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To study the settlement and deformation characteristics of a long-short pile composite foundation and its influencing factors, the
indoor centrifuge model test and numerical simulations were performed under the actual working conditions to treat the saline
soft soil foundation in the Soltan salt lake area of Iran. Firstly, the settlement of a long-short pile composite foundation and the law
of pile-soil stress ratio development with time were studied using a centrifuge model test. In addition, FLAC3D was used to
simulate the test conditions, and it has been observed that the numerical and experimental results were in good agreement. Based
on the numerical model, the effects of the replacement rate of long and short piles, cushion modulus, and pile length on the
settlement of the composite foundation and the stress ratio of long and short piles were analyzed. -e results show that the long-
short pile composite foundation can effectively control settlement. Compared to the untreated foundation, the total settlement of a
long-short pile composite foundation was reduced by 67%, and the postconstruction settlement was reduced by 47.7%. Compared
to the final settlement of the composite foundation obtained using the centrifuge model test, the error range of the numerical
simulation results was between 2.4% and 8%. -e influence of pile spacing on the settlement and stress characteristics of a long-
short pile composite foundation is greater than that attributable to the arrangement of the piles. Under this geological condition, it
is reasonable to choose a pile spacing of 4d∼5d. When the long pile reaches the bearing stratum, the length of the short pile should
not exceed 0.6 times the length of the long pile. -e setting cushion not only reduces uneven settlement of the composite
foundation but also improves the joint bearing capacity of the pile and the soil between the piles.

1. Introduction

-eDY (Tehran to Isfahan) high-speed railway in Iran starts
in Tehran and ends in Isfahan and has a total length of
approximately 405 km. Deep soft soil containing salt is
widely distributed in the Soltan salt lake area where the high-
speed railway passes. -e geological location of the project is
shown in Figure 1. -e foundation in the salt lake area has
the characteristics of high groundwater level, large salt
content, and low bearing capacity. -e variation of the
environmental temperature causes the migration, accumu-
lation, crystallization, and dissolution of water and salt in the
soil, resulting in salt expansion, frost heave, and an increased
risk of collapse of highway and railway foundations [1]. To
avoid these problems, it is necessary to reinforce the

foundation using appropriate ground treatment. For
foundation reinforcement, the strength of the soil can be
improved via precompression and replacement. Moreover,
the pile technology can be used to reinforce the soft soil
foundation to form a composite foundation that bears the
load through the pile with high rigidity, in addition to the
surrounding soil. -is improves the bearing capacity of the
foundation and controls its settlement [2]. Although com-
posite foundation technology has been widely used in soft
soil regions in China, it is being used for the first time in Iran.

In soft soil foundation treatment, Yang [3] determined
that the use of piles has obvious effects on the reduction of
the settlement of foundations. As such, it is widely used in
construction. Lv et al. [2] used X-section cast-in-place
concrete piles to reinforce soft soil foundations, which
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significantly improved the bearing capacity of the founda-
tion and reduced settlement. Rogers and Glendinning [4]
analyzed the treatment of a soft soil foundation using lime
piles and reported that it mainly relies on the reduction of
the soil moisture content to densify the soil and increase its
strength and rigidity to improve bearing capacity. Xu et al.
[5] analyzed the problems associated with the installation of
pipe piles in a soft soil foundation. Chandrasekaran et al. [6]
conducted static lateral load tests of pile groups in soft soil
and studied the influence of pile spacing, pile number,
embedded length, and pile group structure on pile group
interaction. Liu et al. [7] observed that when large-diameter
cast-in situ concrete pipe piles are used to treat soft soil
foundations, the construction speed increases and it is
economical and effective. Some scholars have also in-
vestigated electroosmotic reinforcement of soft soil foun-
dations [8–10]. For different saline soil foundations, many
ground treatment methods have also been applied. Yue et al.
[11] carried out a laboratory test on the foundation treat-
ment of sulphate saline sandy soil by a heavy cover re-
placement technique and discussed the specific thickness of
heavy cover replacement. -rough an in situ test, Zhang
et al. [12] concluded that dynamic compaction replacement
has good effect in strengthening chlorine saline soil foun-
dations. In view of saturated saline soil, dynamic consoli-
dation and drainage stone columns have been put forward
and the corresponding experimental research has been
carried out [13, 14]. Several studies have been conducted on
the treatment of soft soil and saline soil foundations, and the
application of ground treatment methods is relatively well
established. However, there are comparatively few studies on
the treatment of soft soil and saline soil foundations using
long and short piles.

A long-short pile foundation is a composite foundation
formed using long-short piles comprised of rigid and flexible
piles. -is composite foundation effectively exploits the
advantages of both piles. It not only improves the partici-
pation of the soil between the piles but also effectively
improves the strength of the foundation, reduces the set-
tlement, speeds up construction, and reduces overall cost.
-e rigid pile is used as a long pile, which not only improves

the bearing capacity of the composite foundation but also
reduces its settlement. Short piles can be selected from rigid
piles, semirigid piles, or flexible piles and are mainly used to
improve the bearing capacity of composite foundations [15].
-is is similar to the concepts of composite piled raft
foundation and multielement composite foundations pro-
posed by scholars [16–20].

