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Abstract

The rigid pile composite foundation is widely used in highway projects in soft soil area as it can effectively increase the
bearing capacity and stability of the foundation. While the research on the behavior and failure mode of rigid pile
composite foundation under embankment is not enough, instability failure of rigid pile composite foundation often occurs
in practical projects. This paper presents a centrifuge model test to investigate the load transfer mechanism, settlement
characteristic and failure mode of rigid pile composite foundation under embankment. The test results show that: the soil
displacement of different region in rigid pile composite foundation was different, obvious vertical displacement occurred in
the soil under the center of embankment and the horizontal displacement was very small in this region; both vertical and
horizontal displacement occurred in the soil under the shoulder of embankment; and obvious horizontal displacement
occurred in the soil under the slope toe of embankment; moreover, ground heave also occurred near the slope toe of
embankment. The soil displacement in rigid pile composite foundation had a large influence on the stress characteristic and
failure mode of rigid piles, the compressive failure and bending failure would probably occur for the piles under the center
and shoulder of the embankment, respectively, and the tension-bending failure would probably occur for the piles under the
slope toe of embankment. The different failure modes of piles at different regions should be considered in the design of
rigid pile composite foundation under embankment. The test results can be used to improve the design method for rigid pile
composite foundation under embankment in practical projects.
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1 Introduction [11, 16, 17, 20, 30, 40, 42, 43]. Moreover, field tests

[3, 4, 32, 38, 39, 44], model tests [15, 36, 37] and cen-

The rigid pile composite foundation is widely used in
expressway and high-speed railway projects because of its
high bearing capacity, little post-construction settlement
and rapid construction speed [7, 19, 31]. The behavior of
composite foundation under embankment has been inves-
tigated by many researchers through theoretical methods
[1,6,9, 13, 26, 27, 29, 33, 41, 45] and numerical methods
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trifuge model tests [1, 2, 8, 24, 47] were also used to
investigate the behavior of composite foundation under
embankment. Nevertheless, in the previous researches, the
composite foundation under embankment was mostly taken
as a semi-infinite space, and a typical element was adopted
to investigate the pile-soil stress ratio and settlement
characteristic caused by the soil arching effect.

With the rapid development of urban construction in
China, the height of embankment becomes higher and
higher and instability failure often occurs in the rigid pile
composite foundation under embankment, as shown in
Fig. 1.

How to correctly evaluate the stability of rigid pile
composite foundation under embankment has become a
critical issue in road construction projects. The conven-
tional limit equilibrium analysis method for composite
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Fig. 1 Photographs of instability failure of rigid pile composite
foundation under embankment

foundation under embankment assumed that a sliding sur-
face occurred owing to the shear failure of pile shaft
[18, 35], as shown in Fig. 2. The numerical analysis results
showed that the assumption of shear failure of pile shaft

embankment

DM columns clay ground
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stiff layer

Fig. 2 Sketch of limit equilibrium method (from Kitazume and Mar-
uyama 2007 [23])
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Fig. 3 Possible failure modes of cement mixing piles (from Broms
2003 [5])

overestimated the stability of embankment over cement
mixing pile [11, 14, 30]. Zheng et al. [46] proposed a
damage plasticity model to study the progressive failure of
rigid piles under an embankment load, and the simulation
results showed that the essential failure mode for rigid piles
was tensile failure, which was primarily governed by the
distribution of the bending moment and the axial force
within the piles. The centrifuge model test results showed
that the failure mode of cement mixing pile was not only
dependent on the external loading, but also affected by the
location of piles. The piles at different regions had different
failure modes, like shear failure, bending failure, tension
failure, pile shaft inclination or lateral movement failure
[12, 21-23, 28, 34].

Broms [5] also pointed out that the cement mixing piles
at different regions had two failure modes: bending failure
and tension failure, as shown in Fig. 3. Nevertheless, the
research on the stability analysis of rigid pile composite
foundation under embankment is rather little, and the study
on the stress characteristics and failure modes of the piles
at different regions is also not enough. The instability
failure of rigid pile composite foundation under embank-
ment often occurs in practical projects. More researches are
needed to give a deeper investigation on the stability
analysis of rigid pile composite foundation under
embankment.

