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-e south extension line was constructed as a new part of the Xintai Expressway in Guangdong Province, China. -e project
required the construction of an embankment over soft soil with a thickness of up to approximately 14.0m, and prestressed pipe
pile was selected for reinforcing the soft soil foundation to increase bearing capacity and reduce settlement. Embankment sliding
with a length of approximately 110m and cracking with a length that exceeded 300m occurred before the construction of the
pavement structure. Field investigation and theoretical analysis results indicate that the safety factor of the overall stability
calculated by the existing code methods is overly large, thereby resulting in large design pile spacing, low design bearing capacity
provided by single pile, and excessive load shared by subsoil between piles. -ese results all cause the flow sliding of soft soil
between the piles and the bending fracture of some piles. -e revised density method can be used to check the stability of flow
sliding, and the bending moment of piles should also be checked during the embankment design stage. In addition, perpen-
dicularity deviation and poor joint quality of pile construction also contributed to the reduction of the bearing capacity of the pipe
piles and the overall stability of embankment. Reconstruction of additional rigid piles and add pile after drilling holes are adopted
in the sliding and cracking sections to reinforce the failed embankment, respectively. -e remediation effect was validated by the
measured excess pore water pressure, subgrade settlement, and horizontal displacement.

1. Introduction

In recent decades, several expressways and high-speed
railways were constructed in coastal areas with deep soft
soil, which possesses low shear strength and high com-
pressibility. With the increase in soft foundation treat-
ment depth, embankment height, and postconstruction
settlement requirement, rigid columns (e.g., prestressed
pipe pile, cement fly-ash gravel pile, and concrete pile)
have been widely used to strengthen the soft foundation
and form a composite foundation to support the em-
bankment because of its fast construction speed and
reliable settlement control effect [1–3]. Most rigid-pile
composite foundation supports embankment success-
fully; however, accidents, such as collapse, cracking, and
excessive settlement of embankments, occur in some
areas [4–9].

-e limit equilibriummethod is generally adopted in the
current specifications of China for the stability analysis of
embankment supported on the rigid-pile composite foun-
dation [10, 11].-e shear failure of soil and pile occurs along
the circular sliding surface, and the overall stability is an-
alyzed according to the composite shear strength of soil and
pile. However, many researchers emphasized that, in ad-
dition to pile shear failure, the failure modes of rigid pile
under embankment include pile bending failure, pile in-
clination, pile compression failure, and soil flow around pile.
Zheng et al. [12, 13] investigated the influence of the bending
capacity of rigid pile on the stability of embankment through
centrifugal test and numerical analysis. -e research shows
that the bending fracture is the main failure mode of the
rigid pile in embankment, the progressive failure of rigid pile
occurs, and the effect of rigid pile on the stability of em-
bankment in different parts varies. Kitazume et al. [14]
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discovered the bending failure of the pile under the em-
bankment through the centrifugal model test. -e British
code [15] introduced the stability calculation method of
geosynthetic-reinforced pile-supported embankment. -e
vertical bearing capacity of the pile under the sliding surface
is considered the axial supporting force of the sliding body
rather than the shear strength of the pile. -is method es-
sentially aims to analyze the stability of soil flow around a
pile and not the overall stability of the embankment. Liu
et al. [16, 17] proposed a modified density method that could
be used to analyze the stability of rigid-pile composite
foundation by using the existing conventional stability
analysis software of subgrade based on the flow failure mode
of the embankment on the rigid-pile composite foundation.
In this method, the friction around the pile is converted into
the medium weight of the foundation soil in the rein-
forcement area by reducing the embankment load to cal-
culate the safety factor of flow sliding. Wang et al. [18]
studied the lateral response of a single precast concrete pile
reinforced with cement-improved soil based on theoretical
studies and 3D finite element analyses. Although many
useful researches for failure mode and stability calculation
method of rigid-pile composite foundation have been re-
ported, studies on the analysis of the causes of the failed
embankment over the rigid-pile composite foundation and
the discussion on the effect of the remediation measures are
limited.

A failed embankment on prestressed pipe-pile-im-
proved soft soil in Guangdong Province, China, has been
reported and analyzed in this paper. -e geotechnical
properties, embankment geometries, soft foundation
treatment method, and construction history at the site, as
well as the embankment failure event, are initially de-
scribed briefly. -en, the reasons for the failure of em-
bankment sliding and cracking are analyzed on the basis
of field investigation and theoretical analysis. Finally, the
remediation measures and reinforcement effect are
presented and discussed.

2. Site Conditions and Project Overview

2.1. Embankment Diseases. Figure 1 shows the location of
the South Extension Project of Xintai Expressway. -is
project is located in Doushan, Taishan City, Guangdong
Province, China. Its total length is approximately
5.7175 km. After a rainstorm, the constructed embank-
ment exhibited some failures in different sections [19].
Two classic failure sections (e.g., the cracking section:
K63 + 500∼K63 + 710; the sliding section: K64 + 080∼K64
+ 180) were selected for the following research.

