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Abstract: When a large-diameter shield crosses through bridge piles, stress and deformation of the
bridge piles caused by tunnel excavation occurs. This is a an exciting topic of engineering research
into the construction of subways. We considered an 15.8 m large-diameter shield machine made
in China to excavate the Chunfeng tunnel as the background of our research. First, based on the
previous engineering experience, reinforcement measures of the shield crossing the bridge piles were
investigated. PLAXIS 3D finite element software was used to simulate the process of shield tunnelling
through the piles of Hongling Interchange No. 1 Bridge. We analyzed the mechanical characteristics
of the piles in the process of shield tunnelling through the bridge piles and evaluated the reliability of
the reinforcement measures. Finally, combined with field monitoring data, the accuracy of the model
and the rationality of the treatment measures were verified. This research considered a successful
case of 15.8 m large-diameter adjacent shield tunnelling bridge piles. Analysis of the stratum and
the mechanical behavior of bridge piles in the process of crossing provides a theoretical reference for
engineering measures on similar projects in the future.

Keywords: large diameter shield; crossing bridge piles; mechanical behavior; numerical simulation;
field monitoring

1. Introduction

The shield tunnel construction method has been well applied and developed in urban
rail and the construction and development of urban rail transit because of its high safety,
high degree of mechanization, and little impact on ground traffic [1,2]. However, excavation
of a shield tunnel causes stratum loss. If the tunnel is close to existing buildings and
structures such as bridge piles, it can lead to the deformation of existing bridge piles
and harm the safety of existing bridges [3–5]. Due to the large excavation area, extensive
construction disturbance range, and strength of the large-diameter shield, the work has a
significant and adverse impact on existing bridge piles [6]. Therefore, research on the stress
and deformation of deep foundations (e.g., piles) caused by tunnel excavation is a relevant
and exciting topic in subway construction.

At present, research on shield crossing bridge piles mainly adopts the methods of
theoretical analysis [7,8], model testing [9], numerical simulation [10,11], and field monitor-
ing [12,13]. Huang et al. [7] studied tunnel side piles related to fluid-structure coupling.
The results showed that the groundwater on both sides of the surface presents a “U” flow
trend to the upper part of the tunnel, vertical displacement of the pile results in settlement
of the upper pile and upward deformation of the lower pile, and horizontal displacement of
the pile presents a continuous “S” distribution. Wang et al. [12] showed that the expansion
and reinforcement of the raft foundation of Fengqi Bridge and the improvement of the
composite ground effectively reduced bridge settlement during tunnelling and improved
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the mechanical conditions of the bridge structure. He et al. [14] studied the response of dif-
ferent minimum distances between pile groups and tunnel centerlines in clay using physical
scale model tests and three-dimensional nonlinear finite element models. Wang et al. [15]
established a three-dimensional finite element model of pile foundation construction of
a large-diameter shield side crossing viaduct using the finite element method, developed
an additional response of viaduct pier and pile during construction, and demonstrated
the protection measures of viaduct pile foundation involved in the project. The above
research mainly focused on the problem of conventional diameter shield crossing through
buildings and structures. There is little research on large-diameter (especially 16 m-level)
slurry shield tunnel construction on the surrounding soil and structure.

Due to the large diameter of the slurry shield studied in this paper, the tunnel dis-
turbance to the surrounding soil and structure was the main problem during design and
construction, especially with respect to the two bridge piles of Hongling Interchange
No. 1 Bridge. Prior experience with this type of slurry shield tunnelling project is relatively
limited. Our research considered a 15.8 m large-diameter shield machine made in China
to excavate the Chunfeng tunnel as the background of the study. First, based on previous
engineering experience, reinforcement measures of shield crossing of bridge piles was
considered. Based on this, PLAXIS 3D finite element software was used to simulate the pro-
cess of shield tunnelling through the piles of Hongling Interchange No. 1 Bridge, analyze
the mechanical characteristics of the piles in the process of shield tunnelling through the
bridge piles, and evaluate the reliability of the reinforcement measures. Finally, combined
with field monitoring data, the accuracy of the model and the rationality of the treatment
measures were verified.

