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Abstract: In order to study the effects induced by large-diameter shield tunneling on the internal
force and displacement of adjacent high-speed railway bridge pile foundations, symmetrical element
analysis models for the whole process of large-diameter shield tunneling through the high-speed
railway bridge were established. The protective effects of various soil reinforcement schemes such as
isolation piles’ protection, Metro Jet System (MJS) reinforcement, and the addition of isolated piles’
crown beams were investigated. The numerical results show that the maximum bending moment and
the maximum lateral displacement of the bridge piles appear at the piles’ body of the central elevation
of the tunnel and the piles’ top, respectively. Without any soil reinforcement measures, the maximum
lateral displacement and settlement of the piers top were 7.1 mm and −7.2 mm respectively, which
could not meet the displacement control requirements of ±2 mm for the piers of the existing bridge
under the condition of the normal operation of high-speed trains. The isolation piles’ protection effect
was better than that of MJS reinforcement alone. Two or more soil reinforcement measures could be
adopted simultaneously to further control the displacement of piers within ±1 mm. The validity of
the numerical simulation results was verified by comparing them with the field monitoring results.

Keywords: finite element analysis; large-diameter shield; twin tunnels; bridge pile foundations;
reinforcement schemes

1. Introduction

By the end of 2021, China’s high-speed railway operating mileage has reached 40,000 km,
ranking first in the world, of which bridges account for a relatively high proportion in
China’s high-speed railway network. With the rapid development of the integrated trans-
portation network of urban agglomeration, roads, subways, and municipal engineering
projects are growing at a rate of more than 200,000 km per year. Soft soil is widely dis-
tributed in China, and China’s high-speed railway has the characteristics of too many lines,
high traffic density, and high operation speed. The increasingly large-scale and networked
roads, subways, and municipal engineering will inevitably encounter shield tunneling
through high-speed railway bridges. The large-diameter shield construction will disturb
the surrounding soil to a greater extent, causing the displacements of the adjacent high-
speed railway bridge pile foundations. On the one hand, it will produce additional internal
force and displacements of the bridge piles, on the other hand, the displacements of the
bridge piers will aggravate the irregularity of the track on the bridge, which may affect the
operation safety of high-speed trains. Therefore, it has become an important and urgent
issue to research the effects of large-diameter shield tunneling on the pile foundations of
adjacent high-speed railway bridges.

Many scholars have carried out a lot of research on the effects of shield construction
on adjacent pile foundations. Chen [1] used a two-stage analysis method to analyze the
lateral and vertical displacement of a single pile induced by tunneling. Jacobsz et al. [2,3]
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studied the effects of tunneling in dry sand on the displacement of the adjacent single
pile by centrifugal tests. Ng et al. [4] further studied the effects of twin tunneling on
pile groups by a series of three-dimensional centrifuge tests. Based on the two-stage
analysis method, Basile [5] proposed a more effective analysis method to estimate the
internal force and displacement of pile groups caused by tunneling. Yoo et al. [6,7] used a
numerical analysis method to study the effects of shield tunneling on adjacent bridge pile
foundations. Other scholars have verified their numerical calculation results in combination
with centrifuge models test results [8–11] or field monitoring data [12–15]. In order to reduce
the disturbance of the surrounding soil layer induced by tunneling and ensure the stability
and safety of the existing structure, necessary protective measures should be taken for
the existing pile foundation before tunneling. Wang [16] studied the control effect of soil
grouting reinforcement on the additional deformation and internal force of existing pile
foundations. Liu et al. [17–19] studied the protective effect of isolation piles on existing
bridge pile foundations. Wu et al. [20–22] compared and analyzed the control effects of
isolation piles’ protection and grouting reinforcement on pile foundation displacement.
Li et al. [23–25] explored the protective effect of MJS reinforcement using finite element
numerical analysis. It can be seen that the current research is mainly focused on small-
diameter shield tunneling through railway bridges or highway bridges, and there are
also some studies on large-diameter shield tunneling through highway bridges, but there
are relatively few studies on large-diameter shield tunneling through high-speed railway
bridges. To ensure the normal operation of high-speed trains during the construction of
large-diameter shield tunneling through high-speed railway bridges, it is not only necessary
to control the internal force of the pile foundation of the high-speed railway bridge, but
also strictly limit the displacements of bridge piers. Generally, various soil reinforcement
measures are adopted simultaneously: isolation piles’ protection, MJS reinforcement, and
the addition of isolated piles’ crown beams, etc.