Liang et al. [16] studied the mechanical behavior of
composite piled raft foundation under vertical load through
the finite element method and verified the reliability of test
results by an engineering case. Similarly, Zheng et al. [17]
investigated the behavior of composite CFG-lime pile
foundations under various load distributions using finite
element software.Wang et al. [18] designed and carried out a
series of model tests onmultielement composite foundations
with different combinations of vertical reinforcement col-
umns and piles.-e results revealedmultielement composite
foundations (such as a combination of steel pipe pile and
sand column or a combination of concrete pile and lime
column) have a higher bearing capacity than the composite
foundation with only sand columns with the same condi-
tions. -rough three-dimensional finite element software,
Samanta and Bhowmik [19, 20] studied the efficacy of im-
proving the soft soil by stone columns on the response of a
piled raft foundation. Studies showed that reinforcing the
shallow soft soil with stone columns can effectively improve
the bearing interaction of the raft. Zhao et al. [21] discussed
the mechanism of the long-short composite pile-raft
foundation. Considering the influence of the cushion, the
flexibility factors of the interaction were determined and a
settlement calculation method for the long-short composite
pile-raft foundation was proposed. Lou et al. [22] tested and
analyzed the long-short pile soil arching effect based on field
tests.-e results showed that increasing the replacement rate
of the pile can effectively increase its bearing ratio. Li et al.
[23] conducted field tests and numerical simulations of long-
short pile composite foundations under embankment loads.
-e results confirmed that when the sum of the lengths of all
long and short piles is the same as the sum of the lengths of
all equal-length piles, the reinforcement effect of the long-
short pile composite foundation is better than that of the

Figure 1: Geological location of the project.
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equal-length pile composite foundation, and the presence of
a bearing layer is beneficial to its performance. Lin et al. [24]
relied on engineering examples to analyze the causes of
failures of long and short pile composite foundations based
on on-site investigations, monitoring, and theoretical ad-
justment and proposed corresponding preventive measures.
Moreover, the analysis of the bearing capacity, deformation
characteristics, and influencing factors of long-short pile
reinforced loess foundations has been pursued [25–28].

-ese studies were mainly conducted on soft soil or loess
foundation without salt. -eoretical calculations, field tests,
and numerical simulation methods were used to analyze the
settlement and bearing capacity of long-short pile composite
foundations. However, the analysis of the settlement char-
acteristics and influencing factors of these foundations is not
comprehensive and few studies have been conducted using
indoor centrifuge model tests. -e centrifuge model test can
simulate the true size of a structure in a high centrifugal field
using a small-scale model. It has the advantages of easy
control of the test process, test repeatability, and easy ad-
justment of the characteristics of the foundation soil [29, 30].
Furthermore, when the salt content in the soft soil is high,
the selection of the pile type should consider the corrosion of
the pile due to the salt, which is quite different from the
conventional soft soil and loess foundation.

In this report, based on the DY high-speed railway
project, the indoor centrifuge model test was conducted
according to the actual conditions of the long-short pile
treatment of the saline soft soil foundation in the salt lake
area.-e settlement characteristics of the rigid-flexible long-
short pile composite foundation and the variation of the
pile-soil stress ratio with time were systematically analyzed.
Moreover, numerical simulations were performed using
FLAC3D 5.0 finite difference software and compared with
the results of centrifugal tests. After verifying the reason-
ableness and reliability of the numerical model, the influence
ratios of the replacement ratio (the layout form and pile
spacing), cushion modulus, and pile length ratio of the long-
short pile composite foundation were analyzed. -e results
not only provide technical reference for the foundation
treatment of the high-speed railway project but also expand
the available knowledge on long-short pile composite
foundations to facilitate their widespread application.

2. Project Overview

-e saline soil in the Soltan salt lake region is a medium and
strong saline soil. -e types of salt in the soil are mainly
chlorides and chlorites, followed by sulfites and sulfates.
-rough typical bore log of the site, the upper layer is saline
soft soil and the lower layer is saline clay, in a typical
geological profile of the site, as shown in Figures 2(a) and
2(b). -e saline soft soil layer is grey-brown and in a soft
plastic state. Part of the thin layer is in a hard-plastic state
and contains a thin silt sandwich with 5–10% fine sand and
low toughness. -e maximum thickness of this layer is
19.6m. -e saline clay layer is grey-brown, grey-yellow, and
light-yellow in a hard-plastic local hard state containing
5–10% fine sand. -e local soil layer contains a thin layer of

silt and a fine sand interlayer. -e soil layer has medium
toughness and high dry strength and generally has a
thickness of 2–13m and a partial thickness of 37m.-e peak
acceleration of the ground motion of the survey area is
0.30 g, which is a high-intensity seismic zone. Saturated and
poorly graded sands have the potential to liquefy. -e
groundwater in this area is deeply buried, and both soil and
groundwater are highly corrosive.