In this paper, the behavior of rigid pile composite
foundation under embankment was investigated through a
centrifuge model test. The variable acceleration load
method, constant acceleration load method and gasbag load
method were adopted to simulate the embankment filling
stage, post-construction service stage and progressive
failure stage, respectively. The settlement characteristic
and load transfer mechanism of composite foundation, pile-
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Fig. 4 Photograph of ZJU-400 geotechnical centrifuge

soil stress ratio and the variation of excess pore water
pressure in the test process were analyzed based on the
tests results.

2 Centrifuge model test

In the centrifuge model test, the centrifuge can create a
stress field which is identical to the stress field of full-scale
test, and the load transfer mechanism and settlement
characteristic of full-scale test can be simulated through
model scale test. The centrifuge model test was conducted
in the ZJU-400 geotechnical centrifuge, as shown in Fig. 4.
The effective rotation radius of the centrifuge was 4.5 m,
and the effective volume of the container was
1.5m x 1.2 m x 1.5 m. The capacity of the centrifuge
was 400 g t, with a maximum centrifuge acceleration of
150 g.

2.1 Foundation soil preparation

According to the similarity theory of centrifuge model test,
the stress of model foundation in centrifuge will be
increased to n-g when the centrifuge acceleration is
n-g. The model scale of the centrifuge test in this research
was 100. In the centrifuge test, the coarse sand was used to
simulate the gravel in the embankment, and the average
particle size of the coarse sand was 0.5 mm. The relative
density of the coarse sand was 70%. The Malaysia kaolin

Table 1 Physical properties of Malaysia kaolin clay

clay and Fujian sand were adopted as the soft soil layer and
bearing layer, respectively. The specific gravity of the
Fujian sand grain was 2.643, the mean particle size D5y was
0.17 mm, and the maximum and minimum void ratios were
0.952 and 0.607, respectively. The physical properties of
Malaysia kaolin clay are presented in Table 1.

In the foundation preparation process, a layer of poly-
tetrafluoroethylene (PTFE) was painted on the inner wall of
the test chamber, to reduce the friction between the soil and
inner wall of the test chamber. A permeable geotextile
layer was set at the bottom of the test chamber to act as the
drainage boundary. The air pluviation method was used to
make the base sand layer. The height of the sand layer was
100 mm, and the relative density was 60%. The vacuum
mixing method was used to stir the kaolin clay. The kaolin
clay layer was filled above the sand layer, and the thickness
of kaolin clay layer was 180 mm.

The test chamber was moved into the centrifuge after
the kaolin clay was rested in the chamber for 48 h, and the
initial consolidation of clay layer took 6 h under a cen-
trifuge acceleration of 100 g. After initial consolidation,
the test chamber was moved out from the centrifuge and a
5.5-cm-thick sand layer was filled above the kaolin clay
layer. The test chamber was then moved into the centrifuge
again for surcharge consolidation. The centrifuge acceler-
ation was increased to 100 g, and the settlement of foun-
dation soil surface tended to be stable after 3 h. The
consolidation of clay layer could be considered to be
completed at this time. The T-bar test was then adopted to
measure the undrained shear strength of the clay layer, and
the variation of undrained shear strength of clay along the
depth is presented in Fig. 5. This figure shows that the
undrained shear strength of clay increased from O to 9 kPa
when the soil layer depth increased from O to 0.8 m. The
undrained shear strength then increased almost linearly
with the soil layer depth, and the undrained shear strength
reached 41 kPa at the base of clay layer. The undrained
shear strength (s,) was commonly related the vertical

effective stress (o"vo) and over-consolidation ratio (OCR) of
the soil layer [10]:

(L“) :<s,“> [a—m] —a-OCR", (1)
9v/ oc 0v0/ Nc LOvo

G, 7 (kN/m®) w (%) PL (%)

LL (%) e

k (cm/s) C, (mz/year)

2.64 16.0 455 36.5

60.7 1.2

2.0 x 1078 40

G, is specific gravity; y is unit weight; w is water content; PL and LL are plastic limit and liquid limit, respectively; e is void ratio; k is coefficient

of permeability; and C, is coefficient of consolidation
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Fig. 5 Variation of undrained shear strength of clay layer along the
depth

in which o, is the pre-consolidated stress, @ and m are two
constants. The constant a refers to the strength ratio for a
normally consolidated profile, and the constant m repre-
sents the increasing rate of strength ratio with OCR.

In this research, the kaolin clay layer could be approx-
imately considered as normally consolidated soil, and the
value of a was about 0.14. The value of constant a in this
research was close to the reported ranges 0.17 < a < 0.24
for natural clays [10].

