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Shield tunnels will inevitably pass through viaduct piles at a close distance due to the extensive construction of subways and
viaducts in the city. In order to understand the influence of shield tunneling on the deformation of existing pile foundation and
grouting protection measures, based on an engineering case, Changsha Metro Line 5 (from South Gaoqiao station to Guitang
station), a three-dimensional finite element model was established to analyze the deformation of bridge pile using grouting
protection wall with different depths and shapes when the shield tunnel is under construction. ,e analytical results indicate that
the grouting protection wall can effectively reduce the pile displacement; especially the grouting depth is 3m below the bottom of
the tunnel. Moreover, the L-shaped grouting protection wall can effectively reduce the longitudinal displacement of the piles. ,e
present findings may provide a reference for the design and construction of shield tunnels passing through viaduct piles.

1. Introduction

With the continuous development of urbanization, in order
to solve the ground traffic congestion, the viaduct and
subway become important parts of urban infrastructure.
Due to traffic route design and urban space constraints,
shield tunnels often need to pass through existing viaduct
piles. ,e excavation of shield tunnel may cause the de-
formation of surrounding soil [1–10], thus affecting the
existing pile foundation. Once the deformation of the pile
exceeds the limit, it will directly affect the normal operation
of the superstructure and bring a series of risks for safety
[11–18]. At present, a large amount of numerical research
has been conducted on the additional displacement of
existing pile foundation caused by shield tunneling [19–29].
Meanwhile, model tests and in situ monitoring of the dis-
placement of adjacent pile foundation caused by shield
tunneling were also performed [30–38].

Previous research focused on the investigation of the
influence of shield tunneling on adjacent pile foundations by
theoretical derivation and calculation analysis [39–46]. With

the increase of urban spatial density, the distance between
shield tunnel and pile foundation will be close. It is necessary
to find out the most appropriate method to protect the
adjacent pile foundation. Several scholars proposed pro-
tection measures for the pile foundation to reduce the ad-
verse effects caused by shield tunneling [47–55]. Bilotta and
Russo [49] evaluated the effectiveness of a simple row of piles
to protect adjacent buildings by means of three-dimensional
finite element analyses. Compared with the results of cen-
trifuge, it is found that the settlement reduction is significant
for the piles with small spacing. Bai et al. [50] adopted three
different types of mitigation methods including bored piles,
grouting, and construction optimization to protect the
buildings near the tunnel. Fu et al. [51] evaluated the ef-
fectiveness of underground jet-grouted partition wall in
mitigating the effects of shield tunneling on existing piled
structures by means of numerical analysis and field moni-
toring.,e results indicate that the presence of partition wall
can relieve the existing piles from suffering uneven settle-
ment. Wang et al. [52] discussed the project of retrofitting
Fengqi Bridge and analyzedmonitoring data before and after
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the shield machine crossed the bridge. ,eir findings in-
dicate that reinforcement of the raft foundation and im-
provement of composite ground can effectively decrease
bridge settlement during tunneling. Yang et al. [54] pro-
posed a new controllable grouting method and two corre-
sponding grouting materials to prereinforce the underwater
karst region before shield tunnel passing.,e results indicate
that the grouting activities not only meet the engineering
requirements but also are environmentally and ecologically
friendly. Li et al. [55] proposed four kinds of protective
schemes to guarantee the safety of existing grouped piles of
Shiyou Bridge during tunnel construction and found that the
deep-hole grouting scheme has a better control effect on the
lateral deformation and bending moment of the piles.

With the rapid development of urban viaducts, the
proportion of long piles in all pile foundations continues to
increase. Previous scholars mainly carried out research on
the protection of building pile foundation. However, re-
search on viaduct piles is still not enough. Due to the great
difference between building pile foundation and viaduct pile
foundation in length and layout, it is urgent to find out a
protection scheme suitable for long piles, especially in the
process of shield passing through viaduct piles within a short
distance.

,is paper is organized as follows: firstly, Changsha
Metro Line 5 (from South Gaoqiao station to Guitang
station) was selected as an engineering background. ,e
details of the design and construction of the shield tunnel
passing through the bridge piles of Wanjiali viaduct were
illustrated, including the soil parameters in this area from
the preliminary geological survey. Secondly, four grouting
schemes were proposed to control the deformation of the
pile foundation for the tunnel passing through the viaduct
pile. ,e most suitable grouting depth was determined after
comparing and analyzing the vertical, horizontal, and lon-
gitudinal displacement of the pile using three-dimensional
finite element modelling. Finally, an “L”-shaped grouting
isolation scheme is proposed, which can effectively protect
the adjacent bridge piles andmake the shield drive smoothly.