2. Engineering Background
2.1. Project Overview

The Chunfeng tunnel project is a significant transportation project of Shenzhen’s
Eastward Strategy. It is designed according to the technical standards of an urban express-
way [16], with a total length of about 5.1 km. The plan of the line is shown in Figure 1.
The total length of the underground road (tunnel) is about 4.3 km, and the length of the
shield section is 3.58 km. The tunnel adopts a double-layer structure of a single tunnel,
and the upper and lower layers can accommodate two-way traffic (see Figure 2). A super
large-diameter slurry balance shield with a diameter of 15.8 m was used for tunnelling
in the shield section. In April 2019, as China’s largest slurry shield tunnel, it was also
the first motor vehicle tunnel constructed by shield technology and the first single tunnel
double-layer motor vehicle tunnel in Shenzhen. The shield machine of the Chunfeng tunnel
started smoothly.
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Figure 2. Cross-section of the shield tunnel.

2.2. Large-Diameter Slurry Shield

Figure 3 shows the super large diameter slurry balance shield used in the Chunfeng
tunnel project. The shield was developed by the China Railway Engineering Equipment
Group Co., Ltd. It is equipped with a normal pressure tool change, a main drive expansion,
swing, tool wear protection and monitoring, and anti-mud cake with a scouring system [17].
The shield machine first uses a double crushing and grading slag soil treatment technology
based on multi-stage treatment. A gear roller crusher is set in front of a slurry discharge
pump for graded crushing of slag and stone and for increasing the particle size of slag
discharge, which effectively reduces the risk of blocking and delayed discharge in the
air cushion bin. Because of the construction risk of the section with a small curve radius
(R = 750 m), the shield machine manufacturer developed a small curve tunnelling jamming
early warning system, which successfully assisted the shield machine in completing this
section. A shield was used in the Chunfeng tunnel project, with a maximum excavation of
12 m in a single day and an average excavation rate of 6 m/d. This represents the technical
level of large-diameter slurry shield tunnel construction in China.
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2.3. Engineering Geology

More than 80% of the geology of the tunnel crossing is a hard rock section underly-
ing bedrock. The rock strata of the crossing section mainly includes granite, tuffaceous
sandstone, cataclastic rock, schist and metasandstone. The maximum compressive strength
of slightly weathered schist rock is 240 MPa. Medium permeable pressure bearing water
exists in bedrock and structural fractures. The engineering geological profile is shown in
Figure 4. The buried depth of the tunnel is 24~62 m. Considering the construction scale
and difficulty, the Chunfeng road tunnel is the first of its kind in China [17].
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2.4. Problems and Solutions Encountered in Tunnel Excavation

The shield machine of the Chunfeng tunnel is located between pile #2 and pile #3 of
No. 1 bridge of the Hongling Interchange, 40 m after its start. The plane distance between
the tunnel and pile #2 and pile #3 is 2.4 m and 4.3 m, respectively. The top elevation
of the shield structure is −4.92 m, and the bottom elevations of pile #2 and pile #3 are
−20.2 m and −21.2 m, respectively. Relative position relationship is shown in Figure 5.
Here, the stratum is mainly plain fill, muddy clay, medium sand, gravelly sand, moderately
weathered granite, and slightly weathered granite. The stratum crossed by the tunnel is
mainly moderately weathered granite. The bearing stratum at the pile ends of pile #2 and
#3 is moderately weathered granite.
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Considering the problem of large-diameter adjacent shield tunnelling bridge piles,
combined with the treatment experience of previous similar engineering problems [18], a
scheme for strengthening the soil around the pile foundation needed to be proposed.