-e cracking section is located in the alluvial plain,
and some fish ponds are distributed on both sides of
embankment. During the embankment unloading pro-
cess, the embankment had evident macroscopic defor-
mation, and several large cracks had appeared on both
sides of the drainage ditches. -e right drainage ditch was
dislocated by 6–18mm, cracked by 3–12mm, and sunk by
5–11mm.

-e sliding section is located in the bridge approach, and
the embankment is surrounded by farmland. After the
embankment construction was completed, the right and left
embankments slid successively (Figure 2).-e length, width,
fill height, maximum ground-lifting height, and ground-
lifting width of the right sliding embankment are approx-
imately 110m, 10m, 6.9m, 2.177m, and 17.3m, respec-
tively, whereas those of the left sliding embankment are
110m, 8m, 6.9m, 2.021m, and 26.2m, respectively
(Figure 3).

2.2. Geological Conditions. -is expressway runs through
coastal alluvial plains and hilly areas, in which the upper
layers are composed of Quaternary Holocene tillage soil,
alluvial silty clay, silt, sandy soil, mud soil, muddy clay, and
muddy sand. We have selected K63 + 500 from the cracking
section and K64 + 080 from the sliding section to analyze
and have an accurate study on embankment diseases. -e
physical and mechanical parameters of each soil layer are
shown in Tables 1 and 2, respectively.

2.3. Design and Construction. -e width and slope of this
embankment are 24.5 m and 1 : 1.5, respectively.
PHC300A70 was adopted to treat the soft soil foundation,
the pile cap size is 1.5 × 1.5 × 0.35m, and the layout of the
pipe piles is rectangular or square. -e plastic drainage
plates with the same spacing as those in pipe piles were set
in section K64 + 120–K64 + 180. Table 3 demonstrates the
design parameters of the embankment and pipe piles. In
addition, 35 cm medium coarse sand among pile caps and
30 cm gravel cushion were laid above the pile caps. Two
layers of biaxial geogrid were paved on the upper and
lower sides of the gravel cushion, which has an ultimate
tensile strength of not less than 50 kN/m. Before the
occurrence of embankment diseases, the completed or
ongoing construction procedures are presented as fol-
lows: plastic drainage plates⟶ prestressed pipe
piles⟶ pipe caps⟶ sand cushion⟶ gravel cush-
ion⟶ lower embankment⟶ upper embank-
ment⟶ lower roadbed.

Failed embankment

Xintai Expressway

Figure 1: Location of failed embankment.
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3. Reason Analysis of Sliding and Cracking

3.1. Unreasonable Calculation Method of Stability. In rigid-
pile composite foundation, the general shear failure of soil
and rigid piles along the sliding surface merely occurs.
Many studies have shown that the flow sliding of soft soil
mainly occurs between piles in composite foundation
(Figure 4). Flow sliding causes the occurrence of bending
fracture or inclination, but not shear fracture, in the pipe
piles. -e safety factor (Fs) of embankment, which is cal-
culated according to general shear failure theory, is too
large to be consistent with the actual project. However,
most of the present standards are still based on this theory.
-us, many potential dangers are hidden in the design
phase.

Embankment stability can be calculated using four
methods. Method 1 refers to the method specified in
Technical Guidelines for Design and Construction of
Highway Embankment on Soft Ground [15]. Methods 2
and 3 are described in Technical Code for Ground
Treatment of Buildings [11]. Method 4 is a new method
proposed by Liu et al. [16, 17]. In summary, although these
four methods are all based on limit equilibrium theory,
they still have differences. Methods 1, 2, and 3 are included
in the present specifications for calculating the safety

factor under general shear failure. However, different
assumptions and calculation methods are followed.
Method 4 is used to calculate the safety factor under the
flow sliding failure. -e following is a brief introduction to
the four methods:

Method 1: in accordance with the standard of Technical
Guidelines for Design and Construction of Highway
Embankment on Soft Ground [15], the composite shear
strength of composite foundation is calculated by the
area-weighted of piles and soil:

