing to the thickness of pile piercing the crust in-
creased. So, the thickness of pile that pierced the crust is
important to analyze in order to avoid the failure of the
foundation.

Based on the analysis of the thickness of pile that
pierced the crust, it is found that the thickness was related
to the pile, soil, and crust, as well as to the diameter and
replacement rate of piles. +e thickness was analyzed
based on the theory of hole expansion in this paper.
Firstly, it was assumed that (1) the soil between piles and
the crust was ideal elastic-plastic models. +e
Mohr–Coulomb failure criteria or Tresca failure criteria
were suggested to describe the materials; (2) the shape of
the pile at the top was hemispherical, the internal
pressure was assumed to be uniform, and the internal
pressures expand to the surrounding crust, which was the
initial state. According to the stress of foundation
changing,, the expansion pressure increased as the stress
of the pile pp(0) at the top increased, and the soil around
the spherical hole gradually entered the plastic state from
the elastic state. According to the stress development
process, see the following.

When Pp(0)≤Ps, the soil around the spherical hole was
in elastic state:

ST �
r0(1 + ])pp(0)

EC

. (4)

When Pp(0)>Ps, the soil around the spherical hole was
in plastic state:

ST �
r0

Ec

3(1 − ])
rp

r0
 

3

pe − 2(1 − 2])pp(0)⎡⎣ ⎤⎦, (5)

where pe is the ultimate expansion stress,
pe � 4(c cosφ + σ0 sinφ)/3 − sinφ, and pp(0) is the stress of
the pile at the top:

rp �
pp(0) + σ0 + c cotφ

pe + σ0 + c cotφ
 

t

re,

t �
4 sinφ
1 + sinφ

,

(6)

where σ0 is the initial stress and c, φ are cohesion and friction
angle of the crust. ST is the thickness of the pile that pierced
the crust.

+e formula can be simplified as follows:

ST � a − bpp(0), (7)

where
a � 3(1 − ])(rp/ro)3pe(r0/Ec), b � 2(1 − 2])(r0/Ec),r0 is
equivalent diameter, r0 �

����
s2/π

√
, s is the distance of pile, and

rp is the diameter of the pile.

According to equation (7), when the pile type was de-
termined, the thickness of the pile that pierced the crust was
related to the elastic modulus of the crust, the distance of
pile, and the stress of pile at the top.

4.1.3. Tension Stress of the Crust. +e cracking damage of the
crust in the crust composite foundation was likely to occur.
To study the cracking destruction of the crust, a strain gauge
was posted in the zone prone to cracking damage. Addi-
tionally, as the artificial crust stress changed over time, the
time of the maximum tensile stress should be known. +e
tensile stress-time curves are shown in Figure 5, which
indicates that the largest tensile stress occurs in the middle of
the crust [16]. +e data presented in Figure 5 also show that
the tensile stress increases with the load but decreases at
equal loading because of the consolidation of the subsoil.
Accordingly, the maximum tensile stress occurred at the end
of the construction. +us, the cracking damage of the crust
occurred during the loading period.

Based on the centrifuge model test, the largest tensile
stress occurred in the middle of the crust and the charac-
teristics of a similar plate were taken to depend on the tensile
stress changing, as well as on the maximum tensile stress
occurring at the end of the construction. So, the crust cracks
because of the bending in the transverse direction, leading to
horizontal tensile stress and a corresponding vertical
cracking.

+e stress of the artificial crust layer cannot be directly
determined by the 2D FE model. A theoretical analysis of
elastic mechanics was carried out. A plane-strain model was
used to analyze the relative deformation. +e origin point
was set on the left side of the crust layer and the orientation
to the right was equal to the positive direction of the x-axis;
the downward direction was equal to the positive direction
of the z-axis. +e width of the stabilization situation equaled
B at this time. According to the symmetry of stress, the
boundary conditions were set as a free boundary; therefore,
it was assumed that the deformation equation of the
foundation was as follows:

w(x) � 
∞

i�1,3,5

Ai sin iπx

B
+ Bi, (8)

where Ai is the relative deformation of the crust layer and the
deformation of the foundation is Ai + Bi.