2. Engineering Background

2.1. Project Overview. Changsha Metro Line 5 is located in
Changsha, Hunan Province, China, as shown in Figure 1,
which has a total length of 22.5 kilometers (from north to
south), with 18 stations, all of which are underground
stations. According to the preliminary route planning, the
parallel length between Metro Line 5 andWanjiali viaduct is
about 15 kilometers. ,e shield tunnel passes through the
viaduct piles at a close distance many times. In the present
study, the representative interval tunnel from South Gaoqiao
Station to Guitang Station is selected as an engineering
background. Wanjiali viaduct is located at the west side of
the left tunnel. ,e tunnel passes through the existing bridge
piles and underneath the Guitang River. Influenced by
existing river and ground transportation, the distance be-
tween two C35 bored concrete bridge piles with a diameter
of 1.2m and the left tunnel is very close. ,e twin tunnels
made of C50 precast concrete segments, with an inner

diameter of 5.4m and a buried depth of 19.2m, having a
lining thickness of 0.3m and width of 1.5m, were excavated
using earth pressure balance shield tunnel boring machine.

,e considered area is located between the design
mileage ZDK27 + 352.322 and ZDK27+ 397.322, as illus-
trated in Figure 2. ,e nearest distance between the left
tunnel and the pile of Wanjiali viaduct is only 3.07m.

2.2. Site Condition. According to a previous geological
drilling report, there are 5 layers of soil from the ground
surface to the depth of 70m, which are miscellaneous fill,
silty clay, bubble, strongly weathered conglomerate, and
moderately weathered conglomerate. ,e underground
stable water level is located at a depth of 7.8m. In addition,
the bedrock of the site can be divided into two zones of high
weathering and moderate weathering within the scope of
investigation depth. ,e highly weathered conglomerate is
grayish white with purplish red, partly with thin layers of
argillaceous siltstone, clastic structure, and massive struc-
ture. ,e natural compressive strength is from 1.19 to
1.96MPa, and the average value is 1.59MPa.,emoderately
weathered conglomerate is purplish red with clastic struc-
ture, thick laminated structure, mainly argillaceous ce-
mentation. ,e natural compressive strength ranges from
6.15 to 18.67MPa, with an average of 10.57MPa.

As shown in Figure 3, the pile bearing layer of the
Wanjiali viaduct is a moderately weathered conglomerate
and the shield tunnels are located in the strongly weathered
conglomerate. Physical and mechanical parameters of sur-
rounded layers are listed in Table 1.

3. Grouting Isolation Protection Schemes

Shield tunneling will cause uneven settlement of sur-
rounding soil, leading to the deformation of adjacent bridge
piles. Especially when the pile foundation is close to the
shield tunnel, the excessive deformation will affect the
normal operation of the superstructure. At present, high-
pressure rotary jet grouting isolation protection is gen-
erally applied for the existing bridge piles under such
condition. However, the grouting depth has not been
clearly defined. Since the displacement of bridge pile
caused by shield tunneling is mainly concentrated near the
location of the tunnel, it is necessary to consider whether
to isolate the tunnel area by grouting. In addition, the
diameter ot the urban shield tunnel is 6 m, and the
grouting depth should be increased successively based on
the radius of the shield tunnel, which can better compare
the grouting control effect at different depths. As shown in
Figure 4, this paper proposes four grouting isolation
protection schemes with different grouting depths, such as
at the top of the tunnel, at the bottom of the tunnel, and at
3m and 6m below the bottom of the tunnel, respectively.
Grouting isolation is set in the middle of the connection
between pile and tunnel and a little closer to the pile.

Using the finite element method, the vertical, horizontal,
and longitudinal displacement of the pile under four dif-
ferent grouting isolation protection schemes are obtained
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and compared to determine the suitable grouting depth for
protecting the existing bridge pile.