2.2 Model pile

The model piles were made by aluminum pipes. The
density of aluminum pipe was 2.69 g/cm’, and the elastic
modulus and Poisson’s ratio were 68.9 GPa and 0.33,
respectively. The parameters of model pile and prototype
concrete pile are presented in Table 2. The diameter of the
model pile was 10 mm with a wall thickness of 0.4 mm,
and pile length was 200 mm. The diameter of prototype
concrete pile was 1000 mm with a wall thickness of
120 mm, and the pile length was 20 m. The bending

Table 2 Summary of model and prototype pile parameters

stiffness and compressive stiffness of the model pile were
both close to that of prototype concrete pile under 100 g
centrifuge acceleration condition.

An aluminum block was equipped at the pile head to act
as the pile cap. The side length of prototype pile cap was
2 m, and the height was 0.5 m. The elastic modulus of the
concrete of pile cap was 28 GPa, and the bending stiffness
of prototype pile cap was about 5.8 x 10° N m?. The side
length and height of the aluminum block were 20 mm and
3.7 mm, respectively, to guarantee that the bending stiff-
ness of the model pile cap was similar to the bending
stiffness of the prototype pile cap. A tapered aluminum
block was set at the pile tip, and the angle of the tapered
block was 60°. A layer of plastic net was covered on the
model pile head to simulate the geogrid on pile head. The
tensile strength of plastic net was 1.738 kN/m, and the
tensile strength of geogrid was 160 kIN/m.

In the centrifuge model test, three model piles were
equipped with strain gauges to measure the axial force, and
another three model piles were equipped with strain gauges
to measure the bending moment of the pile shaft. The
model pile and the layout of the strain gauges are presented
in Fig. 6. Figure 6b shows that five groups of strain gauges
were equipped along the pile shaft, and the location of
strain gauges of six test piles was the same. The first group
of strain gauges was equipped 20 mm away from the pile
head, and the distance of the neighboring stain gauges was
40 mm. The six test piles were all calibrated before the
centrifuge test.

2.3 Layout of test piles and transducers

The layout of the test piles and transducers is presented in
Fig. 7. It can be seen in Fig. 7a that the height of the
embankment was 60 mm, and the slope grade was 1:1.5.
According to the symmetry of the model test, one half of
the embankment model was built in the centrifuge test. The
width of the embankment surface was 200 mm. Figure 7a
also shows that three pore water pressure transducers were
buried 5 cm under the ground surface, and the pore water
pressure transducers P1, P2 and P3 were buried under the
shoulder, center and slope toe of the embankment,
respectively. Two laser displacement transducers D1 and

Pile type Diameter Wall thickness Length Elastic modulus Bending stiffness Compressive stiffness
(mm) (mm) (m) (GPa) (N m?) ™)
Prototype 1000 120 20 30 9.81 x 10® 10.0 x 10°
pile
Model pile 10 04 0.2 68.9 9.59 8.3 x 10°
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Fig. 6 Schematic of model pile

D2 were used to measure the displacement of the soil near
the slope toe of embankment. Moreover, the particle image
velocimetry (PIV) method was adopted to measure the soil
displacement in the test process.

Figure 7b shows that the axial force of model piles Z1-
73 and the bending moment of model piles W1-W3 were
measured in the test process. The model piles Z1-Z3 were
located at the same side of the symmetry axis of the model
foundation soil, and model piles W1-W3 were placed at
the other side of the model foundation soil. Moreover, four
micro-soil pressure transducers (T1-T4) were adopted to
measure the pressures of pile head and the soil between the
piles, respectively. The micro-soil pressure transducer T1
and T4 were buried in the soil between the piles, and T2
and T3 were buried on the pile head.

Fig. 7 Layout of model piles and transducers (unit: mm)

Fig. 8 Gasbag loading device
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2.4 Gasbag loading device

To simulate the progressive failure process of embank-
ment, an inflatable rubber gasbag was adopted to apply
pressure on the surface of embankment in the loading
process. This loading method could eliminate the influence
of the stiffness of loading plate on the behavior of
embankment, and the applied pressure on the surface of
embankment could keep homogeneous even after the set-
tlement occurred at embankment surface. The gasbag
should keep inflated in the loading process, and a reaction
plate was set at the back side of the gasbag. The gasbag
loading device contained a rubber gasbag, a reaction plate
and an automatic inflating device, as shown in Fig. 8.

