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ABSTRACT
At present, there are few studies on bearing characteristics and settlement laws of composite foundations in
collapsible loess areas. Taking long and short pile-net composite foundations (CFG pile refers to Cement Fly
Ash Gravel long pile and CSC pile refers to Cement-Soil Compacted short pile) in collapsible loess area of
Yinxi high-speed railway as the research object, three-dimensional numerical simulation is carried out on long
and short pile composite foundations by finite element method. Then, mechanical characteristics and settlement
laws of long and short pile-net composite foundations are studied. The conclusions are as follows: under the
loading of the embankment, the CFG pile mainly bears most of the load; at the same height within the
embankment, especially near the centerline of the embankment, the vertical pressure at the pile top is greater
than that of the soil between the piles, and the vertical stress difference between the pile top and the soil between
the piles along the embankment slope direction (namely, away from the embankment centerline) gradually
decreases; the maximum lateral displacement of the composite foundation occurs at the embankment slope; the
settlement deformation and vertical displacement of the overall foundation, the soil between the piles and the
pile body are gradually reduced from the embankment centerline to the embankment slope; the settlement
deformation of the CFG pile is relatively smaller. The results of numerical simulation analysis are basically
consistent with those of the test section. This paper is a research based on a real engineering project and can
provide some critical references for the design and construction of other similar engineering cases in the future.
KEYWORDS: Collapsible loess, Pile-net composite foundation, Numerical simulation, Mechanical
characteristics, Settlement laws.

INTRODUCTION

difficulties are caused during the construction process.
Therefore, scientific and reasonable design as well as
construction about high-speed train foundations in
collapsible loess regions should not be underestimated.
The study of the mechanical characteristics and
settlement laws of pile-net-type long and short pile
composite foundations in the collapsible loess area of
the Yinxi high-speed railway should be conducted,
which is vital and of practical importance.
For studying composite foundations, many
academics have carried out research from different
aspects. Using model tests and theoretical analysis, Low
et al. (1995) studied the deformation law of the
foundation embankment with pile caps and geotextiles.
The study found that the stability of the soil on the top

Nowadays, Chinese economy has achieved great
success and the construction of high-speed railways has
made rapid development. The Yinxi high-speed railway
project is a very significant part of the economic as well
as social development of Northwest China. However,
the location of the Yinxi high-speed railway is mostly in
collapsible loess areas. High-speed railway construction
in collapsible loess areas often faces problems, such as
loess collapsibility. In addition, engineering accidents of
different degrees and technical problems of various
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ratio. The purpose of avoiding excessive differential
settlement at the embankment top can be achieved by
adjusting the pile spacing or pile beam width.
Through the analysis of the pile-soil interaction
mechanism about the rigid pile composite foundation
and the mechanical calculation of the three-dimensional
soil arch between the piles, Wu and Guo. (2015)
analyzed the soil arch effect between the piles and
proposed the calculation formula of the pile-soil stress
ratio on the neutral surface. The results showed that the
pile-soil stress ratio on the neutral surface is directly
proportional to the friction angle, cohesion, pile-soil
friction angle, pile diameter, pile length and pile side
friction resistance of the soil, while it is inversely
proportional to the pile spacing. The rationality of the
formula was verified through an actual project. Through
model tests and numerical simulations, Bian (2016)
studied the interaction mechanism between long and
short piles about rigid long-short pile composite
foundation. The results showed that the lateral friction
resistance of the short pile in single-pile composite
foundation and long-short composite foundation is
basically distributed the same. There is a negative
friction zone and its position is close to the pile top. Due
to the existence of short piles, the lateral friction
resistance of long piles has been redistributed within the
influencing range of short pile ends. Based on the
Filonenko-Borodich
of
two-parameter
elastic
foundation model, Zhao et al. (2016) considered the
pile-soil deformation coordination, deduced the
calculation formula of the pile-soil stress ratio and
settlement of the pile-network composite foundation and
combined the results with practical examples to verify
the rationality of the formula. It was found that the pilesoil stress ratio increased with the increase of the pilesoil stiffness ratio, the composite elastic modulus of the
reinforced cushion and the tensile force of the grid, but
the foundation settlement decreased with the increase of
these factors. Combined with field tests and theoretical
analysis methods, Wang and Xu (2017) studied the
deformation characteristics of short-pile-net composite
foundation. It was found that the settlement of the
reinforced area about the composite foundation
accounted for the main part and the lateral displacement
of the foundation mainly occurred during the precompressed soil loading period. This kind of composite
foundation can effectively control the deformation of