τps � mτp +(1 − m)τs, (1)

where m is the area replacement rate of pile; τp is the
composite shear strength of the composite foundation;
τp is the shear strength of pile; τs is the undrained shear
strength of soil between piles; and the shear strength of
the pile is 0.5 times of its compressive strength.
Method 2: Technical Code for Ground Treatment of
Buildings [11] considers that the overall sliding of piles
and soil occurs after the piles bending fracture. When
analyzing the stability of embankment, the cohesion of
concrete (cc) is 0 kPa and the friction angle (φc) is 35°.
-e composite shear strength of the composite foun-
dation is also calculated by equation (1), and the friction
angle of the composite foundation is calculated by
using the following equation:

tanφsp � Rs tanφs + 1 − Rs( tanφc, (2)

where φsp is the composite friction angle, φs is the
friction angle of soil between piles, φp is the friction
angle of concrete, and Rs is the load rate of soil between
piles.
Method 3: according to the “sand pile” method men-
tioned in the Technical Code for Ground Treatment of
Buildings [11], the rigid piles are assumed to be
equivalent to the sand piles with a certain friction angle.
-e friction angle is determined by the friction factor of

(a) (b) (c)

Figure 2: Sliding failure of the embankment. (a) Sliding of the left embankment. (b) Sliding of the right embankment. (c) Excavation
investigation.
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Figure 3: Schematic plan of the embankment in the sliding section.
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the pile material after the bending failure, the pile-soil
stress ratio is taken as 3, and the composite internal
friction angle is calculated by using the following
equation:

tanφsp �
(1 − m)tanφs + mn tanφc

1 − m + mn
, (3)

where m is the area replacement rate of pile and n is
pile-soil stress ratio.
After calculating the composite parameters by using
Methods 1, 2, and 3, respectively, we can use the natural
pile-free foundation using the aforementioned

composite parameters instead of the actual prestressed
pipe-pile composite foundation to calculate the safety
factor by using some embankment stability analysis
software.
Method 4: revised density method Liu et al. [16, 17] is
different from the existing normative methods. It is
used to calculate the stability of embankment flow
sliding, which considers the embankment filling and
soil between the piles as the analysis objects. In
Figure 5, the soil above the sliding surface receives
three forces from the pipe piles: the vertical force on
top of the pile cap Pp, the friction force of soil be-
tween piles τ, and the horizontal force of soil among
the piles qh. -ese three forces can prevent the

Table 3: Design parameters of the embankment and prestressed pipe pile.

Section Embankment type Filling height (m) Pile lateral spacing (m) Pile longitudinal spacing (m) Pile length (m)
K64 + 080 Bridge approach 7.17 2.6 2.6 19
K64 + 100 Transition 7.10 2.6 2.8 19
K64 + 120 Normal 7.00 3.0 3.0 18
K64 + 160 Normal 6.74 3.0 3.0 18

Cushion

Sliding surface

Rigid piles

Geogrid

(a)

Cushion

Sliding surface

Rigid piles

Geogrid

(b)

Figure 4: Schematic diagram of general shear failure and flow sliding failure. (a) General shear failure. (b) Flow sliding failure.

Table 1: Physical and mechanical parameters of each soil layer in section K63 + 500.

Soil h (m) w (%) c (kN/m3) Es (MPa) cq (kPa) φq (°) Kv/10−8 cm/s qc (MPa) fs (kPa)
Silty clay 1.2 42.6 16.5 2.6 3.9 4.9 41.6 3.0 47.1
Silt 8.4 75.5 17.2 8.4 5.8 4.0 13.3 0.3 5.2
Silty clay 2.3 47.9 17.0 2.3 4.5 4.9 34.1 1.3 36.0
Silty medium sand 2.2 20.3 16.8 2.2 13.4 11.2 108.7 5.0 48.0
Silty clay 5.1 75.8 15.9 1.8 7.1 7.2 34.6 4.9 22.6
Completely decomposed granites 3.2 — 19.2 — 20.0 20.0 — 10.9 44.5
Note: w �water content; c �natural weight; Es �modulus of compressibility; cq � cohesion (from quick direct shear test); φq � internal friction angle (from
quick direct shear test); Kv � permeability of the soil in the vertical direction; qc � static point resistance; fs � side friction.

Table 2: Physical and mechanical parameters of each soil layer in section K64 + 080.

Soil h (m) w (%) c (kN/m3) Es (MPa) cq (kPa) φq (°) Kv/10−8 cm/s qc (MPa) fs (kPa)
Planting soil 0.6 28.0 18.0 3.6 8.0 16.0 68.3 2.6 52.0
Silty clay 0.6 42.6 16.5 2.6 3.9 4.9 41.6 1.1 35.7
Silt 4.6 67.5 16.2 2.0 4.8 4.8 15.3 0.1 3.4
Silty fine sand 1.9 35.7 18.9 3.8 16.4 10.4 96.7 2.1 11.2
Silt 8.5 78.5 18.2 2.6 8.8 3.7 26.9 0.4 4.0
Silty clay 3.0 23.5 20.6 3.6 6.5 7.2 30.5 3.9 16.6
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occurrence of flow sliding failure. However, qh that
the pipe pile can withstand is very small because the
cracked resistant bending moment of pipe pile is very
small. Engineers usually ignore it during the design
process to increase project safety. -us, Pp and τ
become the main factors for improving embankment
stability. We can use the modified densities to replace
the effect of Pp and τ by utilizing the revised density
method. -us, the revised densities should be
adopted in the embankment and reinforced foun-
dation soils, the original density should be adopted to
the soil outside the reinforcement area, and unre-
vised shear strength should be adopted to the em-
bankment soil (Figure 6). -en, similar to the three
aforementioned methods, we can use the conven-
tional stability analysis software to calculate the
safety factor based on limit equilibrium theory.