4. Numerical Simulation

4.1. Numerical Model. ,e finite element software Midas
GTS NX was employed for numerical simulation. A three-
dimensional finite element model was established, including
twin tunnels, bridge piles, grouting isolation wall, and
surrounding soil, as shown in Figure 5. In order to decrease
the boundary effects of the model and ensure the accuracy of

finite element calculation, the dimensions of the three-di-
mensional model were chosen as 60m in length, 50m in
width, and 70m in height. In order to simplify the calcu-
lation, the soil was treated as the horizontally layered
foundation. ,e pile length was 50m, the nearest distance of
the pile to the left tunnel was 3.07m, and the buried depth of
the tunnel was 19.2m. A grouting isolation wall with 6m in
length and 1m in width was modelled between the bridge
pile and the shield tunnel.

Shield segments were simulated by two-dimensional plate
elements, while the soil, pile foundation, segment backfill
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Table 1: Physical mechanical parameters of surrounded layers.

Soil type at each layer ,ickness H
(m)

Elasticity
modulus E
(MPa)

Poisson’s
ratio μ

Unit weight c

(kN·m−3)
Cohesion c

(kPa)

Internal
friction angle

φ (°)

Permeability
coefficient k (m·d−1)

① Miscellaneous fill 7.8 8.5 0.35 19.0 10 12 0.700
② Silty clay 3.2 15.5 0.30 20.0 30 16 0.008
③ Pebble 2.9 35.0 0.25 20.0 2 36 25.000
④ Highly weathered
conglomerate 23.0 38.5 0.27 23.5 40 30 0.500

⑤ Moderately
weathered
conglomerate

33.1 47.0 0.24 25.0 120 35 0.100
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Figure 3: Engineering geology profile.
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grouting, and grouting isolation wall were simulated by three-
dimensional solid elements. ,e interaction between pile and
soil was established according to node coupling, which can
eliminate the inaccuracy caused by improper parameter
setting of pile-soil interface element when 1D beam elements
were used. ,e interaction between different soil layers was
also established through node coupling. ,e mesh size of the
concerned areas, such as shield tunnel, pile foundation, and
grouting isolation wall was mesh refined. ,e model had a
total of 284301 elements and 175514 nodes.

4.2. ConstitutiveModel andCalculationParameters. In order
to consider the effect of soil unloading caused by shield
tunneling, the modified Mohr–Coulomb constitutive model
of soil was selected. Shield segments and pile foundations
were simplified with elastic materials. ,e segments were
treated as homogeneous rings, made of C50 concrete, and the
pile foundations were made of C35 concrete. It is assumed
that a perfect bond between the pile and soil ismaintained and
no detachment occurs.,ematerial parameters of bridge pile,
segment, and grouting are shown in Table 2.
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Figure 4: Grouting reinforcement scheme: (a) grouting to the top of the tunnel; (b) grouting to the bottom of the tunnel; (c) grouting to 3m
below the bottom of the tunnel; (d) grouting to 6m below the bottom of the tunnel.

70 m

50 m

60 m

Le� tunnel

Dire
cti

on of tu
nneli

ng

Right tunnel

Z
X

Y

Figure 5: ,ree-dimensional finite element model.

Advances in Materials Science and Engineering 5



4.3. Numerical Simulation Procedure. ,e excavation con-
struction stage was simulated step-by-step; each excavation
stage forwards 1.5m. ,e excavation construction was re-
alized by the method of “element birth and death.” In
practical engineering, when the shield passes through the
important structures, the thrust force of the shield machine
should be controlled between 7000 kN and 9000 kN. ,us,
the thrust force of the shield is chosen as 8000 kN in this
study. After the excavation at the current position is com-
pleted, the shield segment is installed, and then the segment
backfill grouting will be performed. ,e grouting pressure
behind the segment is generally between 0.4MPa and
0.8MPa, so the grouting pressure behind the segment is
applied as 0.6MPa in this model.

5. Comparison of Pile Displacement

5.1. Comparison of Vertical Displacement of the Pile.
Figures 6–9 show the comparison of vertical displacement of
the pile using four different grouting isolation protection
schemes during the tunnel construction process. ,e shield
tunneling passing through the adjacent bridge pile foun-
dation may cause settlement of the pile above the tunnel and
separation of the pile below the tunnel if no grouting iso-
lation protection is constructed. During the process of shield
approaching the pile foundation, the vertical displacement
of the pile increases gradually and continues to increase after
the shield passing through the pile foundation. However, the
increasing rate decreases and the vertical displacement of the
pile tends to be stable after the shield passes through the pile
foundation for 8 rings because the loss of soil above the top
of the tunnel is caused by shield tunneling. Meanwhile, the
soil below the bottom of the tunnel rebounds due to the
excavation and soil unloading. Under the influence of
variation of the soil displacement field, the adjacent bridge
pile may deflect above the tunnel and separate below the
tunnel.