The shield passes through the bridge piles of Hongling Interchange No. 1 bridge
within about 16 m of Chainage ZK0 + 875~ZK0 + 890. The location of the grouting hole
is shown in Figure 6. Before shield tunnelling, the soil around the pile foundation were
reinforced by sleeve valve pipe grouting. The grouting holes were arranged in a quincunx
shape with a spacing of 1 m × 1 m. The length of the grouting pipe near the bridge pile
must be driven into the moderately weathered granite layer for 1 m. The water-cement
ratio of cement slurry used for grouting is 0.5:1~1:1. The initial grouting pressure is
0.5~0.4 MPa. After the grouting pressure gradually rises to 0.5~0.8 MPa, it is necessary to
continue grouting for 10 min. The grouting effect verification index is that the unconfined
compressive strength of grouting reinforced bodies for 28 days should be higher than
1.0 MPa, and its permeability coefficient less than 1.0 × 10−7 cm/s.
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3. Numerical Simulation of Mechanical Behaviour of Large-Diameter Adjacent Shield
Tunnelling Bridge Piles

It is known from the current research results that in the process of adjacent shield
tunnelling bridge piles, stress redistribution of soil mass is caused by disturbing the
surrounding soil layer, which affects the stress, deformation and bearing characteristics of
adjacent piles [19]. If the displacement of the pile body is too large, or uneven settlement is
large, this would cause cracks in the overlying bridge, which would affect the durability
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and regular use of the bridge [20]. In addition, the relative positions between the pile toes
and the tunnel determine the disturbance of the pile. Excessive settlement usually occurs
when the pile toes are above the tunnel. If the pile toes are embedded deeper than the
tunnel, the main problem is related to the additional bending of the pile. When the super
large diameter shield of the Chunfeng tunnel adjacent crosses the bridge piles, the impact
of the bridge piles must be evaluated and predicted in advance. The deformation control
standard of piles also needs to be determined to evaluate the safety of the existing bridge
in shield tunnelling.

3.1. Bridge Piles Deformation Control Standard

Combined with relevant specifications of Chinese tunnels [16] and previous underpass
cases [21], the control values of deformation are shown in Table 1.

Table 1. Deformation control standard.

Control Items Range of Control Items References

Surface settlement +10 mm~−30 mm Sheng et al., [21]
Pier settlement ≤15 mm

Xu et al., [22]; He et al., [14]Pier settlement speed ±3 mm/day
Differential settlement between

longitudinal adjacent piers ≤2 mm
Mohamad et al., [23]; Liu et al., [24]; Liu et al., [25]

Differential settlement between
transverse adjacent piers ≤3 mm

3.2. Establishment of Numerical Model

The finite element software PLAXIS 3D was used for numerical calculation, with
a model size of 90 m × 120 m × 40 m (see Figure 7). The tunnel lining and bearing
platform were simulated by solid elements. This paper mainly focuses on the responses
between the piles and the tunnel. The simplified modelling of the lining was carried out
by numerical simulation, and the influences of the segmented lining on the piles were not
considered [26,27]. The pile body was simulated by an Embedded Pile structural element,
which is a friction end bearing pile with a length of 23 m and a diameter of 1.2 m. The
interaction between the pile and soil layers was determined through the coupling layer
between the pile and soil layers. The coupling layer embedded in the pile element defaults
to the stiffness and friction parameters in PLAXIS 3D. In order to obtain more accurate
results, the elements near the piles were densified to make the grid size no more than 1 m.
The load on the pile foundation is divided into two parts, one is the dead weight of the
bridge, the other is the lane load and crowd load. The dead load of the bridge acting on
each pile top was considered to be 1MN, and the movable load of vehicles was considered
to be 200 kN. The load calculated according to relevant specifications was added to the
foundation, and the load of each part of the model was determined in PLAXIS 3D [16].