In this paper, on the basis of the practice of the Tongjing Road North Extension
Project in Suzhou, finite element analysis models for the whole process of 13.76 m large-
diameter shield tunneling through the high-speed railway bridge were established by
using finite element software ANSYS. Firstly, the effects induced by large-diameter shield
tunneling on the internal force and displacement of adjacent high-speed railway bridge pile
foundations were analyzed. Secondly, the protective effects of isolation piles’ protection,
MJS reinforcement, and adding isolated piles’ crown beams were studied. Finally, compared
with the field test results, the numerical simulation results were verified. The current study
can provide a reliable reference for the design and construction of similar shield tunneling
projects, and also provide a basis for further research on the optimization design of existing
reinforcement schemes.

2. Overview of the Engineering

The north extension project of Suzhou Tongjing road starts from the South Bank of
the Xitang River. To the south, the shield tunnel section passes through the Shantang River
and the historical and cultural buildings on both sides, the Shanghai-Nanjing high-speed
railway, the existing Beijing-Shanghai railway, and the North Ring Expressway, with a
total length of 490 m. The section where the shield tunneling through the multi-span 32 m
simply supported beam bridge of the Shanghai-Nanjing high-speed railway is the key
control project. The 27# pier is located in the middle of the twin tunnels. The distance
between the twin tunnels is 32.76 m, and the buried depth of the tunnels is about 10 m. The
tunnels are excavated by a mud-water balance shield machine with a cutter head diameter
of 13.67 m. The construction sequence is the left line first and then the right line. The tunnel
segment is circular with an outer diameter of 13.25 m and an inner diameter of 12.05 m,
and its concrete grade is C50. The section size of the bridge piers is 7 m × 3 m × 2.5 m,
and the size of the pile caps is 9 m × 6 m × 2 m. The diameter of the bridge piles is 1 m,
and the piles’ length is about 50 m. The concrete grade of the piers, piles, and caps is C35.
In the section where the shield tunneling affects the existing railway bridge, the actual
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project adopts isolation piles’ protection and MJS reinforcement at the same time, and
crown beams are added at the top of the isolation piles. The reinforcement area is left-right
symmetrical and front-to-back symmetrical. The length of the reinforced area along the
tunnel excavation direction is about 45 m, as shown in Figure 1. The isolation piles are
arranged on both sides of the shield tunnel. The diameter of the isolation piles is 1 m, the
distance between adjacent isolation piles is 1.2 m, and the length of the isolation piles is
30 m. The section size of the isolation piles’ crown beams is 1.2 m × 0.8 m. The concrete
grade of isolation piles and crown beams is C30. The upper and lower boundaries of the
MJS reinforcement area are 5 m away from the outer contour of the tunnel, and the left and
right boundaries are 1 m away from the outer contour of the tunnel.
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Figure 1. Schematic diagram of soil reinforcement range. (a) Front view; (b) vertical view.

3. Symmetrical Finite Element Models

In order to study the effects induced by large-diameter shield tunneling on the internal
force and displacement of adjacent high-speed railway bridge pile foundations, based on
the practice of the Tongjing Road North Extension Project in Suzhou, the symmetrical
finite element analysis models of the whole process of shield tunneling with a diameter of
13.67 m were established. The three-dimensional finite element model is shown in Figure 2.
The soil layers, shield shell, segment, piers, pile foundations, isolation piles, isolated piles’
crown beams, and MJS reinforcement were simulated by SOLID45 element, the pile-soil
interaction was simulated by contact elements TARGE170 and CONTA173 elements, and
the friction coefficient was taken as 0.3. The shield tail gap and the slurry filling in the
gap were simplified into a homogeneous and equal thickness isochronous layer, and the
SOLID45 element was also used to simulate the slurry hardening process by setting the
elastic modulus of the isochronous layer element to change with time [26,27].