2.5 Test procedure

Assume that the embankment was filled by three layers,
and the height of one filling layer was 2 m for prototype
embankment. The centrifuge acceleration of each filling
step could be calculated according to the assumption that
the stress in the centrifuge test was identical to that in the
prototype embankment, as follows,

Nl):im _ VSpl : (2)
L,

in which S, is the cross-section area of prototype
embankment after filling step i; Sy, is the cross-section area
of model embankment; y is the unit weight of the soil; L,
the length of the bottom surface of model embankment and
L, is the length of the bottom surface of prototype
embankment. The centrifuge acceleration of each filling
step N = §,i/1008,, as Ly= 100Ly, in this research.

The centrifuge test was conducted after the foundation
soil was filled in the test chamber and the transducers were
equipped properly. The variable acceleration method was

120
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Fig. 9 Variation of centrifuge acceleration in centrifuge test
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adopted to simulate the embankment filling process. The
variation of centrifuge acceleration with time in the cen-
trifuge test is presented in Fig. 9.

It can be seen in Fig. 9 that the centrifuge acceleration
was firstly increased to 37.4 g in 5 min and kept constant
for 7 min, and then it was increased to 70.8 g in 4.5 min
and kept constant for 7.5 min; finally, the centrifuge
acceleration was increased to 100 g in 4 min. After the
embankment filling stage was completed, the centrifuge
acceleration was kept at 100 g for another 100 min to
simulate the working behavior of embankment in 700 days.
After that, the gasbag was then used to apply pressure on

(b) Centrifuge acceleration 70.8g (Amplification factor 5)

(d) Applied embankment surface pressure 200 kPa (Amplification factor 2)

Fig. 10 Soil displacement field at different stages in centrifuge test
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the embankment surface to simulate the progressive failure
process of embankment. The applied pressure was
increased to the maximum value 200 kPa in 24 min, as the
centrifuge acceleration was kept at 100 g.

3 Experimental results and analysis
3.1 Foundation soil displacement

The displacement field of foundation soil in centrifuge test
can be obtained through PIV method. The displacement
field of the model embankment and foundation soil at
different stages are presented in Fig. 10. It can be seen in
Fig. 10 that the displacement of foundation soil was
gradually mobilized with the increase in centrifuge accel-
eration and applied embankment surface pressure. More-
over, the extent of area where horizontal displacement
occurred also increased with the increase in centrifuge
acceleration and applied embankment surface pressure.
Figure 10 also shows that the displacement field of soil at
different regions was different: obvious vertical displace-
ment occurred in the soil under the center of embankment
while the horizontal displacement was very small; both
vertical and horizontal displacement occurred in the soil
under the shoulder of embankment; and obvious horizontal
displacement occurred in the soil under the slope toe of
embankment; moreover, ground heave occurred near the
slope toe of embankment. Figure 10d shows that an obvi-
ous circular sliding surface appeared in the foundation soil
and instability failure tended to occur. Nevertheless, there
was no horizontal displacement occurred in the soil under
the center of embankment, which indicated that the insta-
bility failure of embankment tended to occur at the
shoulder and slope toe of embankment.

3.2 Bending moment of pile shaft

The bending moment of the model test piles at different
stages is presented in Fig. 11, in which N is the centrifuge
acceleration and ¢ is the applied embankment surface
pressure. The test piles W1, W2 and W3 are under the
center, shoulder and slope toe of the embankment,
respectively, as shown in Fig. 7b. It can be seen in Fig. 11
that the bending moment of the test piles all increased with
the increase in the centrifuge acceleration and applied
embankment surface pressure. Figure 11a shows that the
maximum bending moment of test pile W1 was 0.67 N m
(at the depth of 10 cm). Figure 10b shows that the maxi-
mum bending moment of test pile W2 was 2.18 N m (at the
depth of 14 cm), and the maximum bending moment of W2
was about 3.25 times the maximum bending moment of
WI1. The large bending moment in W2 was probably
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(c) Test pile W3

Fig. 11 Bending moment of test piles in centrifuge test

caused by the large horizontal displacement of the soil
under the shoulder of the embankment, as shown in
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(c) Test pile Z3

consistent with the largest horizontal displacement of the
soil under the slope toe of embankment, as shown in
Fig. 10. It should be noted that the bending moment of W3
was very small at the depth of 0-6 cm, and this is probably
because that ground heave occurred near the slope toe of
embankment.