To better simulate the interaction between the tunnel, soil layers and bridge piles,
all soil layers were simulated by a small-strain Hardening-Soil constitutive model. The
hardened soil model was developed by Schanz [28] and then extended to the small strain
range by Benz [29]. It is one of the most advanced soil constitutive models, and has been
successfully used in deep foundation pits, large foundation rafts, diaphragm or sheet
pile walls, and other applications, in the past decade [30,31]. The small strain Hardening-
Soil model considers the volumetric and shear hardening mechanism. The deformation
characteristics of the soil in the initial stage of the constitutive model are not entirely linearly
elasticity but elastic-plastic deformation with high modulus is affected by stress history
and loading path. Fully considering the nonlinear characteristics of the soil under small
strain, the constitutive model can better reflect the interaction between soil and structure
under a working load [32]. In combination with the tunnel geological survey data [33] and
relevant specifications [16], the soil layer parameters are shown in Table 2. The empirical
relationship between Ere f

50 and Ere f
ur , refer to the Plaix 3D manual [34]. Poisson’s ratio is
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determined by the triaxial drained loading and unloading test. The reference pressure of
the power exponent m of the stiffness stress level correlation is 100 kPa. It is worth noting
that the effect of grouting reinforcement is achieved by increasing the soil modulus of the
corresponding reinforced stratum [35].
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Table 2. Physical and mechanical parameters of the soil layer.

Model Parameters Plain Fill Clay Medium
Sand

Gravel
Sand

Moderately
Weathered

Granite

Slightly
Weathered

Granite

Secant modulus corresponding to
partial stress of 0.5 times shear
strength under reference stress

Ere f
50 (MPa) 8 6 17 24 100 120

Unloading and reloading
modulus under Ere f

ur (MPa) 24 18 51 72 300 360

Gravity of unsaturated soil γunsat
(kN/m3) 18.4 17.2 19 20 19.7 20.9

Gravity of saturated soil γsat (kN/m3) 20 20.3 20 20 23.3 24.5

Poisson’s ratio ν 0.3 0.46 0.28 0.25 0.22 0.20

Cohesion c (kPa) 28 25 0 0 35 100

Friction angle ϕ (◦) 19 21 28 30 33 35

Power exponent of stiffness stress
level correlation m 0.6 0.8 0.5 0.5 0.5 0.5

Shear strain corresponding to the
secant shear modulus attenuation of
0.7 times of the initial shear modulus

γ0.7 (10−4) 2.1 2.5 2.7 1.5 1.2 1.0

Reference initial shear modulus of
small strain Gre f

0 (MPa) 65 74 85 120 500 750

Damage ratio Rf 0.8 0.8 0.8 0.8 0.8 0.8

The shell element in PLAXIS 3D simulates the shell material of the shield machine,
and the solid element simulates the segments. The linear elastic model parameters of the
shield machine shell and segments are shown in Tables 3 and 4.
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Table 3. Shield machine shell parameters.

Model Parameters Shield Shell

Modulus of elasticity E1 (GPa) 210
Poisson’s ratio ν1 0.20

Gravity γ1 (kN/m3) 76.5

Table 4. Tunnel segment parameters.

Model Parameters Shield Shell

External diameter D (m) 15.2
Internal diameter d (m) 13.9

Thickness t (m) 0.65
Gravity γ2 (kN/m3) 27

Modulus of elasticity E2 (GPa) 31.0
Poisson’s ratio ν2 0.1

The tunnel face support stress P is subject to the stable earth pressure of the heading
face; its empirical formula [36] is shown in Equation (1).

P = K0γ′H + pw ± 20 (1)

where K0 is the coefficient of static earth pressure, γ′ is the effective weight of soil, H is the
overburden thickness of tunnel vault, pw is water pressure, and 20 kPa is the fluctuating
pressure. The calculation shows that the support force at the vault face is 148 kPa, and
the pressure gradient is determined according to the gradient setting in the actual shield
tunnelling process, which is 7 kPa/m. Through relevant literature research and field
data analysis [37], the grouting pressure at the shield tail was found to be 1.2 times the
supporting force at the vault face. Therefore, the grouting pressure P0 at the vault is
177.6 kPa, and the pressure gradient is 16.7 kPa/m.