The boundary conditions were set as follows: the top side is a free surface, the four side
surfaces restrain its normal displacement, and the bottom surface restrains the displacement
in three directions. In order to eliminate the influence of the boundary constraint effect, the
boundary interface of the numerical model can be taken to 3–5 times the tunnel diameter.
The size of the models is 150 m × 90 m × 80 m (X × Y × Z). The X-axis direction is the
tunnel radial direction, the Y-axis direction is the tunnel excavation direction, and the
Z-axis direction is the vertically downward direction. The dimension of the caps along
the tunnel excavation direction is 9 m, which is recorded as b. The vertical plane of the
bridge centerline is taken as y/b = 0. Therefore, the shield tunneling process is from section
y/b = −5 to section y/b = −5. That is to say, the whole construction process of shield
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tunneling through the high-speed railway bridge from the cutter head to −45 m from
the bridge centerline to +45 m across the bridge centerline was considered, in which the
−22.5 m to +22.5 m section along the Y-axis direction is the range of soil reinforcement.
To accurately simulate the whole process of shield construction, the loads that can be
considered mainly included the dead weight of the structures, the tunneling pressure of
200 kPa (acting on the excavation face), the jack thrust of 65 MN (acting on the segment)
and the grouting pressure of 200 kPa (acting on the segment and surrounding soil at the
same time). A uniform surface pressure of 380 kPa (calculated according to the dead
weight of the simply supported beams) was applied to the top surface of the bridge piers
to simulate the dead weight of the bridge. The process of soil stress release and excavation
was simulated by changing the material stiffness and the active state of finite elements (i.e.,
the life and death state of finite elements). The schematic diagram of the shield tunneling
process is shown in Figure 3. The twin tunnels are excavated step by step from south to
north, and the excavation length of each step is 1.5 m, with the left line first and then the
right line. The whole construction process is divided into 120 excavation steps.
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Figure 3. The schematic diagram of the shield tunneling process.

In ANSYS finite element software, the ideal elastic–plastic constitutive model is
used to simulate the stress–strain relationship of soil materials, and its failure criterion
is the Drucker–Prager failure criterion. The Drucker–Prager failure criterion is a three-
dimensional pressure-dependent model to estimate the stress state at which the soil reaches
its ultimate strength. The Drucker–Prager failure criterion was established as a gener-
alization of the Mohr-Coulomb criterion for soils [28], which can be expressed as [29]:
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√
J2 = αJ′1 + β (1)

where α and β are material constants, J2 is the second invariant of the stress deviator tensor
and J

′
1 is the first invariant of the stress tensor, and are defined as follows:

α =
2 sin θ√

3(3− sin θ)
(2)

β =
6c cos θ√

3(3− sin θ)
(3)

J′1 = σ′1 + σ′2 + σ′3 (4)

J2 =
1
6

[(
σ′1 − σ′2

)2
+
(
σ′2 − σ′3

)2
+
(
σ′3 − σ′1

)2
]

(5)

where c and θ are the cohesion intercept and internal friction angle of the soil; σ
′
1, σ

′
2 and σ

′
3

are the principal effective stresses.
Due to the too small inclination of each soil layer, they can be approximately considered

horizontal soil layers. At the same time, considering a large number of soil layers and
the small difference between the properties and physical and mechanical parameters of
adjacent soil layers, the adjacent soil layers are merged. The physical and mechanical
parameters of the merged soil layers and MJS reinforcement are shown in Table 1. The
compression modulus in the table is the ratio of stress to strain when the soil is compressed
under confined conditions. The value was determined by a series of soil consolidation tests.
The physical and mechanical parameters of the structures are shown in Table 2.

Table 1. Physical and mechanical parameters of undisturbed soil and MJS reinforcement.

Soil Layers Thick
(m)

Density
(kN·m−3)

Cohesion
Force (kPa)

Frictional
Angle (◦)

Compression
Modulus (MPa) Poisson’s Ratio

Artificial fill 5 18.2 10 15 4.5 0.3
Silty clay 1 10 19 18 12 5 0.3

Silt 22 18.9 22 22 7 0.27
Clay 16 19.2 35 14 8 0.3

Silty clay 2 27 19.4 30 14 6.5 0.25
MJS

reinforcement — 21 40 23 400 0.23

Table 2. Physical and mechanical parameters of structures.