By comparing the vertical displacement of the bridge
pile without grouting isolation and grouting to different
depths, it can be found that different grouting depths have
obvious different effects on the vertical displacement of the
pile foundation. When grouting depth is arranged to the
top of the tunnel, the protective effect is slight when the
shield has not been excavated to the pile foundation and is
far from the pile foundation. With the decrease of the
distance from the bridge pile, the vertical displacement of
the pile when grouting to the top of tunnel is larger than
that without grouting isolation. ,erefore, when the depth
of grouting isolation is not reasonably arranged, it will
further increase the vertical displacement of the pile. When

the grouting depth is set at the bottom of the tunnel, it can
control the vertical displacement of the pile to some extent.
,e displacement at the pile top and the displacement at
the lower part of the pile are reduced by 35.65% and 7.86%
compared with that without grouting. When the grouting
depth is set to 3m below the bottom of the tunnel, it has an
obvious effect on controlling the vertical displacement of
the pile. ,e displacement at the top and bottom of the pile
can be reduced by 74.28% and 12.83%, respectively, when
the grouting depth is 3m below the bottom of the tunnel. If
we further increase grouting depth to 6m below the
bottom of the tunnel, vertical displacement of the pile will
continue to decrease. But the top of the pile shows small
separation, and the vertical displacement curve distorts to
a certain extent, resulting in the increment of the axial
force of the bridge pier. ,erefore, in terms of controlling
the vertical displacement of the pile, a grouting depth of
3m below the tunnel was determined as an optimal
solution.

5.2. Comparison of Horizontal Displacement of the Pile.
Figures 10–13 show the comparison of horizontal dis-
placement of the pile using four different grouting isolation
protection schemes during the tunnel construction process.
Due to ground loss caused by shield tunneling, at the
overlap of the buried depth for the pile and tunnel, some
parts of the pile deform in the horizontal direction,
showing an “S”-shape. Moreover, with the continuous
excavation of the shield, the deformation gradually in-
creases. Similarly, after the shield passes through the pile
for 8 rings, the horizontal displacement becomes stable.
When the grouting depth is set to the top of the tunnel,
during the process of shield tunneling, the horizontal
displacement of the pile is basically the same as that without
grouting isolation. When the grouting depth is set to the
bottom of the tunnel, it has a certain effect to control the
horizontal displacement of the pile. ,e horizontal dis-
placement at the top of the pile decreased by 6.54%, and the
maximum displacement near the buried depth of the tunnel
reduced by 14.32% in comparison to that without grouting.
When the grouting depth is set to 3m below the bottom of
the tunnel, the horizontal displacement of the pile is sig-
nificantly improved.,e horizontal displacement at the top
of the pile decreased by 13.61%, and the maximum dis-
placement near the buried depth of the tunnel declined by
22.56% in comparison to that without grouting. If the
grouting depth is continued to increase to 6m below the
bottom of the tunnel, the effect of controlling the hori-
zontal displacement of the pile was not much improved,

Table 2: Parameters of pile, segment, and grouting material.

Materials Elasticity modulus (MPa) Poisson’s ratio Density (kN·m−3)
Pile foundation 3.15×104 0.3 23.0
Shield segment 2.415×104 0.2 25.0
Grouting 2×102 0.3 22.0
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compared with the effect when grouting to 3m below the
bottom of the tunnel, but the cost of grouting will be in-
creased.,erefore, from the perspective of protection effect
and construction cost, setting the depth of grouting iso-
lation as 3m below the tunnel is an optimal plan to control
the horizontal displacement of the pile foundation.

5.3. Comparison of Longitudinal Displacement along the
Tunnel of the Pile. At present, many scholars have studied
the vertical and horizontal displacement of adjacent pile
foundation caused by shield tunneling, but the longitudinal
displacement along the tunnel of pile caused by shield
tunneling was not considered. ,us, the longitudinal
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displacement along the tunnel of the pile is investigated in
the present study.