The simulation process is as follows: (1) generation of initial in-situ stress field;
(2) loading piles, including activated pile caps and Embedded Pile structural elements;
(3) displacement of the previous stage of the model is cleared to 0, and the grouting re-
inforcement area is activated at the same time; (4) activation the installed lining, shield
machine and segments; (5) for the first ring of shield excavation, activate the tunnelling
parameters, including heading face force, jack thrust and grouting pressure; (6) in the
second ring of shield excavation, freeze the tunnelling parameters of the previous stage
and activation the tunnelling parameters of the new stage and segments of the previous
stage; (7) by analogy, freeze the tunnelling parameters of the previous stage and activate
the tunnelling parameters of the new stage.

In the numerical simulation process, the cutter head of shield machine at the first ring
of excavation is 22 m away from the pile foundation to ensure that the excavation can be
carried out before the shield starts to affect the pile foundation. After the shield tail is
20 m away from the pile foundation, the excavation is completed to ensure that the pile
foundation has been separated from the influence range of the shield.

3.3. Analysis of Numerical Simulation Results

In order to evaluate the effect of the reinforcement scheme proposed in this paper, the
mechanical behaviour of the surrounding strata and existing bridge piles caused by shield
tunnelling after reinforcement were analyzed.

3.3.1. Surface Settlement

After the shield tunnelling is out of the scope of influence on the pile, the cloud
diagram of surface settlement is as shown in Figure 8. The maximum surface settlement
after excavation is 19.4 mm. Outside the 2D range from the tunnel centre (D is the tunnel
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diameter), the surface deformation is not affected, and the influence range of the settlement
trough is about 60 m. Although the diameter of the shield is substantial, the influence
of excavation disturbance on the stratum is weakened because grouting enhances the
characteristics of the soil.
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3.3.2. Displacement of Bridge Piles

Pile #2 and pile #3 nearest the shield tunnel (see Figure 7) were selected for analysis.
Figure 9 shows the horizontal and vertical displacement and deformation of pile #2. It
can be seen from the figure that the vertical displacement of pile #2 decreases with the
deepening of the pile body, and the maximum vertical displacement is 2.1 mm at the pile
top. This may lead to additional compressive stress in the vertical direction of the piles and
reduce the bearing capacity of the piles. The horizontal deformation of the pile body is
related to the relative position of the tunnel. The upper half of the pile body is deformed
towards the tunnel side due to the volume loss during shield tunnelling, while the lower
half of the pile body is deformed away from the tunnel side. The maximum horizontal
displacement occurs at 5 m of the pile body, which is 0.5 mm. Similar to the deformation of
pile #2, the vertical displacement of pile #3 decreases with the deepening of the pile body,
and the maximum vertical displacement is 3.0 mm at the pile top. Within 18 m of the upper
half of the pile, affected by the volume loss during shield tunnelling, it deforms towards
the tunnel side, while the rest of the pile deforms away from the tunnel side. The maximum
horizontal displacement occurs at 6 m of the pile body, which is 0.7 mm.

Figure 10 shows the internal force of pile #2 after excavation. It can be seen from the
figure that the axial force of the pile is −500~−4681 kN, and the whole is in a compression
state. Under the influence of negative friction within 7.5 m below the pile top, the pile
body of the axial force tunnel increases with the deepening of the pile body, while within
7.5~23 m below the pile top, the pile body of the axial force tunnel decreases with the
deepening of the pile body. Affected by the horizontal displacement of the pile body, the
bending moment of the pile body in the direction perpendicular to the tunnel is more
significant than that in the direction parallel to the tunnel. The maximum bending moment
occurs at the 4 m position of the pile body, which is 83 kN·m. Figure 10 also shows the
internal force of pile #3 after excavation. It can be seen from the figure that the axial force of
the pile is −500~−4577 kN, and the whole pile is under compression. Under the influence
of negative friction within 5m below the pile top, the pile body of the axial force tunnel
increases with the deepening of the pile body, while within 5~23 m below the pile top,
the pile body of the axial force tunnel decreases with the deepening of the pile body. The
maximum bending moment of the pile body is 138 kN·m, which occurs at the position of