Long and short piles are used for foundation treatment
because of the poor geological conditions of the salt lake
section and the strict requirement of allowable settlement
and deformation of the high-speed railway. -e corrosive-
ness of saline soil is considered in the selection of the pile
type. -erefore, the long piles are made of precast concrete
piles. -e length of the piles is 22m, and the cross-section
size is 0.45m× 0.45m.-e short piles are made of gravel pile
with a length of 10m and a pile diameter of 0.5m. In ad-
dition, auxiliary measures such as cushion and geogrid are
used to isolate the water-salt migration, optimize the pile-
soil stress ratio, and to effectively exploit the bearing capacity
of the composite foundation reinforcement. -e section of
on-site embankment, piles, and foundation are shown in
Figure 2(c). Among them, the roadbed height is 5m and the
road width is 13.6m.

3. Centrifuge Model Tests

3.1. Test Design

3.1.1. Materials. Given the difficulty in sampling un-
disturbed soil, the remolded soil was manually prepared in
this experiment. According to the geological conditions of
the site, the test foundation soil was divided into two layers.
-e main physical and mechanical indexes are shown in
Table 1. To ensure that the strength of the foundation soil
used in the centrifuge model test was the same as that of the
in situ soil, numerous exploratory tests were performed. -e
results indicated that the strength of the simulated soil was
consistent with that of the natural soil after centrifuge
consolidation for 3 hours. Loess was selected as the em-
bankment filling material and the corresponding embank-
ment model was made by controlling the gravity density of
the soil.

To accurately simulate the concrete material, 6061 grade
of aluminum alloy was used to simulate a precast concrete
square pile. Its tensile yield strength, elastic modulus,
Poisson’s ratio, and density are 55.2MPa, 68.9GPa, 0.3, and
2.7 g/cm3, respectively. Sand with different particle sizes was
used as the simulation material for the gravel piles, and the
particle sizes were determined by the model similarity ratio
and test conditions. -e degree of compactness was con-
trolled by the quality of the sand filling.

3.1.2. Test Apparatus and Instrument. -e TLJ-3 Geo-
technical Centrifuge of Chang’an University was used in the
experiment. Its main performance indicators are the effec-
tive radius of the centrifuge of 2m, the volume of the ex-
perimental model box of 700mm× 360mm× 500mm, and
the centrifuge capacity of 60 gt. A KTR11-25 spring self-
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resetting linear displacement sensor with a precision of
0.01mm was installed in the experiment, and it was used
with a self-made settlement mark. In addition, a TY1005
micro earth pressure sensor was installed with a measure-
ment range of 0–500 kPa, precision of ±1% FS, and the
diameter of circular induction surface of 8mm, as shown in
Figure 3.

3.1.3. Test Procedure. According to the similarity theory of
the centrifuge model test, the similarity ratio n� 80 is de-
termined in this test considering factors such as the size of
the model, the feasibility of the test process, and test effects.
-e physical quantities’ similarity ratios between the cen-
trifuge and prototype scale are shown in Table 2. In addition,
half of the subgrade section was selected for centrifuge
model testing. In this way, a centrifugal inertial force of 80 g

was applied to the model via a centrifuge with high-speed
rotation.-e loss of self-weight stress caused by reducing the
size of the model to 1/80 of the original size can be com-
pensated, and the model can achieve the same stress level as
the original model. -us, the properties of the original
geotechnical structures can be reproduced in the model [31].

To avoid the situation hereby the number of piles used is
too large and the diameter of the piles is too small to place
sensors on the surface of the piles, the diameter and spacing of
the piles are adjusted under the condition that the re-
placement rate of the composite foundation is the same, and
the parameters of the model pile are finally determined. -e
length of the long pile is 275mm, and the cross section size of
the pile is 8mm.-e length and diameter of the short pile are
125mm and 9mm, respectively. -e piles are spaced 32mm
apart and are arranged in a square pattern. -e specific test
model and instrument layout are shown in Figure 4. To

(a) (b)
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Figure 2: Typical bore diagram on-site and schematic section of proposed foundation schemes. (a) Saline soft soil. (b) Saline clay. (c)
Schematic section of the proposed foundation schemes.

Table 1: Main physical and mechanical indexes of model foundation soil.

Name Moisture content (%) Density (g/cm3) Cohesion (kPa) Internal friction angle (°)
Saline soft soil 24.2 1.61 11.5 14.4
Saline clay 8.6 1.78 20.1 23.6
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facilitate comparative analysis, a control group is set up which
differs from the test group where no treatment was performed
on the foundation. According to JGJ79-2012 [32], the di-
ameter of gravel pile filler ranges from 20mm to 150mm.
Considering themodel similarity ratio and the test conditions,
sand with particle size of 0.5mm∼2mm was used as the
simulation material for the gravel piles.