Structures Density (kN·m−3) Elastic Modulus (MPa) Poisson’s Ratio

Shield shell 142 210,000 0.3
Segment 26 34,500 0.2

Isochronous layer 22.5
50 (early stage)

0.25500 (later stage)
Bridge piers 25 31,500 0.2

Pile foundations 25 31,500 0.2
Isolation piles 25 30,000 0.2
Crown beams 25 30,000 0.2

4. Effects of Shield Tunneling on Adjacent Pile Foundations

Under the condition of undisturbed soil layers, that is, without any reinforcement
measures, the static calculation and analysis of adjacent bridge piles during the whole
construction process of shield tunneling through high-speed railway bridges were carried
out, and the effects of shield tunneling on the bending moment and displacement of
adjacent bridge pile foundations were studied.
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4.1. Effects of Shield Tunneling on Bending Moment of Adjacent Bridge Piles

Figure 4 shows the bending moment of the piles’ body that causes the bridge piles
to bend along the bridge direction (i.e., X-axis direction) after the excavation of the twin
tunnels is completed without soil reinforcement (i.e., undisturbed soil layer). The bending
moment diagram is drawn on the tensile side of the piles’ body, that is, when the bending
moment is positive, it indicates that the right side of the piles’ body is in tension, and
when the bending moment is negative, it indicates that the left side of the piles’ body is in
tension. It can be seen that the bending moment distribution law of all bridge piles under
the 26#cap on the left side of the twin tunnels was similar along the piles’ bodies. That is, at
the elevation above the tunnel crown or below the tunnel bottom, the bridge piles mainly
produced a positive bending moment; at the elevation from the tunnel crown to the tunnel
bottom, the bridge piles mainly produced a negative bending moment; and the maximum
bending moment value was generated at the pile body at the same height as the center of
the tunnels. The closer to the tunnel, the greater the maximum bending moment of the
bridge piles. The bending moment distribution law of all bridge piles under the 28#cap
on the right side of the twin tunnels was basically symmetrical with that of the 26#cap,
indicating that the distribution law of the bending moment of the pile group under the
caps located outside the twin tunnels was consistent along the piles’ body. The bending
moment of the pile body in the middle row of piles (row b) under the 27#cap in the middle
of the twin tunnels was almost zero, while the bending moment values of the other two
rows of piles (row a and row c) alternated positively and negatively along the pile’s body.
The bending moment distribution law of the row 27#a piles was basically symmetrical
with that of the row 27#c piles. Comparing the bending moment values of all bridge piles,
the bending moment of piles under the caps outside the twin tunnels was similar and
greater than that under the cap between the twin tunnels. The maximum bending moment
occurred on the piles (rows 26#c and 28#a) near the tunnels under the caps outside the
twin tunnels. This is because the piles located on the same side of the twin tunnels were
affected by the excavation of the twin tunnels in a similar manner, and will only be affected
to different degrees by the distance, but the piles located between the twin tunnels were
affected by the excavation of the twin tunnels to the opposite manner, resulting in positive
and negative superposition effects.

4.2. Effects of Shield Tunneling on the Displacement of Adjacent Pile Foundations

Figure 5 shows the lateral displacement of bridge piles under each cap after the
excavation of the twin tunnels was completed without soil reinforcement (i.e., undisturbed
soil layer), and the displacement was positive when it pointed to the right. The lateral
displacement of the piles under the caps (i.e., 26 # and 28 #) on the outside of the twin
tunnels was basically symmetrical along the piles’ bodies. At the elevation above the
tunnel crown or below the tunnel bottom, the bridge piles outside the twin tunnels mainly
produced lateral displacement with direction pointing to the tunnel. At the elevation
from the tunnel crown to the tunnel bottom, the bridge piles outside the twin tunnel
mainly produced lateral displacement with directions away from the tunnel. The similar
deformation law of bridge piles is found in reference [17]. The reason for the horizontal
displacement distribution law is: that the vertical pressure of soil is usually greater than
the lateral pressure, so the supporting structure is “flattened”, the crown and bottom of
the tunnels move inward, and the soil outside is relaxed, while the left and right sides
of the tunnel move outward, and the soil outside is squeezed (as shown in Figure 6);
coupled with the timely application of the supporting structure, the “free deformation”
of the tunnels is small, then the final displacement direction of the left and right sides of
the tunnels is outward compared with the initial position [30]. At the same elevation, the
lateral displacement of the same row of piles under the caps outside the twin tunnels is
almost the same, and there is only a slight difference in the lateral displacement of different
rows of piles. The phenomenon is consistent with the conclusion of the literature [31].
The lateral displacement value at the piles’ top was the largest. The lateral displacement
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distribution law of all bridge piles under the 26#cap on the right side of the twin tunnels
was basically symmetrical with that of the 28#cap. The lateral displacement of the middle
bridge piles (i.e., row b) under the 27#cap located between the twin tunnels was almost
zero, while the left bridge piles (i.e., row a) mainly produce displacement pointing to the
left tunnel, and the right bridge piles (i.e., row c) mainly produced displacement pointing
to the right tunnel. The lateral displacement distribution law of the row 27#a piles was
basically symmetrical with that of the row 27#c piles. Due to the high stiffness of the
cap itself, the bridge piles under the same cap generated the same lateral displacement at
the top.