Shield tunneling machine requires a large thrust force,
which makes the soil in front of the machine in com-
pression and further leads to longitudinal displacement of
the adjacent pile along the tunnel. During the process of the

shield approaching the pile foundation, the pile will be
deformed near the depth of the tunnel. When the exca-
vation is close to the pile foundation, the deformation
reaches the maximum value. When the grouting is not
arranged, the maximum deformation of the pile is 1.41mm.
After the shield passes through the pile foundation, the pile
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deformation will show a certain amount of rebound. As
shown in Figures 14–18, grouting to the top of tunnel
cannot control the longitudinal displacement of pile
foundation. When grouting to the bottom of the tunnel, the
longitudinal displacement of the pile along the tunnel is
improved. ,e maximum displacement of the excavation

plane at the nearest pile foundation is 3.74% less than that
without grouting.When the grouting reaches 3m below the
bottom of tunnel, the displacement of the pile along the
longitudinal direction of the tunnel is further improved,
and the maximum displacement is reduced by 10.11%
compared with that without grouting. When the grouting
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depth is further increased to 6m below the tunnel, the
maximum displacement is reduced by 13.86% compared
with that without grouting. Although the control effect is
enhanced to a certain extent, the cost of grouting will be
increased. ,erefore, it is better to set grouting isolation to
3m below the tunnel.

6. L-Shape Grouting Protection Wall

In view of the fact that the longitudinal displacement of the
pile along the tunnel cannot be ignored during shield
tunneling, however, the horizontal grouting isolation
scheme widely used in practical engineering has a slight
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Figure 13: Horizontal displacement of the pile: (a) 6 rings after passing the pile; (b) 8 rings after passing the pile.
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effect on the controlling of longitudinal deformation of the
pile along the tunnel. ,erefore, an “L”- shape grouting
protection wall is proposed, as shown in Figure 19. By setting
a semienclosed grouting isolation, the vertical and hori-
zontal displacement of the pile foundation can be effectively
reduced, and the longitudinal displacement along the tunnel
caused by tunneling pressure can be decreased during the
process of shield tunneling.

According to the results mentioned above, when the
grouting depth is 3m below the tunnel, both vertical and
horizontal displacement of the pile foundation was signifi-
cantly decreased. ,erefore, the traditional grouting scheme
and the proposed L-shaped grouting scheme are compared
when the grouting depth is 3m below the tunnel. ,e finite
element model of the L-shaped grouting scheme is shown in
Figure 20.

0

–10

–1.6 –0.8 –0.4–1.2 0.0 0.4 0.8

–20

Pi
le

 le
ng

th
 (m

)

–30

–40

–50
Longitudinal displacement of pile along tunnel (mm)

Without protection
Grouting to the top of tunnel
Grouting to the bottom of tunnel
Grouting to 3m below the bottom of tunnel
Grouting to 6m below the bottom of tunnel

(a)

0

–10

–1.6 –0.8 –0.4–1.2 0.0 0.4 0.8

–20

Pi
le

 le
ng

th
 (m

)

–30

–40

–50
Longitudinal displacement of pile along tunnel (mm)

Without protection
Grouting to the top of tunnel
Grouting to the bottom of tunnel
Grouting to 3m below the bottom of tunnel
Grouting to 6m below the bottom of tunnel

(b)

Figure 14: Longitudinal displacement of the pile along the tunnel: (a) 10 rings before arriving at the pile; (b) 8 rings before arriving at the pile.

0

–10

–1.6 –0.8 –0.4–1.2 0.0 0.4 0.8

–20

Pi
le

 le
ng

th
 (m

)

–30

–40

–50
Longitudinal displacement of pile along tunnel (mm)

Without protection
Grouting to the top of tunnel
Grouting to the bottom of tunnel
Grouting to 3m below the bottom of tunnel
Grouting to 6m below the bottom of tunnel

(a)

0

–10

–1.6 –0.8 –0.4–1.2 0.0 0.4 0.8

–20

Pi
le

 le
ng

th
 (m

)

–30

–40

–50
Longitudinal displacement of pile along tunnel (mm)

Without protection
Grouting to the top of tunnel
Grouting to the bottom of tunnel
Grouting to 3m below the bottom of tunnel
Grouting to 6m below the bottom of tunnel

(b)

Figure 15: Longitudinal displacement of the pile along the tunnel: (a) 6 rings before arriving at the pile; (b) 4 rings before arriving at the pile.