In the test, the foundationmodel is made first. According
to the volume converted to soil weight, the prepared
foundation soil is weighed and added to the model box in
several layers. Usually, soil with a thickness of 4-5 cm was
filled in each layer until all the soil samples were filled. Given
that there are different types of foundation soils, it is nec-
essary to sort and fill them in order. -e upper portion is
filled after the lower layer is completed.

In piling, to verify the quality of the gravel piles, square
piles were first driven into the foundation and then gravel
piles were made. -e concrete process of forming gravel pile
was as follows: Firstly, the seamless thin-walled steel pipe was
pressed into the specified depth of the foundation soil.-e soil
in the steel pipe was taken out with spiral soil collector, and

the hole was carefully cleared. -en, the steel pipe was slowly
rotated and pulled out to avoid damage to the hole wall.
Finally, a certain amount of sand was penetrated into the hole
with a funnel and compacted layer by layer. After all the
model piles were driven into the foundation, the cushion and
geogrid were laid. -e earth pressure sensor and settlement
marks were installed in preset positions then. Finally, the
embankment was filled in layers. -e foundation of the
control group was not treated, and the embankment was
directly filled on the foundation and compacted layer by layer.
-e physical structure of the model is shown in Figure 5.

According to the time similarity ratio, the running time
of the centrifuge model test was converted, and the accel-
eration process was designed. Acceleration can be applied in
three categories: preloading of the foundation soil model,
simulation of different embankment filling heights (2m,
4m, and 5m), and postconstruction time. -e total running
time of the centrifuge was 8.09 h. To ensure close contact
between the sensor and the measuring object and the model
parts, the centrifuge was energized for 10 minutes and then
accelerated to 10 g to start the formal testing. In addition, the

(a)

(b) (c) (d) (e)

Figure 3: Testing equipment and instruments. (a) Test centrifuge. (b) Displacement sensor. (c) Settlement mark. (d) Combination diagram.
(e) Pressure sensor.

Table 2: -e physical quantities’ similarity ratios used in centrifuge model tests.

Physical quantity Model size Density Settlement Strain Stress Force Gravity acceleration Consolidation time
Similar ratio (prototype/model) n 1 n 1 1 n2 1/n n2
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data acquisition system was initiated to record the sensor
data. -e specific running time is shown in Figure 6.

3.2. Results and Discussion

3.2.1. Settlement Law. Figures 7 and 8 present graphs
showing the change of the accumulated settlement of the
foundation with time in the test and the control groups. -e
settlement in the figure was converted to the actual settle-
ment value for easy analysis.

It is evident from Figure 7 that the settlement of un-
treated foundation and long-short pile composite founda-
tion increases with the increase in the filling height in 90
days of simulated embankment filling. -e settlement of the
foundations gradually stabilized after about 1000 days. -e
maximum cumulative settlement of untreated foundation
was 256.7mm, and the postconstruction settlement was
86.4mm, which exceeds 72.8% of the design standard
(50mm). In actual construction, the embankment filling
speed may be faster than the experimental design speed. In
addition, the foundation soil produces long-term consoli-
dation deformation, so the postconstruction settlement
increases further. It is also evident based on the figure that
the settlement generated during the embankment filling
process accounts for a large proportion of the cumulative
total settlement. In particular, the settlement of the un-
treated foundation after the completion of embankment was
170.3mm, accounting to 66.3% of the total settlement. For
the long-short pile composite foundation, after the em-
bankment was completed, the cumulative settlement at the
top of the long pile, the top of the short pile, and the soil
between the piles was 25.4mm, 37.2mm, and 43.4mm,
respectively.-ese accounted for 52.4%, 49.5%, and 48.7% of
the total accumulated settlement, respectively, and the

corresponding postconstruction settlements were 28mm,
36.5mm, and 41.2mm, respectively.

It is evident from Figure 8 that the settlement of the
treated foundation is significantly reduced. Compared to the
untreated foundation, the total settlement of the long-short
pile composite foundation was reduced by 67%, and the
postconstruction settlement was reduced by 47.7%. -e
postconstruction settlement of the long-short pile composite
foundation was approximately half of its total accumulated
settlement. -is shows that the use of long and short piles
facilitates a more stable development process of foundation
settlement and the proportion of postconstruction settlement
is relatively large. However, the bearing capacity of the
foundation increases rapidly, and consequently, the settle-
ment of the foundation decreases because long and short piles
reinforce the soil between the piles. Moreover, the gravel pile
increases the drainage of the channel of the foundation soil
which facilitates long-term consolidation of this soil, resulting
in a relatively large proportion of postconstruction settlement.

3.2.2. Variation Law of Pile-Soil Stress Ratio. -ecurve of the
pile-soil stress ratio of long-short pile composite foundation
varying with time is shown in Figure 9. With the increase of
the embankment filling height, the pile-soil stress ratio of each
pile increases continuously. After the embankment is com-
pleted, the pile-soil stress ratio peaks and then decreases
slightly.-e variation ratio of the pile-soil stress ratio gradually
decreases with time, and the composite foundation tends to be
more stable. -is is because the compressibility of the pile is
less than the compressibility of the soil between the piles. In the
process of embankment filling, the settlement of the soil
between the piles is larger than that of the pile top. As the
overlying load on the foundation increases, the pressure on the
pile top increases and gradually reaches its peak value. When
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1 : 2
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Long pile
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Subgrade
Cushion

Ground

(a)

64mm
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A A

Long pile
Short pile Manometer

Settling plate

(b)

Figure 4: -e specific test model and instrument layout. (a) A-A sectional view. (b) Top view.