According to the theory of elastic mechanics, the stress of
the artificial crust layer is expressed as follows:

Mx � −D
z
2
w

zz
2 + μ

z
2
w

zx
2 . (9)

+e maximum tension stress is as follows:

σx �
E

1 − μ2
z
2
w

zz
2 + μ

z
2
w

zx
2 h⇒σxmax � 

∞

i�1,3

EH

2 1 − μ2 
μ

iπ
B

 
2
Ai,

(10)
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where D � EH3/12(1 − ]2) is the bending rigidity of the
crust layer (in kN · m), E is the modulus of compression, μ is
the Poisson ratio, and h is the distance of the base from the
neutral axis. H is the thickness of the crust layer.

+e stress of the artificial crust layer in equation (10)
showed that the stress was related to the elastic modulus, the
thickness, the width of the crust, and the deflection differ-
ence. Based on the above factors, the deflection difference of
the artificial crust was the key factor.

+e deflection difference of the artificial crust was
confirmed by the 2D FE model and the tension was cal-
culated by equation (10). Subsequently, the calculated ten-
sion was compared with the measured tension, as shown in
Figure 5. At the end of the construction, the measured
tension value was 93 kPa and the calculated value was
96.6 kPa, indicating that the calculated tension agreed well
with the experimental value. Moreover, the measured results
showed that the tensile stress decreased at equal loading
because of the consolidation of the subsoil and the final
tensile stress was 85.6 kPa. However, the calculated tensile
stress was 106 kPa, which was different compared to the
measured tensile stress. +is can be explained because the
foundation stress was changed owing to the piles being
modeled as continuous walls in the 2D FE model. Based on
these results, the calculated tension equation and 2D FE
model can be applied to the analysis of the tensile stress of
the crust.

4.2. Discussion. In the artificial crust composition founda-
tion, the pile spacing and the thickness and strength of the

artificial crust are the main design factors when the pile size
was determined. In addition, based on above analysis and
the summarized former research production [4, 35–37], the
strength of the crust obtained from unconfined compression
strength in the laboratory is related to the elastic modulus in
the finite-element model. In this study, the values of the
influence factors have been listed in Table 2. As mentioned
previously, one parameter was changed from the baseline
case at one time to confirm the effect of that specific factor.
+e ranges of all the factors cover the typical ranges for
practical applications.

4.2.1. Influence of Pile Spacing

(1) Settlement. Pile spacing was an important design pa-
rameter. Once the size of the pile was decided, the spacing
pile was directly related to the area replacement ratio of the
piles (e.g., a larger pile spacing results in a smaller area
replacement ratio). In addition, a large pile spacing can also
cause tension cracks in middle of the crust. Figure 6 shows
that the pile spacing has a significant influence on the
maximum settlement. An increase in the pile spacing in all of
these values as the column spacing extended from 2.0 to
3.0m. However, within the range of the pile space, it had a
limited influence on the maximum settlement.

An increase in the pile spacing from 3.0 to 3.5m only
resulted in less than 1 mm increase in the maximum set-
tlement. +e major reason for this phenomenon may be
because the area replacement ratio of the piles was large and
a stable soil arch was formed. Consequently, Figure 6
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Table 2: Values of influence factors used.

Parameter Range of value
+ickness of the crust (m) 1.0, 1.5, 1.7, 2.0
Elastic modulus of the crust (MPa) 100, 200, 300
Pile spacing (m) 2.0, 2.5, 3.0, 3.5
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Figure 7: Excess pore pressure versus time with different pile spacing.
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indicates that the maximum settlement is the main scope of
change and increases by about 31% as the pile spacing in-
creases from 2.0 to 3.0m.

(2) Excess Pore Water Pressure. +e influence of the pile
spacing on the excess pore pressure is presented in Figure 7.
An increase in the pile spacing resulted in a great change in
excess pore pressure as the pile spacing increased from 2.0 to
3.0m. It was shown that the excess pore pressure increased
gradually with an increase in the pile spacing, which indi-
cates that the stress of the foundation increased and that less
load was transferred to the piles. According to the analysis of
the excess pore pressure dissipation rate, the speed of the
pore pressure dissipation was faster as the pile spacing in-
creased. As the effective stress in the soil increases with
extending pile spacing, this has attributed to the fact that the
soil tends to settle more than the piles. A portion of the load
may be transferred to the piles on shear stresses within the
embankment due to the relative movement between the soft
soil and the piles.