of the soil arch is more important than that of the pile
cap. Under the premise that the area ratio is given,
efficacy can reach its maximum value when the ratio of
the filling thickness to the pile cap spacing becomes
larger. The parameters given in this research are only
applicable to the linear elastic soft soil area. The
calculation method of the stress ratio of pile-net
composite foundation was proposed and in-depth
research on the settlement mechanism and design
method of pile-net composite foundation has been
conducted by some scholars (Rao and Zhao, 2002; Rao,
2004). It was found that when the upper load and pile
spacing increase and the cushion stiffness and the
natural foundation soil stiffness between the piles
decreases, the post-construction settlement will
increase. The upper load and the stiffness of the soil
between the piles have the most significant influences
on post-construction settlement. Doanh et al. (2008)
studied the mechanical characteristics of embankments
using pile-cap-net structures through model tests. It was
found that using this kind of pile-cap-net embankment
to treat soft soil can make the cushion in the reinforced
area better stressed, so that the bearing capacity of the
cushion should be strengthened in real engineering
practice. Under the action of load, the strain value of the
cushion layer increased with the decrease of the pile cap
diameter and the increase of the pile spacing. After the
filling of embankment was finished, the strain of the
cushion layer reached its maximum value, decreased
rapidly and finally stabilized. Through model tests, the
influential factors of soil arch of pile-supported
embankment were studied (Hong et al., 2007; 2011). It
was found that the diameter of the soil arch is equal to
the distance between the outer two pile caps and that the
thickness of the soil arch is the same as the width of the
pile cap. A theoretical formula based on the load transfer
law under the soil arch effect was proposed. When the
filling height is greater than that of the soil arch vault,
the soil arch can be well formed and the load transfer
law is basically consistent with that of the test. Through
model tests, Cao et al. (2007) studied the influencing
factors of pile-soil stress ratio and embankment
settlement. It was found that the greater the ratio of the
embankment height to the pile-beam net spacing and the
ratio of the width of the pile-beam to the pile-net
spacing, the greater the pile-soil stress ratio. The use of
horizontal reinforcement can improve the pile-soil stress
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achieved great success on pile-net composite foundation
treatment, some of them carried out theoretical analysis
and calculations or investigated other types of soil layers
like soft soil, muddy soil,… etc. Whether their findings
can be properly used in collapsible loess areas still
remins unknown. Therefore, based on the abovediscussed research, combined with practical engineering
cases, finite element method was used in the present
study to carry out a 3D-numerical simulation of long and
short pile (CFG pile+ CSC pile) composite foundations
in collapsible loess areas and their mechanical
characteristics and settlement laws were analyzed,
aiming to provide basis for the design as well as
construction treatments about foundations for railways
and highways in collapsible loess areas.