6 Advances in Civil Engineering



the embankment filling is completed, the strength of the soil
between the piles increases with time due to consolidation
settlement. -erefore, the load borne by the soil between the
piles gradually increases and the stress distribution of the pile
and soil improves and tends to gradually become stable. As
shown in Figure 9, when the roadbed filling is completed and
gradually stabilized, the pile-soil stress ratio of the long pile is
2.2 times that of the short pile.

4. Numerical Simulation

4.1. Establishment of the Numerical Model. FLAC3D soft-
ware was used to simulate the long-short pile composite

foundation. To reduce the calculation burden, half of the
embankment was selected for simulation because the em-
bankment was bilaterally symmetrical.-emodel (called the
initial model) is shown in Figure 10. Five rows of piles were
intercepted from the long-short pile composite foundation
model in the direction of the route. -e calculation depth
and width of the model were 40m and 40m, respectively.
-e length and spacing of the piles were the same as those in
the field. -e Drucker–Prager model was used for fill em-
bankments, foundation soils, cushions, and gravel piles. A

(a) (b)

Figure 5: Composite foundation model. (a) Test model making process. (b) Model.
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linear elastic model was adopted for the prefabricated square
pile. In addition, a contact surface was set on the pile surface
to simulate the interaction between the pile and the soil.

4.2. Boundary Condition and Material Parameter Setting.
-e calculation parameters for the soil and pile were ad-
justed based on an engineering geological exploration re-
port. -e final parameters are shown in Tables 3 and 4. -e
boundary conditions are that the left and right sides are fixed
in the x-direction, the front and back sides are fixed in the y-
direction, the lower surface is fixed, and the upper surface is
a free boundary. -e specific analysis process is as follows:
before embankment loading, the initial geostress field is
formed by self-balancing, then the model is activated, and

the displacement stability is taken as the basis for the end of
the calculation.

4.3.ComparisonofNumerical SimulationandCentrifugalTest
Results. Table 5 shows the results for the final settlement of
the test group and the control group obtained via numerical
simulation and centrifugal tests. It is evident from the table
that the results of the centrifuge model tests are generally
smaller than those of the numerical simulation. In the
process of creating the centrifugal model, soil consolidation
occurs, which increases the strength of the soil, resulting in a
slightly smaller final settlement deformation. However, the
settlement point recorded in the numerical simulation is
close to the center of the bottom of the embankment. In the
centrifuge model tests, to eliminate the influence of
boundary effects, the measured settlement value is the
component near the shoulder at the bottom of the em-
bankment. -erefore, the test settlement values are slightly
smaller.

Compared with the centrifuge model test, the cumulative
settlement error of the numerical simulation is 2.4%∼8%.
-e two results are in good agreement.-is indicates that the
parameters selected by the numerical simulation and the
built composite foundationmodel are reasonable. Moreover,
it can be further used to analyze the influencing factors of the
long-short pile composite foundation.

4.4. Factor Analysis

4.4.1. Influence of the Replacement Rate. -e replacement
rate of the composite foundation is an important index in
the determination of its vertical bearing capacity and affects
the transmission of overlying loads and the stress and
displacement fields of composite foundations [33]. However,
pile spacing, pile diameter, and pile layout directly affect the
replacement rate of the composite foundation. -erefore,
based on numerical simulation, further modeling analysis
was performed by changing the pile spacing and pile layout
form. Two kinds of long and short piles arrangements were
used and arranged in a square, as shown in Figure 11. In
addition, according to JGJ79-2012 [32], the spacing between
piles of the same pile type composite foundation is generally
between 2 and 5 times the pile diameter. -erefore, l � 3d,
l � 4d, and l � 5d (d � 0.5m), where l is the spacing of the
piles and d is the diameter of the short piles. -e modulus of
the cushion is 35MPa. -e thickness of the cushion is 0.5m.
-e other parameters were the same as those of the initial
model, and the specific replacement rate is shown in Table 6.
In this case, the ratio of the long pile replacement rate and
the short pile replacement rate corresponding to the two
long and short pile arrangement forms is 1 :1 and 1 : 3,
respectively (referred to as Type A and Type B), and the
specific results are analyzed as follows.