Advances in Materials Science and Engineering 11



6.1.ComparisonofLongitudinalDisplacement of thePile along
the Tunnel. Figures 21–24 show the comparison of longi-
tudinal displacement of the pile using I-shape and L-shape
grouting isolation protection schemes during the tunnel
construction process. Compared with the traditional

parallel grouting scheme, the L-shaped grouting scheme
can effectively reduce the longitudinal displacement of the
pile along the tunnel. When the shield excavates to the
nearest position of the pile foundation, the displacement at
the top of the pile decreased by 31.49%, and the maximum
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Figure 16: Longitudinal displacement of the pile along the tunnel: (a) 2 rings before arriving at the pile; (b) arriving at the pile.
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Figure 17: Longitudinal displacement of the pile along the tunnel: (a) 2 rings after passing the pile; (b) 4 rings after passing the pile.
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Figure 18: Longitudinal displacement of the pile along the tunnel: (a) 6 rings after passing the pile; (b) 8 rings after passing the pile.
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deformation reduced by 3.73%. After shield tunneling
passes through the pile, the longitudinal displacement of
the pile began to rebound due to the absence of the driving
pressure from the excavation plane. When shield tunneling

passes through 6 rings of pile foundation, the maximum
displacement of the pile using the L-shape grouting scheme
is 0.967mm, while that using the traditional I-shape
grouting scheme is 1.037mm, which is reduced by 6.75%.

Ground
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Shield tunnel
Shield tunnel
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Bridge pile
Bridge pile

Direction of tunneling
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Figure 19: Grouting scheme comparison: (a) traditional parallel grouting; (b) L-type optimized grouting.
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Figure 20: Finite element model of the L-shaped grouting wall.
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When the shield tunneling passes through 8 rings of the
pile foundation, the maximum displacement of the pile
using the L-shape grouting scheme is 0.855mm, while the
maximum displacement of the pile using the traditional
I-shape grouting scheme is 0.917mm, reduced by 6.76%.

Because the “L”-shape grouting wall has a certain ability to
resist the pressure of shield tunneling, therefore, the op-
timized L-shape grouting scheme can reduce the longi-
tudinal displacement of the pile along the tunnel during
shield construction.
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Figure 21: Longitudinal displacement of the pile along tunnel: (a) 6 rings before arriving at the pile; (b) 4 rings before arriving at the pile.
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Figure 22: Longitudinal displacement of the pile along tunnel: (a) 2 rings before arriving at the pile; (b) arriving at the pile.
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7. Conclusions

,is paper presents finite element analyses on the defor-
mation of bridge pile using the grouting protection wall with
different depths and shapes when shield tunnel is under
construction. ,e main conclusions are drawn as follows:

(1) During the process of shield tunneling through viaduct
piles, both vertical and horizontal displacements of
piles show an increasing trend. ,e increase rate de-
creases after the shield passes through the pile

foundation and is basically stable at the 8th ring po-
sition after the shield passes through the pile foun-
dation.,e longitudinal displacement of the pile along
the tunnel increases first and then decreases, and the
maximum value appears when the shield tunneling is
close to the pile foundation. After the shield passes
through the pile foundation, the longitudinal dis-
placement of the pile rebounds to a certain extent.

(2) By comparing the effect on pile foundation under
four different grouting depths, it can be found that
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Figure 23: Longitudinal displacement of the pile along tunnel: (a) 2 rings after passing the pile; (b) 4 rings after passing the pile.
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Figure 24: Longitudinal displacement of the pile along tunnel: (a) 6 rings after passing the pile; (b) 8 rings after passing the pile.
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grouting to the top of the tunnel cannot control the
displacement or even aggravate the displacement of
pile foundation. Grouting to the bottom of the
tunnel can play a certain role in improving the pile
foundation, but the improvement is not obvious.,e
displacement of the pile foundation when grouting
to 3m below the tunnel bottom is obviously reduced.
If the grouting depth is further increased to 6m
below the bottom of the tunnel, the improvement is
limited compared with that of 3m below the bottom
of the tunnel. ,erefore, considering the grouting
effect and construction cost, the grouting depth is
determined as 3m below the bottom of the tunnel.

(3) ,e longitudinal deformation of the pile foundation
along the tunnel is mainly depending on the thrust
force of the shield. An “L”-shape grouting wall was
proposed and confirmed effectively reducing the
longitudinal deformation of the pile. ,e present
findings may provide a reference for the design and
construction of shield tunnel passing through via-
duct piles.
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