medium compressive foundation. Lehna et al. (2016)
introduced the three-dimensional numerical simulation
results of single-layer reinforced pile embankment
under quasi-static cyclic load and compared the stress
distribution on the geogrid with the current analysis
method. The results showed that reducing the
embankment height and pile spacing can make the
economic optimization of the embankment more
obvious. The shape of the soil arch will change under
the action of non-static load. The revised load approach
proposed has high reliability under static load or cyclic
load. By establishing the Strain Wedge (SW) model,
Arab et al. (2018) conducted a parameter analysis on the
influence of pile-surface angle and soil/ pile
characteristics on pile response in soil under lateral load.
The study showed that under lateral load, the response
of the pile became larger as the density of sand increased
and the pile's flexural rigidity and cross-sectional shape
significantly affected the pile response. Combining
numerical simulations and experimental methods, the
engineering characteristics (including foundation
settlement and bearing characteristics) of long-short pile
composite foundations were analyzed (Tian, 2015; Ma
et al., 2016; Li et al., 2017; Jiao and Liu, 2017; Li, 2017;
Zhang et al., 2018; Chen et al., 2018). They found that
this type of composite foundation has high bearing
capacity and can control settlement effectively. The
increase of pile length, the deformation modulus of
flexible short piles and the underlying layer rigidity or
the decrease of pile spacing can all play a role in
reducing settlement. The pile-soil stress ratio of the long
pile and the short pile increases with the increase of the
pile length and the rigidity of the underlying layer.
Through numerical simulation, Sekhri et al. (2020)
studied the interaction mechanism of soil-pile-structure
system and soil-pile system under lateral load. It was
found that the ultimate bending moment and lateral
displacement of the pile top increased with the increase
of axial load. The lateral capacity of the pile is greatly
affected by pile diameter and the emergence and
location of plastic hinge were found to be greatly
influenced by loading level, pile length and pile
diameter.
As can be seen above, though many scholars have

Mechanism of Long and Short Pile Composite
Foundations
Long and short pile composite foundations generally
have three working areas (I, II and III). Working area I
is generally reinforced with flexible piles, such as
compacted piles. In working area II, rigid piles, such as
CFG piles, are generally used to reduce the deformation
of the foundation soil and control the settlement. Long
piles are mainly used to control the amount of
settlement, transfer loads to the depth of the foundation
and cooperate with short piles to alleviate the upward
bulging of the soil around the piles. The role of short
piles is to enhance the bearing capacity of the composite
foundation. The long pile acts as a “pile protection” for
the short pile and the soil between the piles settles
together. In working area II, the long pile and the soil
cannot settle at the same time, which results in the pile
tip penetrating into the soil at the end of the pile. There
is no pile in working area III and the soil bears the load
from the pile end, so that a good geological layer is
usually selected for this area. The proper arrangement of
long and short piles can make full use of the potential
bearing capacity about the pile as well as the soil
between the piles, not only meeting the requirements of
the bearing capacity and controlling the settlement, but
also effectively reducing construction costs. The layout
diagram of the composite foundation with short and long
piles is shown in Figure 1.
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Figure (1): The layout diagram of long and short pile composite foundations

the loess collapsibility.
The Quzi town roadbed of Ganning YXZQ-5 section
about the Yinxi railway is located east of Shuangqiao
village, Quzi town of Huan County, Qingyang city,
DK325+261.59-DK325+695.93
section.
The
collapsible loess is between 10 m and 15 m thick. Pilenet long and short pile composite foundation is
employed. The diameter of both long and short piles is
0.4 meter, CFG pile spacing is 2 meters and its length is
15 m. CSC pile spacing is 1 meter and its length is 8
meters. The foundation is 36 m wide and CFG piles and
CSC piles are arranged in square shape. Long piles are
arranged between the slope feet on both sides, while
short piles are arranged in a range of 3.0 m outside the
foot of the slope on both sides. The pile top is filled with
a 800 mm thick layer (with 6% cement improved soil
cushion) and the geogrid is laid in the cushion. The
cross-sectional diagram about pile-net composite
foundation is shown in Figure 2. On-site observation
diagram of the subgrade settlement on the test section
can be seen in Figure 3.