3.3 Axial force along pile shaft

The axial force of test piles Z1, Z2 and Z3 is presented in
Fig. 12. The test piles Z1, Z2 and Z3 are under the center,
shoulder and slope toe of the embankment, respectively. It
can be seen in Fig. 12 that the test pile Z1 had the largest
axial force, and the test pile Z3 had the smallest axial force
among the three test piles.

It can also be seen in Fig. 12 that the axial force of Z1
and Z2 both increased with the increase in centrifuge
acceleration and applied embankment surface pressure.
The axial force of Z3 also increased with the increase in
centrifuge acceleration, while the axial force of Z3 axial
force decreased with the increase in applied embankment
surface pressure. This is probably because that ground
heave occurred near the slope toe of embankment, which
induced uplift load on the pile shaft of Z3. It can also be
noted from Fig. 12 that negative skin friction occurred at
the upper part of test piles. This is because that the set-
tlement of soil around the pile was larger than the settle-
ment of the pile shaft. Moreover, the extent of negative
skin friction at Z1 was larger than that at Z2, as the vertical
displacement of soil around Z1 was larger than the vertical
displacement of soil around Z2. Hence, for the composite
foundation under flexible foundation like embankment,
negative skin friction occurred at the upper part of pile
shaft. The maximum axial force of pile was not at the pile
head, which was different from the composite foundation
under rigid foundation.

Fig. 12 Axial forces of test piles along pile shaft

Fig. 10. Figure 11c shows that W3 had the largest maxi-
mum bending moment 2.77 N m (at the depth of 14 cm).
The largest maximum bending moment of W3 was
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The variation of the maximum axial force of test piles
Z1, 72 and Z3 in the embankment filling and loading
process is arranged as shown in Fig. 13. It can be seen in
Fig. 13 that the axial forces of test piles all increased with
the increase in centrifuge acceleration (the increase in
embankment height), and the maximum axial forces of Z1,
72 and Z3 were 201 kN, 158 kN and 136 kN, respectively,
when the centrifuge acceleration reached 100 g. The axial
force of pile under the center of embankment Z1 was larger
than the axial forces of piles under shoulder and slope toe
of embankment. It can also be seen in Fig. 13 that the axial
forces of Z1 and Z2 both increased with the increase in
applied embankment surface load, and the maximum axial
forces of Z1 and Z2 were 479 kN and 323 kN, respectively,
when the applied pressure increased to 200 kPa. The
maximum axial force of Z1 was 1.48 times the maximum
axial force of Z2, which indicated that the pile under the
center of embankment was mainly to support the vertical
load. Meanwhile, with the increase in applied pressure on
the embankment surface, the ground heave occurred at the
slope toe of embankment and the instability failure tended
to occur. The axial force of test pile Z3 decreased because
of the uplift load from the surrounding soil, and the max-
imum axial force of T3 decreased by 23% when the applied
pressure increased from 0 kPa to 200 kPa. The maximum
axial forces of Z1, Z2 and Z3 were 479 N, 323 N and
105 N, respectively, when the applied pressure reached
200 kPa, which indicated that the axial force of test piles at
different regions was significantly different in rigid pile
composite foundation under embankment.

3.4 Distribution of pore water pressure

The variation of pore water pressures in the test process is
arranged as shown in Fig. 14. Unfortunately, the pore
water pressure transducer P1 malfunctioned in the test
process. The pore water pressure transducers P2 and P3
were equipped under the center and slope toe of embank-
ment, respectively. The transducers P2 and P3 were both
buried 5 cm under the ground surface, and the value of
hydrostatic pressure for prototype foundation was 49 kPa.
It can be seen in Fig. 14 that the excess pore water pressure
under the center of embankment was larger than the excess
pore water pressure under slope toe of embankment in the
entire test process. The pore water pressures of P2 and P3
both increased with the increase in centrifuge acceleration,
and the pore water pressures of P2 and P3 were 93 kPa and
79.5 kPa, respectively, when the centrifuge acceleration
was increased to 100 g. The excess pore water pressure
was then gradually dissipated as the centrifuge acceleration
was kept at 100 g, and the pore water pressures of P2 and
P3 decreased to 58.5 kPa and 51 kPa, respectively, after
700 days. The excess pore water pressures of P2 and P3