It is evident from Figure 12 that there is a difference in
the settlement of the pile for two different arrangements.
When l is equal to 5d, the maximum settlement of Type A
long-short pile composite foundation is 7.52mm less than
that of the Type B long-short pile composite foundation,
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which is approximately 9.1%. When l is equal to 4d, the
corresponding maximum settlement is reduced by 3.69mm,
which represents a reduction of approximately 5%. In ad-
dition, when l is equal to 3d, the corresponding maximum
settlement is only reduced by 1.71mm, which represents a
reduction of approximately 2.5%. -erefore, when the pile
spacing is constant, the influence of different long and short
pile arrangements (Type A and Type B) on the settlement is
relatively limited. However, under the same long and short
pile arrangement, the change pile spacing has a greater
influence on the settlement of the composite foundation. For
Type B, when the pile spacing is changed from 5d to 4d and
3d, the maximum settlement of the foundation decreased by
10.3% and 15.5%, respectively. -e maximum settlement
corresponding to Type A decreased by 6.2% and 9.3%, re-
spectively. It is evident that the influence of the pile spacing

on the settlement of the composite foundation is greater
than that of the arrangement. Compared to the pile spacing
between 4d and 5d, when the spacing is between 3d and 4d,
the variation of the settlement for the twomodels is relatively
small.

Comparing the settlement changes of the long piles for
the two arrangements, it is evident that the settlement
variation of the long piles is small when the pile spacing is
between 3d and 4d. -is shows that the effect of controlling
the settlement by reducing the pile spacing is not obvious
under these conditions. Moreover, a reduction of the pile
spacing increases the number of piles, resulting in wastage.
When the pile spacing is between 4d and 5d, the settlement
change of the long pile is obviously larger than that of the
former, so it is more reasonable to adopt the pile spacing of
4d∼5d.

(a) (b)

Figure 10: -e initial model. (a) Foundation model. (b) Pile arrangement.

Table 3: Soil material parameters.

Name Density (g/cm3) Cohesion (kPa) Internal friction angle (°) Poisson’s ratio Young’s modulus (MPa)
Saline soft soil 1.6 13 15 0.32 3
Saline clay 1.7 28 23 0.3 8
Cushion 2.1 5 30 0.23 30
Subgrade 2.1 15 27 0.33 25

Table 4: Pile material parameters.

Types of piles Density (g/cm3) Cohesion (kPa) Internal friction angle (°) Poisson’s ratio Elastic modulus (MPa)
Long pile 2.1 — — 0.3 3.5×104

Short pile 2.0 0 38 0.25 70

Table 5: Comparison of final settlement results of composite foundation.

Name
Control group Test group

Untreated foundation Long-short pile composite foundation
Foundation settlement (mm) Soil between piles (mm) Top of long pile (mm) Top of short pile (mm)

Numerical simulation 272.1 91.4 54.7 78.7
Centrifuge model test 256.7 84.6 53.4 73.7

Advances in Civil Engineering 9



It is evident from Figure 13 that the stress state and
variation law of long pile, short pile, and the soil between the
piles are close for the two kinds of long and short pile ar-
rangements. When the pile spacing is the same, the stress
and stress ratio of the long pile, short pile, and the soil
between the piles for Type B are larger than those for Type A,
but the di�erence is small. With the increase of the pile
spacing, the stress on top of the long pile and the pile-soil
stress ratio for the two arrangements clearly increase. �is
indicates that the pile spacing has a greater in�uence on the
stress acting on the long and short piles and the soil between
the piles, compared to the layout. Furthermore, the re-
duction of the pile spacing increases the replacement rate of
the piles, but this is not conducive to the e�ective exploi-
tation of the bearing capacity of long piles. On the contrary,

it increases the cost.When the pile spacing increases from 4d
to 5d, the stress on top of the long pile increases rapidly,
indicating that the bearing capacity of the long pile is more
e�ectively utilized. �erefore, it is more reasonable to use a
pile spacing of 4d∼5d.

It is evident from Figure 13 that although the stress at the
top of the short pile and the pile-soil stress ratio is gradually
increased, the change is small and the short pile stress is
approximately 1/4 of the long pile stress. When the pile
spacing changes, the ratio changes slightly. However, with
the increase of the pile spacing, the stress di�erence between
the two increases. �e stress on the soil between the piles
increases slightly with a decrease of the pile spacing, but the
e�ect is small. It is evident that the reduction of the pile
spacing is not only bene�cial to the bearing of the soil
between the piles but also to the overall bearing of the soil
between the piles. Figures 12 and 13 show that as the pile
spacing increases, the pile-soil stress ratio of the long and
short piles gradually increases, and the long piles bear a large
component of the load. �erefore, the settlement of the long
piles is larger. �e settlement of the long-short pile com-
posite foundation is mainly controlled by the long piles.

4.4.2. E�ect of Pile Length. To investigate the in�uence of
pile length on the settlement and stress state of the com-
posite foundation, the length of the long pile was set as 16m,
18m, 20m, 22m, and 24m, respectively. �e ratio of the
length of the short pile to the length of the long pile (referred
to as the pile length ratio) is 0.3, 0.4, 0.5, 0.6, and 0.7, re-
spectively. �e other parameters are the same as those of the
initial model for the numerical simulations. �e speci�c
results are shown in Figures 14 and 15.