-e calculation steps of Method 4 are presented as
follows: calculate the top load Pp⟶ determine the location
of neutral surface⟶ calculate revised densities and revise
shear strength indexes of soil between piles⟶ check the
stability of composite foundation with flow sli-
ding⟶ check the stability of embankment filling with flow
sliding. -e following is the detailed description of the
aforementioned calculation steps.

Pp shall take the minimum of FsPpa and Quk (the
standard value of vertical ultimate bearing capacity of single
pile), Fs adopts the method mentioned in the [15] for cal-
culation, Ppa can be calculated by the improved HEWLETT
method proposed by Chen et al. [20], and Quk can be cal-
culated by the following equation according to the data of
Cone Penetration Test (CPT):

Quk � up  βifsiΔzi + αbApqc, (4)

where up is the perimeter of pile, βi is the comprehensive
correction coefficient of the ultimate friction resistance of
layer soil i, fsi is average lateral friction of layer soil i, Δzi is
the thickness of the layer soil i, αb is the comprehensive
correction coefficient of the ultimate bearing capacity of the
pile end, Ap is the area of the pile end, and qc is the pile tip
resistance.

-e upper and lower areas of the piles are divided into
negative and positive friction zones, and the interface of the
two zones is called the neutral surface because of the dif-
ferent settlements between piles and soil among piles. -e
location of neutral surface can be determined by using the
following equation:

Q
n
s �

Quk − Pp

2
. (5)

-e revised density of the embankment filling above the
pile caps ρfr and the embankment soil between piles ρfdr can
be revised by using equations (6) and (7), respectively:

ρfr � Fsρf
FsPu − Pp

FsPu
, (6)

ρfdr � Fsρfd(1 − m) +
upτ
D2g

, (7)

where ρf is that design density of embankment soil, ρfd is that
design density of embankment soil between piles, Pu is that
load above the top of pile cap within the shared area of single
pile, m is that area replacement rate of piles, up is that
perimeter of pile, τ is that friction force of soil between piles
(negative friction force is taken as negative value), D is that
pile spacing, and g is that gravity acceleration.

-e revised soil density in the reinforced area ρsr should
be calculated according to

ρsr � ρs(1 − m) +
upτ
d2g

. (8)

When pipe piles do not penetrate the soft soil layer, the
revised density of the soil at the pile end area ρsr shall be
calculated by using the following equation:

ρsr � ρs +
Qpk

d2Teg
, (9)

where ρs is the design density of soil between piles;Qpk is the
standard value of total ultimate pile end resistance; and Te is
the thickness of the pile end area, which can be taken as
0.5–1.0m.

Cohesion c and undrained shear strength of soil between
piles Cu can be revised according to equations (10) and (11),
respectively. -e internal friction angle φ of soil between
piles need not be revised because the quality of soil between
piles is constant.

cr � c(1 − m), (10)

Cur � Cu(1 − m), (11)

where cr is the revised cohesion and Cur is the revised
undrained shear strength.

-e comparison among the safety factors calculated by
the four aforementioned methods is shown in Table 4. -e
results of the revised density method can conform to the
actual situation of this project remarkably, whereas the
calculation results of the three other methods specified in the
standards vary slightly from the actual situation, especially

Sliding surface

Rigid piles

Neutral surface

Pp

qhτ

Figure 5: Forces exerted by pipe piles on sliding soil.
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the results in Method 1, which are too large, thereby
resulting in a huge hidden danger in the design process.

-e data of settlements and bending moments on the
sliding section and the cracking section are included in
Table 5. -e maximum bending moment Mmax of the pipe
piles on the checking section is generally larger than the
ultimate bendingmomentMu, because the present standards
do not require the calculation of the bending capacity of
piles. -is design negligence causes the design bending
capacity of the pipe pile to be small, thereby making the pipe
piles prone to the occurrence of bending fracture under the
embankment load, and reduces the overall stability of
embankment.

According to the settlement data in Table 5, the settle-
ments of all monitoring sections are larger than the specified
value, which will also have a negative impact on embank-
ment stability. -e stability checking methods in the existing
standards usually overestimate embankment stability, which
will lead to larger pile spacing and small designed bearing
capacity of single pile in the design process. -us, in the
actual construction, the bearing capacity of the composited
foundation could not support the upper load well, and the
load shared by the soil between piles becomes too larger to
maintain small deformation and hence the occurrence of
excessive settlement.