Design about the Pile-net Composite Foundation and
Setting of the Analysis Points
The upper stratum of the Ganning section about the
Yinxi high-speed railway is in a sandy loess area, the
thickness of which is between 10.7 m and 20.9 m and
the soil pores are large. The bearing capacity of loess is
less than 180 kPa, with self-weight collapsibility, and
the collapsibility level is III (according to Standard for
Building Construction in Collapsible Loess Regions). In
this area, foundation treatment should be carried out to
reduce loess collapsibility and increase the bearing
capacity about the foundation, so that pile-net long and
short pile composite foundation is considered. Pile-net
composite foundations can effectively adjust the
distribution of stress by setting cushions and internal
reinforcement bodies. At the same time, the long and
short piles are set, aiming to maximize the bearing
potential about pile body and the soil between the piles.
Long piles can reduce the settlement of the substratum
and short piles can increase the bearing capacity about
the foundation in the soil area with large additional
stress. Furthermore, short piles can effectively reduce
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Figure (2): Cross-sectional diagram of the pile-net composite foundation

Figure (3): Observation picture of subgrade settlement in the test section
pore water pressure inside the foundation (point P1) and
the pile top stress ratio (point c) at the centerline about
the subgrade to the soil between the piles (point a), the
reinforcement effect of composite foundation is
obtained. The pile-soil stress ratios include the stress
ratio of the CFG pile to soil and the stress ratio of the
CSC pile to soil. The CFG pile and CSC pile take the
stresses of the CFG pile and the CSC pile at the center
of the roadbed, respectively, while stress and settlement
of the soil between the piles take the stress and
settlement of the four CSC piles at the roadbed
centerline, respectively. C1 is the observation point of
the CFG pile top at the center of the subgrade and S1 is
the observation point of the CSC pile top at the center of
the subgrade.

The settlement difference between the pile and soil
can be calculated by analyzing the settlement value of
the pile top. The layout of the analysis points is shown
in Figure 4 and the simplified analysis path is shown in
Figure 5. By comparing stress changes of path E1-E6,
stress distribution inside the embankment can be
analyzed and then, the height of the soil arch in the
embankment can be obtained. Through the soil pressure
values at points a and c, the corresponding pile-soil
stress ratio can be calculated. The degree of
consolidation development about unsaturated loess in
the subsoil can be inferred from the development curve
of the P1 pore pressure over time. By analyzing the pile
top plane settlement (path PL-PR), embankment surface
settlement of the composite foundation (path OL-OR),
stress distribution inside the embankment (path E1-E6),
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Figure (4): Layout of the analysis points

Figure (5): The analysis path diagram
soil and embankment filling adopt the Mohr-Coulomb
model. The cushion is 0.8 m thick, the embankment
filling height is 6 m and there is one geogrid layer, which
is 200 mm above the pile top for modeling and analyzing
the mechanical characteristics and settlement laws of
pile-net type long and short pile composite foundations.
Based on the geological data and relevant
experimental data of the Ganning section of the Yinxi
high-speed railway, the physical and mechanical
parameters about the composite foundation can be seen
in Table 1.

Model Parameters and Mechanical Characteristics
Analysis about Long and Short Pile Composite
Foundation
Composite Foundation Model Parameters
According to the pile-net long and short pile
composite foundation employed in this project, the
numerical model is 90 m wide, the depth is 30 m and the
thickness is 4 m. Because the model is symmetrical, 1/2
of the model width is used to build the model and its
embankment slope ratio is set to 1:1.5. The piles and
cushions adopt a linear elastic model and the foundation
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Table 1. Physical and mechanical parameters of the CFG pile + CSC pile composite foundation
Name

Density /
(kg/m³)