As a result, the excess pore water pressure in the soft soil
dissipated much faster. In addition, shearing failure of the
artificial crust may happen at the top of the pile owing to the
different properties of the crust and the piles. +e shearing
failure was related to the stress at the top of the pile. So,
according to the analysis of the stress of the pile, as the pile
spacing increased, the probability of shearing failure is re-
duced with an increase in the pile spacing. +e thickness of
the pile that pierced the crust is reduced with an increase in
the pile spacing by equation (7), the same as the results of the
numerical simulation method.

(3) Tension Stress of the Crust. +e stress of the artificial crust
layer described in equation (10) indicated that the deflection
difference of the artificial crust was a key factor. +e de-
flection difference of the artificial crust increased with an
increase in the pile spacing at the same loading. Figure 8
shows that the deflection difference of the artificial crust
increased from 14.39 cm to 20.69 cm as the pile spacing
increased from 2.0 to 3.0m and the tensile stress increased
from 73.7 to 106 kPa, as defined in equation (10). +e
probability of tensile cracks is reduced with a decrease in the
pile spacing. +e pile spacing had a considerable influence
on the type of the artificial crust damage and was a key factor
in the engineering design.

It is found that the pile spacing has a great change in the
type of failure of artificial crust with the impact of pile
spacing on excess pore water pressure and tensile stress of
artificial crust. +e probability of shearing failure is reduced
with an increase in the pile spacing. However, the probability
of tensile cracks is increased. So, it is important to choose the
appropriate pile spacing, which avoids the tensile crack or
shearing failure of the crust.

4.2.2. Influence of the 0ickness of the Crust

(1) Settlement. +e thickness of crust was a key design factor.
the stress concentration occurring at the crust combined

with the rigid pile in the artificial crust composition foun-
dation resulted in the rigid pile piercing the crust. When the
ultimate stress was reached, a cracking failure of the crust
occurred and the diffusion of the stress disappeared. Based
on these conditions, the crust has to possess sufficient
thickness. On the other hand, the stress on the top of the pile
increased with the thickness, increasing the cost of con-
struction. +erefore, the appropriate thickness of the crust
has to be determined. As the thickness increased from 1.0 to
2.0m, the maximum settlement changed significantly as
shown in Figure 9. +e maximum settlement decreased by
about 4% with an increase in the thickness from 1.0 to 1.5m.
However, the maximum settlement decreased by about 9%
as the thickness increased from 1.5 to 2.0m. Compared with
the change in the ratio of the settlement, the thickness had
relatively little influence on the maximum settlement.

(2) Excess Pore Water Pressure. Figure 10 shows that the
excess pore pressure decreased with the increase in the
thickness of the crust. +is indicates that the stress of the
foundation was diffused quickly with the increase in the
thickness of the artificial crust and as a larger amount of the
load was transferred to the piles, the rigid pile became prone
to piercing the crust. +e increase in the thickness of the
crust accelerated the dissipation of the excess pore water
pressure owing to the enclosed effect of the crust. +e
computed maximum excess pore pressure was approxi-
mately 9.4 kPa with a 1.0m thick crust and 8.1 kPa with a 2.0
thick crust, a reduction of about 14%. +is indicates that the
diffusion effect of the stress was clear with the increase in the
crust thickness in the foundation. On the basis of the stress
balance principle, the load on the top of the pile increased
with the increase in the thickness of the crust; therefore, the
thickness of the pile that pierced the crust increased.

(3) Tension Stress of the Crust. +e deflection difference of
the artificial crust decreased with an increase in the thickness
at the same loading. Figure 11 shows that the deflection
difference of the artificial crust decreased from 20.30 to
18.83 cm as the thickness increased from 1.0 to 2.0m; the
deflection difference of the artificial crust decreased by about
26%. However, the tensile stress increased from 76.1 to
113.3 kPa (as described in equation (10)), an increase of 1.5
times.+e tensile stress was related not only to the deflection
difference but also to the thickness. Based on the above
research, it is found that the thickness of crust multiplying
the deflection difference has influence on the tensile stress.
So, the tensile stress increased with the thickness increased.