Figure 14(a) shows that the settlement of the composite
foundation can be e�ectively controlled by changing the
length of the pile. When the pile length ratio is determined,
as the length of the long pile increases, the length of the short
pile also increases correspondingly, and the settlement of the
composite foundation decreases at a larger rate. When the

Table 6: Replacement ratios corresponding to di�erent arrangements.

l
A B

Long pile Short pile Long pile Short pile
3d 0.044 0.044 0.022 0.065
4d 0.025 0.025 0.012 0.036
5d 0.016 0.016 0.008 0.024

(a) (b)

Figure 11: Long and short pile arrangement. (a) A. (b) B.
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Figure 12: In�uence of layout and pile spacing on the settlement of
long-short pile composite foundation.
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length of the long pile increases from 16m to 24m, the
maximum reduction of the composite foundation settlement
is 56.9%. However, when the length of the long pile exceeds
22m, the settlement rate of the composite foundation is
signi�cantly reduced. �is shows that after the long pile
reaches the bearing stratum, the in�uence of increasing the

pile length on the settlement of the composite foundation is
reduced. It is evident from Figure 14(b) that when the length
of the long pile is determined, as the pile length ratio in-
creases (i.e., the length of the short pile increases), the
settlement of the composite foundation also gradually de-
creases; however, the rate of reduction is less than that of the
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Figure 13: E�ect of arrangement and pile spacing on bearing capacity of long-short pile composite foundation. (a) Stress. (b) Stress ratio.

Pile length ratio
0.3
0.4
0.5

0.6
0.7

40

60

80

100

120

140

160

Se
ttl

em
en

t (
m

m
)

18 20 22 2416
Length of the short pile (m)

(a)

The length of the long pile
22m
24m
16m

18m
20m

40

60

80

100

120

140

Se
ttl

em
en

t (
m

m
)

0.4 0.5 0.6 0.70.3
Pile length ratio

(b)

Figure 14: In�uence of pile length on settlement of composite foundation. (a) Variation of length of long piles. (b) Variation of pile length
ratio.
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former (caused by the change of the length of long piles). If
the long pile does not reach the bearing layer, the e�ect of
reducing the settlement is obvious. When the length of the
long pile is 22m, the in�uence of the increase of the length of
the short pile on the settlement is less signi�cant. When the
pile length ratio is 0.6, the e�ect disappears. �erefore, when
the long pile reaches the bearing stratum, the length of the
short pile should not exceed 0.6 times the length of the long
pile to avoid wastage of the pile.

Figure 15 shows that when the pile length ratio is de-
termined, the pile-soil stress ratio of the long pile increases
linearly with the increase of the length of the long pile. When
the long pile (22m) reaches the bearing layer, the growth
rate of the pile-soil stress ratio slows down signi�cantly.
Even if its length is increased to 24m, the change of its stress
state is no longer signi�cant. However, when the length of
the long pile is constant, the increase of the pile length ratio
reduces the pile-soil stress ratio of the long pile. �is shows
that the increase of the length of the short pile increases the
load that it bears.

4.4.3. In�uence of Cushion. �e gravel cushion plays an
important role in improving the bearing capacity of the
foundation, ensuring that the pile and the soil body act as a
whole to bear the force together and adjusting the load
sharing ratio of the pile and soil [34]. To study the in�uence of
the cushion on the settlement characteristics and bearing
capacity of the long-short pile composite foundation, nu-
merical simulations were conducted. For l � 4d and Type B,
the elastic modulus of the cushion layer was 35MPa, 50MPa,
70MPa, 90MPa, 110MPa, and 140MPa, respectively, and
other parameters were the same as those of the initial model.
�e results obtained were analyzed as follows.

As is evident from Figure 16, the setting cushion has an
obvious e�ect on the reduction of foundation settlement.

Compared to the foundation without cushion, the maxi-
mum settlement of the foundation with cushion with a
modulus of elasticity of 35MPa is reduced from 92.3mm to
73.9mm, which represents a reduction by 20%. In addition,
the settlement of the long pile increases from 66.6mm to
67.4mm and the corresponding uneven settlement decreases
from 25.7mm to 6.5mm, which represents a decrease of
74.7%. �is shows that setting the cushion not only reduces
the uneven settlement of the composite foundation but also
facilitates the bearing of the pile and the soil between the
piles. When the modulus of elasticity of the cushion in-
creases from 35MPa to 140MPa, the settlement of the
foundation decreases further and the corresponding set-
tlement di�erence decreases to 4.1mm.