Elastic modulus
/Pa

Poisson's ratio

Internal friction
angle /º

Bed surface

2000

1.0×107

0.23

30

Bottom bed

1950

8.0×107

0.26

32

Cushion

2000

2.0×108

0.30

―

CFG pile

2500

2.55×1010

0.17

―

CSC pile

2000

1.0×108

0.23

―

Sandy loess

1900

2.0×107

0.30

25

Fine round gravel

2200

0

0.28

35

Mudstone

2435

5.0×1010

0.30

34

Sandstone

2530

7.0×1010

0.25

35

Name

Dilatancy
angle/°

Cohesion
/Pa

Coefficient of
side pressure

Thickness
/m

Bed surface

0

2.0×104

―

0.7

Bottom bed

0

3.0×104

―

3.5

Cushion

―

―

―

0.8

CFG pile

―

―

0.20

15.0

CSC pile

―

―

0.20

8.0

Sandy loess

0

3.5×104

0.50

20.0

Fine round gravel

―

1.5×105

0.50

4.0

Mudstone

―

5.0×104

0.50

1.0

Sandstone

―

9.0×104

0.50

5.0

The geogrid is regarded as an elastic material in the
model. Its tensile strength is 80 kN/m, the density is
1500 kg/m3, the Poisson's ratio is 0.2, the thickness is
0.001 m, the elongation is 10%, the elastic modulus is
40 GPa and the element type is M3D4R.

Crustal Stress Balance
In this paper, there are pile holes in the composite
foundation. So, the method of repeatedly extracting and
reimporting the initial stress is used to balance the
crustal stress field. When using this method, the
following steps are performed: adding the geostatic
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analysis step after the default initial analysis step of the
system; adding the gravity load of the pile and soil;
setting the prestress field for calculation; iterating the

calculation to the ideal effect and achieving the initial
stress to a balanced state. The results of the crustal stress
balance are shown in Figures 6 and 7.

U, U3

S, Mises
(Avg:75%)

+1.349×10-4
+1.122×10-4
+8.942×10-5
+6.668×10-5
+4.394×10-5
+2.119×10-5
-1.552×10-6
-2.430×10-5
-4.704×10-5
-6.979×10-5
-9.253×10-5
-1.153×10-4
-4
-1.380×10

＋2.936×105
＋2.693×105
＋2.449×105
＋2.206×105
＋1.962×105
＋1.719×105
＋1.475×105
＋1.232×105
＋9.881×104
＋7.446×104
＋5.011×104
＋2.576×104
＋1.411×103

(a) Displacement nephogram of the foundation soil

(b) Stress nephogram of the foundation soil
S, Mises
(Avg:75%)

U, U3
-4

＋1.203×105
＋1.107×105
＋1.010×105
＋9.136×104
＋8.171×104
＋7.206×104
＋6.241×104
＋5.276×104
＋4.312×104
＋3.347×104
＋2.382×104
＋1.417×104
＋4.525×103

＋3.271×10
＋2.951×10-4
＋2.630×10-4
＋2.310×10-4
＋1.989×10-4
＋1.669×10-4
＋1.349×10-4
＋1.028×10-4
＋7.078×10-5
＋3.874×10-5
＋6.704×10-6
-2.534×10-5
-5.738×10-5

(c) Displacement nephogram of CSC pile

(d) Stress nephogram of CSC pile
S, Mises
(Avg:75%)

U, U3

+4.274×105
+3.922×105
+3.571×105
+3.220×105
+2.869×105
+2.517×105
+2.166×105
+1.815×105
+1.463×105
+1.112×105
+7.607×104
+4.094×104
+5.811×103

+1.193×10-4
+1.046×10-4
+8.991×10-5
+7.523×10-5
+6.056×10-5
+4.589×10-5
+3.121×10-5
+1.654×10-5
+1.865×10-6
-1.281×10-5
-2.748×10-5
-4.216×10-5
-5.683×10-5

(e) Displacement nephogram of CFG pile

(f) Stress nephogram of CFG pile

Figure (6): Crustal stress balance diagram
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U, U3

+1.628×10-4
+1.323×10-4
+1.018×10-4
+7.134×10-5
+4.085×10-5
+1.037×10-5
-2.012×10-5
-5.061×10-5
-8.109×10-5
-1.116×10-4
-1.421×10-4
-1.726×10-4
-2.030×10-4

Figure (7): Displacement nephogram after pile construction is
completed (displacement is cleared)
Figure 6 reveals that when ground stress is balanced,
the overall subgrade displacement does not exceed the
order of 10-4 m and the maximum soil stress is 293.6 kPa.
The soil displacement meets the requirements after the
initial crustal stress balance is performed.
As shown in Figure 7, after the displacement of the
subgrade model is cleared, the displacement is less than
10-4 m grade and the effect of the pile-soil stress balance

is ideal, which is in line with the initial state before the
embankment construction.
Mechanical Properties of the Composite Foundation
Stress nephograms of the foundation soil, the overall
subgrade, the CSC pile and the CFG pile are shown in
Figure 8.