3.2. Influence of Perpendicularity Deviation. In order to
study the influence of the perpendicularity deviation, en-
gineers set up the inclinometer into the pipe pile, measured
the deviation of pile top to bottom, and obtained the per-
pendicularity deviation of pipe pile. Figure 7 shows the
statistical figure of the perpendicularity deviation of pipe pile
obtained from 33 monitoring piles. All perpendicularity
deviations exceed 0.5%, which is the allowable value for the
prestressed pipe pile, and most of the monitoring values are
concentrated in 0.5%–3.5%, indicating that the excessive
perpendicularity deviation is a nonnegligible factor of em-
bankment diseases.

-e influences of perpendicularity deviation on pipe
piles are mainly manifested in two aspects: overturning

and bending stability. We can analyze the influences
based on the bearing capacity of single pile. Figure 8
shows the value of the ultimate bearing capacity of single
pile Quk. When analyzing the influence of perpendicu-
larity deviation on the overturning stability, we need to
make the following assumption: the soil between piles is
considered soft soil, and when piles overturn, the pipe
piles are subjected to the active earth pressure ρa from one
side soil and the passive earth pressure ρp from the other
side (Figure 9).

According to the moment balance condition of piles
(equation (12)), we can enable equation (13) to calculate the
vertical load on the pile top controlled by the overturning
stability of the pile (Pp′).

iPpL � 2CudL
2
, (12)

Pp′ �
2CudL

i
, (13)

ρf

Rigid piles

Pp Ps

τ c
φ
Cu
ρs

(a)

ρfr

(1 – m)Ps
ρfdr

cr φ Cur ρsr1

cr φ Cur ρsr2 ρs

ρf

(b)

Figure 6: Schematic of the revised density method. (a) Original embankment. (b) Revised embankment.

Table 4: Comparison of safety factors calculated by using the four
methods.

Section Method 1 Method 2 Method 3 Method 4
K64 + 080 2.619 1.606 0.697 0.976
K64 + 100 2.638 1.573 0.698 0.951
K64 + 120 2.446 1.632 0.865 1.281
K64 + 160 2.515 1.380 0.753 0.959

Table 5: Statistical table of settlements and bending moments.

Section Settlement (mm) Mmax (kN·m) Mmax/Mu

K63 + 505 754.9 195.7 5.28
K63 + 540 394.1 81.2 2.19
K63 + 560 533.8 84.3 2.28
K63 + 620 586.3 176.9 4.78
K63 + 700 694.2 206.0 5.56
K64 + 080 1579.5 76.3 2.06
K64 + 100 868.1 46.4 1.25
K64 + 120 1088.3 56.1 1.52
K64 + 160 1897.7 93.6 2.53
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where Pp is vertical load on the pile top, Pp′ is the vertical load
on the pile top controlled by the overturning stability of the
pile, L is the pile length, i is the perpendicularity deviation,
Cu is the undrained shear strength of the soft soil, and d is the
pile diameter.

In this work, imax � 6.5%, Lmin � 15m, Cumin � 7.3 kPa,
and d� 0.3m. -us, we can calculate Pp’ � 1010.8 kN, which
is the minimum value of the vertical load on the pile tops
that makes the pipe pile overturn. According to the revised
density method, Pp is the minimum of FsPpa and Quk.
-erefore, Pp<Quk. Figure 8 shows that Pp′ is less than Quk;
that is, Pp′ < Pp. -erefore, the impact of the pile’s perpen-
dicularity deviation on the bearing capacity of the single pile
will not cause the piles to overturn.

-e influence of perpendicularity deviation on bending
moment is presented as follows.

Based on equations (14) and (15), we can enable equa-
tion. (16) to calculate the vertical load on the pile top
controlled by the ultimate bending moment of the pile Pp″;
that is, when the load on the pile top exceeds the value of Pp″,
the bending moment of the pile will reach the maximum
value, and the pile will be damaged.

-e bending moment of the piles at depth z is as follows:

M � izPp − 2z
2
Cud, (14)

Mmax �
i2P2

p

8Cud
, (15)

Pp″ �
2
i

��������

2MuCud



. (16)

In this project, imax � 6.5%, Lmin � 15m, Cumin � 7.3 kPa,
d� 0.3m, and Mu� 37 kN·m (the minimum ultimate
bending moment of PHC300A70, from Technical Code for
Building Pile Foundations (JGJ94-2008)). -us, we can cal-
culate Pp″� 391.7 kN by using equation (16), indicating that
the maximum pile top load that the pipe pile can bear is
391.7 kN. -is value is smaller than that of Quk in Figure 8.
-erefore, perpendicularity deviation could reduce the ac-
tual bearing capacity of the single pile and result in the
bending failure of the pipe pile under large upper load.