100
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80 | N P3

40 - 378:3 Hydrostatic pressure

Pore water pressure (kPa)
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0 o0 200 300 400 500 600 700 800
Time (d)

(a) Variation of pore water pressure with time in

embankment filling process
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Time (d)
(b) Variation of pore water pressure with time in
loading process

Fig. 14 Variation of pore water pressure with time in centrifuge test

were decreased by 78.4% and 93.4%, respectively, after
700 days, which indicated that the excess pore water
pressure under slope toe of embankment dissipated faster
than that under the center of embankment. Figure 14b
shows that the pore water pressures of P2 and P3 both
increased sharply when the pressure was applied on
embankment surface. The excess pore water pressure was
then gradually dissipated again with the time as the applied
embankment surface pressure was kept at 200 kPa. Finally,
the pore water pressures of P2 and P3 were decreased to
57.8 kPa and 49.3 kPa, respectively.

3.5 Pile-soil stress ratio

The variation of soil pressures and pile head pressures
measured by soil pressure transducers T1-T4 is presented
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Fig. 15 Variation of soil pressure and pile head pressure in the
centrifuge test

in Fig. 15. The soil pressure transducers T1 and T4 were
buried in the soil under the center and shoulder of the
embankment, respectively. The transducers T2 and T3
were equipped on the head of test piles that were under the
center and shoulder of the embankment, respectively. The
centrifuge test could be divided into four stages: the
embankment filling stage in the initial 200 days, post-
construction service stage from 200 to 900 days, the
loading stage from 900 to 1070 days and the final stage
from 1070 to 1400 days. It can be seen from Fig. 15 that
the soil pressures and pressures at pile head both increased
with the increase in centrifuge acceleration and applied
embankment surface pressure. The pile head pressures
were much larger than the soil pressures, which indicated
that the rigid pile in composite foundation supported the
majority of load from the embankment. It can also be seen
in Fig. 15 that the soil pressure under the center of
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embankment was smaller than the soil pressure under the
shoulder of embankment, and the pile head pressure under
the center of embankment was larger than the pile head
pressure under the shoulder of embankment, which indi-
cated that the pile under the center of embankment
accounted for more vertical load compared to the pile
under the center of embankment.

The variation of pile-soil stress ratios under the center
and shoulder of embankment in the test process is pre-
sented in Fig. 16. This figure shows that the pile-soil stress
ratio under the center of embankment increased with the
increase in centrifuge acceleration in the embankment
filling stage, and then the pile-soil stress ratio almost kept
constant in the post-construction service stage. The pile-
soil stress ratio under the shoulder of embankment also
increased with the increase in centrifuge acceleration in the
embankment filling stage, and the pile-soil stress ratio
decreased slightly in the post-construction service stage.
The variation of pile-soil stress ratio could be explained by
the soil arching effect. The majority of embankment load
would be transferred to the piles through the soil arching
effect [25]. Hence, the pile-soil stress ratio increased in the
embankment filling stage, and then almost kept constant in
the post-construction service stage.

Figure 16 also shows that the maximum pile-soil stress
ratio under the center and shoulder of the embankment in
the loading process were 25.0 and 17.4, respectively. The
pile-soil stress ratio under the center of embankment
increased with the increase in applied embankment surface
pressure, and the pile-soil stress ratio became constant
when the applied embankment surface pressure was kept at
200 kPa. The pile-soil stress ratio under the shoulder of
embankment decreased in the loading process, and the pile-
soil stress ratio kept decreasing as the applied embankment
surface pressure was kept at 200 kPa. The probable reason
for the decrease in pile-soil stress ratio was that the bending
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moment of pile increased because of the large horizontal
displacement of the soil under the shoulder of embank-
ment, and the instability failure of composite foundation
tended to occur with the development of horizontal dis-
placement of the soil.

4 Discussion

According to the analysis on the centrifuge test results, the
distributions of axial force and bending moment of test
piles at different regions were different. The pile location
would affect the stress characteristics of pile shaft in
composite foundation under embankment, and the dis-
placement of soil between the piles also had a large effect
on the stress characteristics of pile.

In the embankment filling and loading process, mainly
vertical displacement occurred in soil under the center of
embankment, and the rigid pile in this region was mainly
under vertical load. Hence, the rigid pile under the center
of embankment had the largest axial force and smallest
bending moment. The compression failure would probably
occur for the piles under the center of embankment. The
“typical element” in a semi-infinite space which was
commonly assumed in the conventional analytical method
could only represent the behavior of composite foundation
under the center of embankment.