Figure (8): Stress nephogram
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CSC pile as well as the soil between the piles only stand
a small part of the upper load.
To study the soil arch effect inside the embankment,
the vertical stress distribution curve at various heights
(counted from the pile top) inside the embankment with
a filling height of 6 m is plotted in Figure 9 and Figure
10 reveals the relationship regarding the pile-soil stress
change below the 6m heigh embankment plane.

Figure 8 shows that stresses of foundation soil,
overall subgrade and CSC pile are in the order of
104~105 Pa, while the CFG long pile stress is in the order
of 104~106 Pa. When the CFG pile, the CSC pile and the
cushion layer work together, the elastic modulus of CSC
pile and soil is much smaller than that of CFG pile. Due
to the pile top penetration as well as soil arch effect,
stress is transferred. CFG pile bears most of the load and

Figure (9): Vertical stress diagrams at different heights of a 6-m filling height embankment
Distance from the observation point S1 of the CSC pile at the center of
the subgrade /m
0

2
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-40000

Soil stress /Pa

-60000
-80000
-100000
-120000
-140000
-160000

Figure (10): Pile-soil vertical stress diagram of the CSC pile top plane for a 6-m filling
height embankment at the y=0.5 m section
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places have formed a complete soil arch. The overall
stress level is basically the same at 0.9 m position.
Therefore, the soil arch height is 0.7 m near the
embankment centerline and the closer to the
embankment centerline, the greater the soil arch height.
Figure 10 reveals that CSC pile-soil stress ratio is
basically the same when the horizontal distance from the
CSC pile observation point of the subgrade center is
within 6 m and the stresses at the CSC pile top are
significantly greater than those of the soil between piles
and then gradually decrease toward the slope area.

Figure 9 shows that after embankment filling height
is 6 m, the vertical stress distribution range of the soil is
approximately 79-96 kPa at 0.1 m height from pile top
plane and the vertical stresses at the corresponding
positions of pile top are significantly greater than those
above the soil between the piles. This condition is more
palpable near the embankment centerline. At the same
time, vertical stress gradually decreases along the
direction of the embankment slope. As the horizontal
distance from the pile top increases, the difference
between upper earth stress at the pile top and the
corresponding soil stress at the pile top gradually
decreases. At the height of 0.7 m from the pile top, there
is still a certain stress difference between the soil and the
soil between the piles at the pile top center of the
embankment, while the stress difference at the
horizontal distance of 2~10 m from the observation
point is not large, indicating that the soil arch near the
embankment centerline has basically formed and other

Settlement and Deformation Analysis of the
Composite Foundation
Cushion of the model is 0.8 m thick, embankment
filling height is 6 m and one layer of the geogrid is used
for the settlement analysis. The settlement nephograms
are shown in Figures 11-13.

U, U1

+4.844×10-3
+4.196×10-3
+3.548×10-3
+2.899×10-3
+2.251×10-3
+1.603×10-3
+9.546×10-4
+3.063×10-4
-3.420×10-4
-9.903×10-4
-1.639×10-3
-2.287×10-3
-2.395×10-3

Figure (11): Nephogram of the horizontal lateral shift about the composite foundation
U, Magnitude

U, Magnitude

+4.714×10-2
+4.321×10-2
+3.928×10-2
+3.535×10-2
+3.142×10-2
+2.750×10-2
+2.357×10-2
+1.964×10-2
+1.571×10-2
+1.178×10-2
+7.856×10-3
+3.928×10-3
+0.000×10-3

+4.714×10-2
+4.321×10-2
+3.928×10-2
+3.535×10-2
+3.142×10-2
+2.750×10-2
+2.357×10-2
+1.964×10-2
+1.571×10-2
+1.178×10-2
+7.856×10-3
+3.928×10-3
+0.000×10-3