From the aforementioned analysis, we can conclude that
the bearing capacity of the single pile may be reduced be-
cause of excessive perpendicularity deviation, which leads to
the penetration failure at the pile end and affects the stability
of embankment. In addition, if the perpendicularity devi-
ation of adjacent pipe piles is in an opposite direction, then
the pile spacing will be expanded further, thereby reducing
the soil arching effect on the pile top so that considerable
embankment load will be transferred to the soil between
piles, which will also result in excessive soil load and set-
tlement of foundation among piles.

3.3. Influence of Poor Joint on Pipe Pile. -e depth of soft soil
bottom at the sliding section is approximately 14m, and the
length of the pile is 18-19m. Each pile consists of two
identical prefabricated piles.-us, the joint of the two piles is
located in the middle of the soft soil layer, in which the
maximum positive moment of piles is located. In detecting
the integrity of piles on the diseased section, the defect
locations of piles usually occur near the joint. Figure 10
shows the interior pipe-pile monitoring result obtained by
hole camera technology. Dislocation and water leakage have
occurred at the joints of some pipe piles.
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-e pile concrete on the potential sliding surface is
subjected to not only compressive stress but also shear stress
parallel to the potential sliding surface. -us, before the pile
exhibits shear failure along the sliding surface, it has been
destroyed in other directions under the action of the two
aforementioned stresses. -erefore, Miao et al. [21] defined
shear strength to analyze the failure mechanism of concrete
piles more reasonably, and the occurrence of shear strength
can be calculated by two criterions, maximum tensile stress
criterion and Mohr–Coulomb criterion. When the shear
stress of the concrete pile on the potential sliding surface is
larger than the shear strength determined by maximum
tensile stress criterion, the concrete pile exhibits tensile
failure along direction β. When the shear stress of the
concrete pile on the potential sliding surface is larger than
that determined by the Mohr–Coulomb criterion, the
concrete of the pile shaft shears along direction ψ. Figure 11
demonstrates the relationship of the three aforementioned
directions in piles.

-e shear and tensile failure surfaces of concrete pile are
similar to the No. 2 or even No. 3 group of joint surfaces in
rock. -e shear strength on potential sliding surface will not
be affected as long as their directions are different from the
sliding surface. Embankment does not move and slide even if
the piles have broken because the actual fracture surface of
the concrete pile is inconsistent with the direction of the
potential sliding surface. However, the potential failure
surface affects the distribution of the bending moment on
the pile when the cracks penetrate the entire pile. It also
influences the vertical bearing capacity of the single pile
when the title angle of the failure surface in the pile is larger
than its internal friction angle.

-erefore, although the poor joint in the pipe pile is not
the main factor that causes embankment diseases, it reduces
the bending bearing capacity of pipe pile and causes the pipe
pile to be prone to bending failure.

4. Remediation Measures and Effect Analysis

4.1. Remediation Measures. After embankment slid, plenty
of reinforcement measures were applied to the sliding and
other sections. Engineering monitoring was also valued
during and after construction. -is paper mainly introduces
and analyzes the reinforcement measures on the sliding and
cracking sections. -e cross sections and plans of rein-
forcement measures at the two sections are shown in
Figure 12.

4.1.1. Cracking Section. Add piles after drilling holes
(APDHs) were applied for the reinforcement of the diseased
composite foundation. However, we need to unload 2m
thickness embankment soil first. -e add piles adopted
PHC400A95; the length and pile spacing are 24m and 2.8m,
respectively. -e pile end must be closed to make it a fully
squeezed pile. After determining the locations of the old pipe
piles, long spiral rod must be used to drill holes to the bottom
of the gravel cushion at the center of the four adjacent original
piles. -en, the add piles were drilled in the drilled holes.

Finally, the microexpansion concrete C20 filled the top of the
embankment. Figures 12(a) and 12(c) present the cross section
and plan of remediation measures in the cracking section.

4.1.2. Sliding Section. Reconstructed pipe piles, plastic
drainage plates, and loading berms were applied to reinforce
this section. First, the damaged and inclined pipe piles were
cleared after moving the remaining soil above the original
supporting plate. Second, a 30 cm working cushion was laid,
and plastic drainage plates were constructed. -ird, the
reconstructed pipe piles were laid down among the original
pile caps, and 50 cm gravel cushion was placed above the pile
caps. -e spacing of the reconstructed pipe piles is similar to
that of the original pile, and their length is 23m. Finally, the
loading berm was set on both sides of the new embankment.
Figures 12(b) and 12(d) show the cross section and plan of
remediation measures in the sliding section.