�e e�ect of the cushion on the bearing characteristics of
the long-short pile composite foundation is shown in Fig-
ure 17. �e setting of the cushion signi�cantly increases the
stress on the long pile. �e stress on top of the pile increases
from 291.9 kPa to 740.2 kPa and the corresponding pile-soil
stress ratio increases from 3.4 to 10.0. �is shows that the
bearing advantages of long piles are not fully developed
before the cushion is set up.�is explains the reason why the
settlement of long piles increases in the case of setting the
cushion. With the increase of the cushion modulus, the
stress on the long piles increases linearly, but the growth rate
is slower. When the cushion modulus is 110MPa, the stress
ratio is 5.3. Unlike the long piles, the stress on the short piles
decreases signi�cantly after the cushion is placed. �e stress
on top of the pile decreases from 334.9 kPa to 187.7 kPa and
the corresponding stress ratio of the pile to the soil decreases
from 3.9 to 2.5. When the modulus of the cushion gradually
increases from 35MPa to 110MPa, the stress on the short
pile and the pile-soil stress ratio �rst increases slightly and
then slowly decreases. In addition, the pile-soil stress ratio is
basically stable between 2.7 and 2.3. As the cushion modulus
increases, the stress ratio of the long and short piles gradually
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Figure 15: In�uence of pile length on long pile stress.
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Figure 16: E�ect of cushion on the settlement of long-short pile
composite foundation.
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increases from 0.9 to 5.3. �e stress on the soil between the
piles is always at a low level with or without the cushion.
However, after setting the cushion, the stress on the soil
between the piles tend to decrease slightly.

In this study, the change rule of the stress on the long pile
with the elastic modulus of cushion is consistent with that of
Liang et al. [16], while the change rule of short pile is slightly
di�erent from it. �is may be due to the di�erent types of
piles and soils selected. Besides the modulus of the cushion,
the thickness of the cushion may have an important in-
�uence on the behavior of the composite foundation. �ere
are more studies on the in�uence of cushion thickness
[16, 17]. So, this study is aimed at cushion with di�erent
elastic moduli. In a word, when choosing a cushion of a long-
short pile composite foundation, the in�uence of modulus
and thickness should be considered.

5. Conclusions

To study the deformation characteristics of a long-short pile
composite foundation in saline soft soil region and to analyze
its in�uencing factors, indoor centrifuge model tests were
conducted as part of this investigation.�e settlement and the
variation of the pile-soil stress ratio for a long-short pile
composite foundation were analyzed. In addition, numerical
simulation under the same working condition was performed.
On the basis of verifying the rationality and reliability of the
numerical simulation model, the in�uencing factors of the
long-short pile composite foundation were systematically
studied. �e main conclusions are as follows:

(1) Long and short piles can e�ectively control the set-
tlement of a saline soft soil foundation. Compared with
the untreated foundation, the total settlement of the
long-short pile composite foundation was reduced by
67%, and the postconstruction settlement was reduced

by 47.7%. In addition, postconstruction settlement of
long-short pile composite foundation accounted for a
relatively large proportion, approximately 0.5 times the
total accumulated settlement. When the pile-soil stress
of the long and short piles was stable, the pile-soil stress
ratio of the long piles was 2.2 times that of the short
piles.�e results of numerical simulations were in good
agreement with those of the centrifuge model tests,
and the error of the numerical simulations for the
settlement analysis was between 2.4% and 8%.
�erefore, the rationality and reliability of the nu-
merical simulation and associated parameters were
veri�ed, which can be further used to analyze the
in�uencing factors of the deformation characteristics of
the long-short pile composite foundation.

(2) �e in�uence of pile spacing on the settlement of the
long-short pile composite foundation was greater
than that caused by the arrangement of the piles.
Under this geological condition, it is reasonable to
choose a pile spacing of 4d∼5d. With the increase of
the pile spacing, the stress on the piles and the pile-soil
stress ratio on the long and short piles exhibited an
increasing trend for the two arrangements. Moreover,
the short pile stress was approximately 1/4 of the long
pile stress. When the long pile reaches the bearing
stratum, the length of the short pile should not exceed
0.6 times that of the long pile. �e cushion had an
obvious e�ect on the reduction of the settlement of the
composite foundation with long and short piles. �is
is bene�cial to the joint bearing capacity of the pile
and the soil between the piles. Compared to the
foundation without cushion, the maximum settle-
ment of a foundation with cushion with a modulus of
elasticity of 35MPa was reduced from 92.3mm to
73.9mm, which represents a reduction by 20%.When
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Figure 17: E�ect of cushion on bearing characteristics of long-short pile composite foundation. (a) Variation of stress. (b) Variation of stress ratio.
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the cushion modulus increases from 35MPa to
110MPa, the stress of the long pile and its pile-soil
stress ratio increase linearly at a slower rate while the
stress of the short pile and its pile-soil stress ratio
increase slightly at first followed by a gradual decrease.

(3) In this report, the settlement characteristics of a long-
short pile composite foundation and its influencing
factors were analyzed using an indoor centrifugal test
and numerical simulations. -e results can provide a
reference for the associated high-speed railway project
and related projects. However, as a new foundation
treatment method, the different pile spacings of long
and short piles have a great influence on the test results.
In this paper, the numerical simulations of the spacing
between the piles of 3d, 4d, and 5d were carried out.
-is is incomplete and has some limitations. In ad-
dition, the influence of corrosion characteristics is
considered only when selecting the type of long and
short piles. -is influence on the settlement and stress
characteristics of a long-short pile composite founda-
tion has not been studied in detail and therefore should
be investigated in the future.
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