4.2.3. Influence of Elastic Modulus of Crust

(1) Settlement. In this study, the elastic modulus of the crust
was correlated to the undrained shear strength [4, 35–37].
When the modulus of the crust changed, the cohesion was
adjusted correspondingly to maintain the same relationship
between the modulus and the cohesion. +erefore, the
modulus of the crust was an indicator of both stiffness and
strength. It was expected that the stiffness of the crust plays
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an important role in the transmitting of the embankment.
+e effect of the elastic modulus of the crust on the max-
imum settlement is presented in Figure 12.

It shows that the modulus had a great effect on the
maximum settlement and that the maximum settlement
changed linearly with a change in the elastic modulus of the
crust. +erefore, the elastic modulus of the crust had a
significant influence on the maximum settlement, it also
showed that the strength of the crust had a great influence on
the settlement of the foundation.

(2) Excess PoreWater Pressure. Figure 13 shows that a higher
degree of consolidation resulted from the higher elastic
modulus of the crust. +e accelerated dissipation of the
excessive pore water pressure was attributed to the transfer
from the soil to the piles.

At the same position, the stress was diffused quickly
with an increase in the crust’s modulus. With the increase
in the modulus, the stress of the foundation soil was
reduced, resulting in a transfer of a larger load from the
soil to the piles; this was attributed to the characteristics of
the plate with the increase in the stiffness of the artificial
crust.

However, the thickness of the pile that pierced the crust
was reduced due to the increase in the modulus as the crust’s
thickness increased, which is the same as the results of the
calculation by equation (7).
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(3) Tension Stress of the Crust. Figure 14 shows that the
deflection difference of the artificial crust decreased from
23.21 to 20.69 cm as the elastic modulus of the artificial crust
increased from 100 to 300MPa; the deflection difference of
the artificial crust decreased by about 11%. However, the
tensile stress of the artificial crust increased from 39.64 to
106 kPa (as described in equation (10)), an increase of 2.7
times. +e elastic modulus had a significant influence on the
tensile stress of the artificial crust but a small influence on
the deflection difference of the artificial crust.

Based on the above research, it is found that the elastic
modulus of the artificial crust had a little effect on the
settlement and stress of the foundation but had a greater
impact on the tensile stress of the artificial crust.

5. Conclusions

A centrifuge test and two-dimensional coupled-consolidation
finite-element analyses were conducted to simulate the con-
struction of an embankment for stabilization combined with
rigid piles. Based on the two-dimensional coupled-consoli-
dation finite-element models, the impact of several key factors
including pile spacing, as well as the thickness and strength of
the crust on the maximum long-term settlement, excess pore
water, and tensile stress was discussed. Based on the discus-
sions, the following conclusions can be drawn.

A comparison of the results of the centrifuge test and the
finite-element analyses indicates that the measured settlement,
excess pore water, and tensile stress of the centrifuge test are in
good agreement with the calculated results; therefore, two-

dimensional coupled-consolidation finite-element analyses
were conducted to simulate the construction of an embank-
ment for stabilization combined with rigid piles.

+e pile spacing has a considerable effect on the set-
tlement, pore water pressure, and tensile stress in the two-
dimensional coupled-consolidation finite-element models.
With an increase in the pile spacing, the tensile stress of the
crust increased, which resulted in an increasing potential for
the tensile failure of the crust; however, the thickness of the
pile that pierced the crust is reduced, so the potential of a
punching failure of the crust can be reduced. +e pile
spacing is an important design parameter in the artificial
crust composite foundation.

+e thickness and the elastic modulus of the crust have a
little effect on the settlement and the stress of the foundation
in the two-dimensional coupled-consolidation finite-ele-
ment models. Based on the above research, it is found that
the increasing thickness and elastic modulus of the crust
have a greater impact on the tensile stress, and the thickness
of the pile that pierced the crust was reduced as the in-
creasing modulus and thickness of the crust.
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