Symmetry 2022, 14, x FOR PEER REVIEW 7 of 15 
 

 

with that of the row 27#c piles. Comparing the bending moment values of all bridge piles, 

the bending moment of piles under the caps outside the twin tunnels was similar and 

greater than that under the cap between the twin tunnels. The maximum bending moment 

occurred on the piles (rows 26#c and 28#a) near the tunnels under the caps outside the 

twin tunnels. This is because the piles located on the same side of the twin tunnels were 

affected by the excavation of the twin tunnels in a similar manner, and will only be af-

fected to different degrees by the distance, but the piles located between the twin tunnels 

were affected by the excavation of the twin tunnels to the opposite manner, resulting in 

positive and negative superposition effects. 

-50

-40

-30

-20

-10

0

-300 -250 -200 -150 -100 -50 0 50 100 150

Bending moment/(kN • m)

P
il

e 
d
ep

th
/m

 26#a1

 26#a2

 26#a3

 26#b1

 26#b2

 26#c1

 26#c2

 26#c3

 

-50

-40

-30

-20

-10

0

-100 -50 0 50 100

Bending moment/(kN • m)

P
il

e 
d
ep

th
/m

 27#a1

 27#a2

 27#a3

 27#b1

 27#b2

 27#c1

 27#c2

 27#c3

 
(a) (b) 

-50

-40

-30

-20

-10

0

-200 -100 0 100 200 300

Bending moment/(kN • m)

P
il

e 
d
ep

th
/m

 28#a1

 28#a2

 28#a3

 28#b1

 28#b2

 28#c1

 28#c2

 28#c3

 
(c) 

Figure 4. Bending moment of bridge piles under each cap without soil reinforcement measures. (a) 

Under 26# cap; (b) under 27# cap; (c) under 28# cap. 

  

Figure 4. Bending moment of bridge piles under each cap without soil reinforcement measures.
(a) Under 26# cap; (b) under 27# cap; (c) under 28# cap.
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Figure 7 shows the cloud diagram of the settlement of the pile foundations after the
excavation of the twin tunnel was completed without soil reinforcement (i.e., undisturbed
soil layer), and a negative value means that the pile foundations sink downward. After
the tunnel excavation was completed, the adjacent pile foundations sank, mainly because
after the soil was excavated, the earth stress around the tunnel was released, and the soil
above the tunnel sank, driving the nearby pile foundations to sink. The settlement of
the same bridge pile along the pile body changes little, and the closer the bridge pile is
to the tunnel, the greater the settlement. There are small differences in the settlement of
different positions on the same pile cap and pier, and the settlement of the side closer to
the tunnel was larger. The settlement value of pile foundations and piers in symmetrical
positions were almost the same. The maximum settlement of the tops of the three piers
was −4.7 mm, −7.2 mm, and −4.6 mm, respectively, which could not meet the settlement
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control requirements of ±2 mm for the piers of the existing high-speed railway under the
condition of unlimited train speed [32]. To ensure the normal operation of high-speed
railway trains during the shield tunneling construction, reinforcement measures must be
taken for the surrounding soil layer of the tunnels before the shield enters the affected
section of the railway.
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5. Analysis of the Effects of Soil Reinforcement Schemes