4.2. Monitoring Scheme. During the construction of reme-
diation measures, meaningful monitoring actions, including
excess pore water pressure, subgrade settlement, and

Figure 10: Pipe-pile joint monitored by camera technology in the
hole.

φ Shear failure surface

Tensile failure surface

Concrete pile

D

β 

Figure 11: Relationship between sliding surface and actual failure
surface.
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horizontal displacement, have been applied to the reme-
diated embankment to analyze the remedy effect [22].

-e excess pore water pressure could be monitored by the
pore water pressure gauges. Six pore water pressure gauges are
buried in the both sides of the foundation. One side has three
gauges buried in different depths (cracking section: 6m, 9m,
and 12m; sliding section: 9m, 11m, and 12.5m). Subgrade
settlement could be monitored by the settlement plate and
settlement monitor mark. -ree settlement plates or settle-
ment monitoring marks are placed in the center of the
embankment and the left and right shoulders. Two incli-
nometers are buried at the foot of the embankment to
monitor the horizontal displacement data. Figure 13 shows
the schematic of the monitoring section in two remedial
sections. -e left part refers to the sliding section while the
right part corresponds to the cracking section.

4.3. Reinforcement Effect in Cracking Section. In the cracking
section, the monitoring data of section K63 + 500 are taken
as examples to analyze the reinforcement effect, and the
results of other sections are similar to that of section
K63 + 500.

Excess pore water pressure Pw is an important factor that
should be considered in the design and construction of pipe-
pile composite foundation. -e soil will be remolded par-
tially in the 1-2 times of the area of the pile diameter when
the piles were drilled. -us, the pore water pressure sub-
jected by soil may reach or even exceed the overlying
pressure. Figure 14 shows the variation curves of pore water
pressure with filling load in section K63 + 500 since the
construction of the reconstructed piles. During the con-
struction of the reconstructed piles, the composite foun-
dation produced large excess pore water pressure in a short
time because of the fast construction speed of piles and
concomitant soil squeezing effect. After the completion of
pipe-pile construction, the pore water pressure began to
dissipate gradually, but the deepest pressure dissipated most
slowly because this measuring point is located at the bottom
of the silt layer with low permeability. During the con-
struction of embankment, the pore water pressure has
changed slightly, showing that the pore water pressure in the
pipe-pile composite foundation is basically stable under
small embankment load.-is finding proves that the bearing
capacity of the new pipe-pile composite foundation is better,
the load of soil between piles is smaller, and the embankment
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Figure 13: Schematic of the monitoring section. (a) Sliding section. (b) Cracking section.
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Figure 12: Cross sections and plans of reinforcement measures in two sections. (a) Cross section of the cracking section. (b) Cross section of
the sliding section. (c) Plan of the cracking section (half embankment). (d) Plan of the sliding section (half embankment).
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is more stable than before.-erefore, continuous filling with
small load can also ensure the stability of the embankment
when the external construction conditions are suitable.

-e settlements should be observed dynamically during
the construction of the expressway on soft soil foundation.
According to the observation data, engineers can adjust the
embankment filling rate and predict the later settlement rate
and the overall stability of embankment. Figure 15 shows the
variation curve of cumulative settlement with filling load
since the construction of APDHs. -e soil squeezing effect
causes the ground to uplift greatly because of the con-
struction of APDHs. During embankment filling, the set-
tlement of the foundation gradually increases, but the
settlement rate gradually decreases until it becomes basically
stable. -e comparison of the settlements before and after
reinforcement shows that the settlement of foundation can
be reduced effectively by the reinforcement of APDHs.

With the development of foundation settlements, the
embankment stress is redistributed, and the soil arching
effect is affected. -e horizontal, vertical, and shear stresses
near the toe of the slope will increase. -e horizontal dis-
placements and additional settlements will appear with the
development of embankment plastic zone, and the em-
bankment instability will appear and develop further, unless
the timely monitoring was not carried out. Figure 16 shows
the cumulative horizontal displacement curve of section
K63 + 500 in different construction stages, and Figure 17
shows the variation of the maximum horizontal displace-
ment with filling load in the left section K63 + 500.

In Figure 16, the horizontal displacement increased
evidently when the APDHs are constructed, which proves
the soil squeezing effect. -ereafter, the horizontal dis-
placement has a slight rebound because of the dissipation of
pore water pressure after the completion of APDH con-
struction. With the completion of embankment and pave-
ment, the horizontal displacement gradually stabilized
because the pore water pressure value is basically stable, and
the deformation and movement of soil skeleton particles

have been completed. In Figure 17, the maximum cumu-
lative lateral displacement has a significant increase before
the embankment was built, that is, the period of the con-
struction of APDHs. However, during the embankment
filling, the maximum cumulative lateral displacement re-
mains stable despite the increase in filling height, indicating
that the use of APDHs to reinforce failure foundation can
improve the bearing capacity of foundation and constrain
the development of lateral displacement. However, from the
construction standpoint, we need to pay more attention to
the soil squeezing effect and the construction rate of APDHs
and avoid the occurrence of foundation instability.