(a) CFG pile top settlement

(b) CFG pile bottom settlement
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U, Magnitude

U, Magnitude

+4.714×10-2
+4.321×10-2
+3.928×10-2
+3.535×10-2
+3.142×10-2
+2.750×10-2
+2.357×10-2
+1.964×10-2
+1.571×10-2
+1.178×10-2
+7.856×10-3
+3.928×10-3
+0.000×10-3

+4.714×10-2
+4.321×10-2
+3.928×10-2
+3.535×10-2
+3.142×10-2
+2.750×10-2
+2.357×10-2
+1.964×10-2
+1.571×10-2
+1.178×10-2
+7.856×10-3
+3.928×10-3
-3
+0.000×10

(c) CSC pile top settlement

(d) CSC pile bottom settlement

Figure (12): Enlarged view of settlement

Figure (13): Settlement deformation nephograms of the overall foundation, foundation soil,
CSC pile and CFG pile
As seen from Figure 11, the pile setting greatly
influenced the deformation about the composite
foundation. Horizontal lateral displacement about the
composite foundation has a tendency to develop toward
the foundation depth. The largest lateral displacement

occurs at an embankment slope of 2.935 mm. In Figure
12, due to the large compression modulus of the piles,
there is a significant penetration phenomenon occurring
at the CFG pile top and a soil arch effect exists in the
pile top area.
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As the distance from the pile top plane increases, the
difference between the soil stress at the pile top and
the soil between piles gradually decreases. At the
height of 0.7 m or 0.9 m from the pile top plane,
except for some stress differences at corresponding
position between the soil of pile top and the soil
between piles on the embankment centerline,
stresses are basically the same in other places,
indicating that the soil arch near the centerline of the
embankment is basically formed and the closer to
the centerline of the embankment, the greater the
soil arch height. Incomplete soil arch is formed at
another location.
(3) The horizontal lateral displacement of the composite
foundation tends to develop toward the foundation
depth and the largest lateral displacement occurs on
the embankment slope. Settlement deformation
about the overall foundation is the largest at the
center of the subgrade and gradually decreases
below the slope foot and the pile top. The soil and
pile displacements are similar to the overall
displacement distribution of the foundation and they
gradually decrease toward the embankment slope.
The settlement deformation about the CSC pile is
close to that of the foundation soil, while that of the
CFG pile is much smaller.

Figure 13 shows that under the action of soil filling,
pile changes deformation characteristics of the
composite foundation. The settlement contours show
different densities at pile top area and pile-soil area and
the settlement contours of the reinforced area are dense.
The largest vertical displacement values about overall
foundation, the foundation soil, CSC pile and CFG pile
are 47.14 mm, 44.43 mm and 40.92 mm, 22.58 mm,
respectively. It can be seen that vertical displacement
about the overall foundation reached its maximum at
subgrade center but gradually reduces below slope foot
and the pile top plane. The distribution laws for the
vertical displacement of the foundation soil, pile and the
overall foundation are similar and all of them gradually
decrease toward the slope of the embankment. The
change laws for the displacement of the foundation soil
and the overall foundation are similar. Settlement
deformation about CSC pile is similar to that of
foundation soil, but that of CFG pile is small.
CONCLUSIONS
(1) When CFG piles, CSC piles and cushions work
together, the elasticity modulus of the CFG pile is
much larger than the elasticity modulus of the CSC
pile and soil. Due to pile top penetration and soil
arch effect, stresses are transferred. The CFG pile
bears most of the load, while the CSC pile as well
as the soil between the piles stand a small part of the
upper load.
(2) After filling height of the embankment is 6 m, at the
same embankment height, the vertical stress at the
corresponding pile top is significantly greater than
stress at the corresponding soil between the piles.
This phenomenon is more obvious near the
embankment centerline. The vertical stress
decreases gradually along the embankment slope.
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