In order to study the control effects of soil reinforcement schemes such as isolation piles’
protection, MJS reinforcement and the addition of isolated piles’ crown beams on existing
adjacent pile foundations and piers displacements, when carrying out the static calculation
of internal force and displacement of adjacent pile foundations during the shield tunneling
through the high-speed railway bridge, in addition to considering the undisturbed soil
layer (i.e., without soil reinforcement, abbreviated as Unreinforced), five soil reinforcement
schemes including isolation piles’ protection (abbreviated as Piles), MJS reinforcement
(abbreviated as MJS), isolation piles + crown beams (abbreviated as Piles + beams), isolation
piles + MJS reinforcement (abbreviated as Piles + MJS), isolation piles + MJS reinforcement
+ crown beams (abbreviated as Piles + MJS + beams) are also considered. The numerical
results of bending moment and displacement of adjacent bridge pile foundations during
the whole process of shield tunneling under different soil reinforcement conditions were
obtained. Since the internal force and displacement of the piles under the caps (i.e., 26 #
and 28 #) on the outside of the twin tunnel were relatively large, the 26#c2 and 28#a2 piles
closest to the tunnels and below the centerline of the bridge were selected as examples. The
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bending moment and displacement of the bridge piles after the completed excavation of
the twin tunnels are shown in Figures 8 and 9, respectively. The results of the maximum
bending moment of the bridge piles and the maximum displacement of the bridge piers
are listed in Table 3. As can be seen:

(1) Without any soil reinforcement measures, the maximum bending moment of the
bridge piles was 248 kN ·m, the bending deformation of the bridge piles was large,
the maximum lateral displacement of the top of the piers was 7.1 mm, and the
maximum settlement of the middle pier top was −7.2 mm. Since they cannot meet the
displacement control requirements of ±2 mm for the piers of the existing high-speed
railway under the condition of unlimited train speed, reinforcement measures must
be taken for the soil layers in the affected section in advance before the construction
of large-diameter shield tunneling through the high-speed railway bridge.

(2) After five soil reinforcement schemes including isolation piles’ protection, MJS rein-
forcement, isolation piles + crown beams, isolation piles + MJS reinforcement, and
isolation piles + MJS reinforcement + crown beams were adopted respectively, the
maximum bending moment of the bridge piles was −111 kN ·m, the bending defor-
mation of the bridge piles was greatly reduced, the maximum lateral displacement of
piers top was 1.5 mm, and the maximum settlement of middle pier top was −1.8 mm.
Therefore, these five soil reinforcement schemes had obvious protective effects on
adjacent pile foundations, and could significantly reduce the maximum bending
moment, lateral displacement, and settlement of pile foundations.

(3) When isolated piles were adopted for protection alone, the maximum bending mo-
ment of bridge piles was 62 kN · m, the maximum lateral displacement of the top
of the piers was 1.2 mm, and the maximum settlement of the middle pier top was
−1.2 mm. The control effect was better than that of MJS reinforcement alone, so
isolation pile protection should be preferred.

(4) Compared with isolated piles’ protection alone, the bending moment and lateral
displacement of bridge piles could be further reduced by using isolated pile + crown
beams protection at the same time, but the effect on the maximum bending moment
of the bridge piles was relatively small.

(5) After five soil layer reinforcement schemes were adopted respectively, the lateral
displacement and settlement of the top of the piers could be controlled within± 2 mm,
which could meet the structural deformation control requirements specified during
the construction of shield tunneling through high-speed railway bridges. Considering
the economy of the construction cost and the effects of soil reinforcement, isolation pile
protection should be preferred. In order to ensure the absolute safety of high-speed
train operation during shield tunneling, it is recommended to adopt the reinforcement
scheme of isolation piles + MJS reinforcement + crown beams, which can further
control the lateral displacement and settlement of piers top within ±1 mm.

Table 3. Maximum bending moment of typical bridge piles and displacement of piers top under
different conditions.

Condition
Maximum Bending Moment

of Bridge Piles (kN•m)
Lateral Displacement of

Piers Top (mm) Settlement of Piers Top (mm)

26#c2 28#a2 26#c2 28#a2 26# 27# 28#

Unreinforced −245 248 7.1 −6.5 −4.7 −7.2 −4.6
Piles −59 62 1.2 −1.1 −0.4 −1.2 −0.3
MJS −111 109 1.5 −1.4 −1.2 −1.8 −1.2

Piles + beams −43 38 0.9 −0.8 −0.2 −1.0 −0.2
Piles + MJS −57 56 0.6 −0.6 −0.4 −0.6 −0.4

Piles + MJS + beams −50 48 0.3 −0.2 −0.2 −0.4 −0.2
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Figure 8. Bending moment diagram of typical bridge piles under different conditions. (a) 26#c2 pile;
(b) 28#a2 pile.
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6. Verification of Numerical Simulation Results