4.4. Reinforcement Effect in Sliding Section. In the sliding
section, we take the monitoring data of section K64 + 080 as
the analytical section to evaluate the reinforcement effect.

Figure 18 shows the variation curves of pore water
pressure with filling load for the left embankment in section
K64 + 080. -e variation of pore water pressure during the
construction of the pipe pile is similar to that in section
K63 + 500. In the monitoring time of 35 days, the pore water
pressure increased slightly due to the fast embankment
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filling rate, and the excess pore water pressure gradually
stabilized when the embankment construction was com-
pleted. -erefore, during embankment construction, con-
trolling the construction rate of the pipe piles and
embankment in a reasonable range is necessary to avoid
producing excessive excess pore water pressure in a short
period of time.

Figure 19 shows the variation curves of cumulative
settlement with filling load in section K64 + 080. -e final

settlements are within a reasonable range, and the main
settlements of embankment occur in the embankment filling
period because a fast embankment filling rate results in a
rapid settlement rate. After the completion of embankment
filling, the settlements began to converge and gradually tend
to stabilize. -erefore, reasonable filling rate can decrease
the settlement rate and maintain the stability of the
embankment.
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Figure 20 shows the variation of cumulative horizontal
displacement of section K64 + 080 in different construction
stages, and Figure 21 shows the variation of cumulative
displacement with filling load in the left section of K64 + 080.
Figure 20 shows that horizontal displacement mainly oc-
curred during embankment filling, and evident turning was
observed at the foundation depth of 4m, both sides of
section K64 + 080, small horizontal displacements in the
lower part, and large horizontal displacements in the upper
part.-e reason is that the overburden pressure has a certain
offset influence on the soil squeezing effect. After

embankment filling, the horizontal displacement increased
because the reconstructed pipe piles are used to fix the
collapsed embankment, and the horizontal displacement of
soil is changed by the soil squeezing effect of the pipe piles.
With embankment filling and surface construction, the
shallow horizontal displacement increased, but the deep
horizontal displacement bounced back because the influence
of embankment load on the horizontal displacement is
mainly concentrated in the shallow foundation. However, it
has minimal influence on deep foundation, because the soil
squeezing effect of the pipe pile gradually dissipates, and the
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deep horizontal displacement has a certain degree of re-
bound. From the point of value, all horizontal displacement
values are within the allowable limits of the standards. After
the construction of cement-stabilized layer was completed,
the horizontal displacement has stabilized. In Figure 21,
although the change rate of the maximum cumulative
horizontal displacement is fast, it had shown convergence
tendency after the completion of embankment filling.
-erefore, the reconstructed pipe pile has a significant effect
on limiting the horizontal displacement of the foundation.

5. Conclusion

-e causes of sliding and cracking of embankment on the
rigid column-improved soft soil were observed, the reme-
diation measures were presented, and the reinforcement
effect of the failed embankment was analyzed in this paper
based on the actual problems in the construction of Xintai
Expressway South Extension Project. -e following con-
clusions can be drawn:

(1) -e design pile spacing is too large, and the design
bearing capacity of single pile is low due to the large
safety factor of the embankment stability on rigid
column-improved soft soil calculated by the existing
code method, resulting in more loading shared by
subsoil between piles, large settlement and dis-
placement of foundation, and bending and fracture
of some rigid column.

(2) -e revised density method can be used to check the
stability of flow sliding instead of the methods
specified in the present codes. In addition, the
bending moment of piles should also be checked to
avoid the actual maximum bending moment from
being larger than the design value.

(3) -e perpendicularity deviation and joint quality of
pipe piles, which may decrease the bearing capacity
of single pile and lead to the bending failure of piles,
should be emphasized.

(4) Excessive fill thickness that blows the pile caps causes
the excessive load imposed on the soft subsoil

between piles, thereby resulting in the excessive
settlement of the foundation. -erefore, the eleva-
tion of pile caps and the fill thickness below the pile
caps should be controlled in a reasonable range at the
construction stage. If necessary, light embankment
fillers (e.g., fly ash and foam polystyrene (EPS)) can
be used to reduce the additional stress in the
foundation.

(5) -e reconstruction of additional piles in the sliding
section and APDHs in the cracking section can re-
duce the postconstruction settlements and hori-
zontal displacements effectively. Such findings have
been validated by the measured excess pore water
pressure, subgrade settlement, and horizontal dis-
placement. However, the soil squeezing effect ac-
companied along with the pile construction has
adverse impact on embankment stability. -us, a
reasonable construction rate of piles should be se-
lected to diminish this impact.
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