In the loading process, both large vertical settlement and
horizontal displacement occurred in the soil under the
shoulder of the embankment. The bending moment of the
pile shaft in this region increased with the increase in
horizontal displacement of the soil. Moreover, the axial
force of pile shaft also increased with the development of
vertical displacement of soil. Considering that the com-
pressive strength of rigid pile shaft was larger than its
bending strength, the bending failure would probably occur
for the piles under the shoulder of embankment.

With the increase in applied embankment surface pres-
sure, large horizontal displacement and ground heave
occurred at the slope toe of embankment, and the piles in
this region were under lateral and uplift load. The bending
moment of the pile increased in the loading process, while
the axial force, especially the upper part of pile shaft,
decreased with the increase in applied pressure. The ten-
sion-bending failure would probably occur for the piles in
this region. The conclusions above were similar to the 3D
finite element modeling results of rigid pile composite
foundation under embankment [42, 43], as shown in
Fig. 17.

It should be noted that the stress characteristics and
failure modes of the rigid piles at different regions are
different in rigid pile composite foundation under
embankment. In the design of rigid pile composite
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Fig. 17 Different failure modes of pile shaft at different regions

foundation under embankment, the compressive bearing
capacity of piles under the center of embankment should be
guaranteed, and the bending strength of piles under the
shoulder of embankment should be large enough to avoid
bending failure; for the piles under the slope toe of
embankment, the bending strength and tensile strength of
the pile shaft should be guaranteed to avoid bending failure
or tensile failure. The PHC pile and plain concrete pile are
mainly used in the rigid pile composite foundation, and the
bending resistance and tensile resistance of these two piles
are relatively small, and bending failure or tensile failure
will probably occur. Hence, the reinforced concrete pile is
recommended to be used under the shoulder and slope toe
of the embankment.

The shear stress of the pile shaft under flexible foun-
dation is not very large and the possibility of shearing
failure of pile shaft is small (Yu et al. [42, 43]). The test
results in this research also show that the assumption of
shearing failure of pile shaft in composite foundation under
embankment overestimates the stability of composite
foundation under embankment. The different failure modes
of the piles at different regions should be considered in the
stability analysis of composite foundation under embank-
ment, and the different stress characteristics of the piles at
different regions should be considered to give a reliable
analysis on the stability of embankment.

5 Conclusion

The behavior of rigid pile composite foundation under
embankment was investigated based on a centrifuge model
test. The shaft stress of piles at different regions, the soil
pressure and the variation of pore water pressure in the test
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process were analyzed, and the following conclusions can
be gained based on the test results:

a.

The soil displacements in rigid pile composite foun-
dation under embankment were different at different
regions: obvious vertical displacement occurred in the
soil under the center of embankment and the horizontal
displacement was very small; both vertical and hori-
zontal displacement occurred in the soil under the
shoulder of embankment; and obvious horizontal
displacement occurred in the soil under the slope toe
of embankment; moreover, ground heave occurred near
the slope toe of embankment.

The lateral load on the pile under the center of
embankment was relatively small, and the pile under
the center of embankment was mainly to support the
vertical load from the embankment; while for the piles
under the shoulder of embankment, large horizontal
displacement occurred in the loading process and the
pile-soil stress ratio decreased as the applied pressure
increases; the pile-soil stress ratio under the center of
embankment was about 1.4 times the pile-soil stress
ratio under the shoulder of embankment.

The soil displacement had a large influence on the
behavior and failure mode of the rigid piles in
composite foundation, and the failure modes of piles
at different regions were different; the compressive
failure would probably occur for the pile under the
center of the embankment, and bending failure would
probably occur for the pile under the shoulder of
embankment, for the pile under the slope toe of
embankment, the tension-bending failure would prob-
ably occur in the loading process. The different failure
modes of the piles at different regions should be
considered in the design of composite foundation under
embankment, and the reinforced concrete pile was
recommended to be used under the shoulder and slope
toe of embankment;

The assumption of shearing failure of rigid pile shaft
along the sliding surface overestimated the stability of
the rigid pile composite foundation. The sliding
resistances of the piles at different regions should be
calculated separately to give a reliable analysis on the
stability of embankment.
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