The on-site monitoring of the entire construction process of the 13.67 m diameter
shield tunneling through two 32 m simply supported box girders of the Shanghai-Nanjing
high-speed railway was carried out in the north extension project of Tongjing Road in
Suzhou. Two monitoring points were arranged on the top of each pier (as shown in
Figure 1). In order to focus on the effects of shield tunneling near the pile foundations
of the high-speed railway bridge on the displacements of pile foundations, the on-site
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monitoring data of piers displacements when the shield cutter head was just located at
y/b = −2.5, −1.5, −0.5, 0, 0.5, 1.5 and 2.5 were selected, and the measured data of the first
row of monitoring points were compared with the numerical simulation results (under the
condition of isolation piles + MJS reinforcement + crown beams reinforcement), as shown
in Figure 10. The numerical simulation results are basically consistent with the measured
data, so the numerical simulation can better reflect the actual effects of shield tunneling on
bridge pile foundations. During the whole construction process of shield tunneling, the
settlement value of adjacent high-speed railway piers was controlled within ±1 mm, which
meets the control requirements of ±2 mm settlement of piers of the existing high-speed
railway under the condition of unlimited train speed. Therefore, the isolation piles + MJS
reinforcement + crown beams reinforcement scheme actually adopted in the project has a
good effect on the control of piers displacement, which can ensure the normal operation
safety of high-speed rail trains during the shield tunneling construction.
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7. Conclusions

In this paper, based on the actual project, the method of combining numerical simula-
tion calculation and field measurement was used to explore the effects induced by large-
diameter shield tunneling on the internal force and displacement of adjacent high-speed
railway bridge pile foundations and the protective effect of different soil reinforcement
schemes. The main research conclusions are as follows:

1. The completion of shield tunneling will cause additional bending moments of adjacent
bridge piles. The bending moments’ distribution law of bridge piles in a symmetrical
position is basically symmetrical. At the elevation above the tunnel crown or below the
tunnel bottom, the bridge piles outside the twin tunnels mainly produce the bending
moment which makes the side of the bridge piles away from the tunnel bear tension,
and the maximum bending moment appears at the piles’ body at the same height as
the center of the tunnels; the bending moment of bridge piles located between the
twin tunnels is relatively small, which generally does not play a controlling role.

2. The completion of shield tunneling will cause additional lateral displacement of
adjacent bridge piles. The lateral displacement distribution law of bridge piles in
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a symmetrical position is basically symmetrical. At the elevation above the tunnel
crown or below the tunnel bottom, the bridge piles outside the twin tunnels mainly
produce lateral displacement with direction pointing to the tunnel. At the elevation
from the tunnel crown to the tunnel bottom, the bridge piles outside the twin tunnel
mainly produce lateral displacement with direction away from the tunnel; the lateral
displacement of bridge piles located between the twin tunnels is also relatively small,
which generally does not play a control role.

3. The completion of shield tunneling will cause the settlement of adjacent pile founda-
tions and piers. The settlement value of pile foundations and piers in symmetrical
positions are almost the same. The settlement of the pier located between the twin
tunnels is significantly higher than that of the piers outside the twin tunnels. Without
any soil reinforcement measures, the final settlement of the pier located between
the twin tunnels is −7.2 mm. Reinforcement measures must be adopted for the soil
layer in the affected section in advance to meet the operation safety of high-speed
railway trains during the construction of shield tunneling through the high-speed
railway bridge.

4. The five soil layer reinforcement schemes can significantly reduce the bending moment
and displacement of adjacent bridge pile foundations, and have better protection
effects. The protection effect of isolated piles’ protection alone is better than that of
MJS reinforcement alone, so isolated piles’ protection should be preferred. More than
two kinds of soil reinforcement measures can be adopted at the same time to further
control the lateral displacement and settlement of piers within ±1 mm, to ensure the
absolute safety of high-speed rail trains’ operation during shield tunneling.

5. Under the condition of isolation piles + MJS reinforcement + crown beams rein-
forcement, the field monitoring of the displacements of adjacent piers during the
construction of shield tunneling through the high-speed railway bridge was carried
out. The numerical simulation results are basically consistent with the field moni-
toring data. Therefore, the numerical simulation can better reflect the actual effects
of large-diameter shield tunneling on the pile foundation of adjacent high-speed
railway bridges.
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