Appl. Sci. 2022, 12, 5418 10 of 16

16m of the pile body. Generally speaking, the stress and displacement of pile #3 are similar
to that of pile #2, but the stress and displacement are more significant than that of pile #2.
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Due to the grouting reinforcement treatment of the soil around the pile body, the
stiffness of the surrounding soil layer is improved so that the surface settlement and
the horizontal and vertical displacement of the pile can meet the deformation control
standard. In the process of side crossing bridge pile excavation of the shield tunnel, the
shield tunnelling attitude is controlled, and the tunnel face pressure is controlled to achieve
continuous, balanced and stable construction. At the same time, synchronous grouting and
grouting behind the wall is strengthened to avoid significant disturbance to the stratum,
and the assembly quality of segments is strictly guaranteed.
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4. Field Measurement and Verification of Large Diameter Adjacent Shield Tunnelling
Bridge Piles
4.1. Monitoring Scheme

Figure 11 shows the layout of bridge piles and surface monitoring points. One surface
heave and subsidence monitoring point are set every 5 m along the longitudinal direction
of the surface above the tunnel, and one group of surface monitoring sections is set every
10 m. Settlement and inclination monitoring points are set on the bridge piles. A group
of segment lining deformation monitoring points is set every five rings in the shield
tunnel. Local adjustments are made according to the surrounding environment in the
actual construction process.
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4.2. Analysis of In-Site Monitoring Results

Figure 12 shows the vertical displacement of #2 and #3 bridge piles during the shield
crossing of No. 1 bridge of Hongling Interchange. The monitoring value 30 m before
shield crossing was taken as the initial value to analyze the impact on bridge piles during
shield crossing. Before the shield passed through the bridge pile, the maximum vertical
displacement of the bridge pile was −0.84 mm. Before the shield cutter head was driven
from the bridge pile to the corresponding segment out of the shield tail, the slurry pressure
and synchronous grouting pressure slightly higher than the theoretical value caused the
bridge pile to float temporarily. After the shield tail passed through, the bridge pile sank
about 1 mm. Through the secondary supplementary grouting measures, the bridge pile
floated again. After the grouting was stopped, the monitoring value of the bridge pile had
a cumulative settlement of 5 mm until the cutter head was 80 m away from the monitoring
point. The maximum vertical displacement during excavation was −1.48 mm, which is less
than the value of numerical simulation analysis to achieve a good reinforcement effect.

Figure 13 shows the surface settlements of different chainages at the position of the
excavation surface during the period from 30 m in front of the No. 1 bridge of Hongling
Interchange to 80 m after the shield crossing. Pile #3 of No. 1 bridge of Hongling Interchange
is located at ZK0 + 890, and the corresponding chainage of pile #2 is ZK0 + 875. Within
30 m before the cutter head crossed, the surface settlement value of the upper part of the
tunnel fluctuated slightly. With the continuous advancement of the shield machine, the
ground surface was slightly uplifted. At this time, the pressure at the top of the slurry sump
was 1.14~1.16 bar. When the shield cutter head was driven below the monitoring point,
the ground surface sank slightly; the settlement value was 0.5 mm, and the corresponding
pressure at the top of the slurry silo was 1.18 bar. When the segment below the monitoring
point was out of the shield tail, a large settlement occurred at the surface monitoring points
near the two bridge piles, and the average synchronous grouting amount in this process
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was 100%. With the continuous tunnelling of the shield, the surface settlement gradually
stabilised; the maximum settlement was ZK0 + 895, and the settlement was 35 mm. The
ZK0 + 890–900 surface had a significant degree of settlement compared with the surface
within the scope of bridge pile reinforcement, indicating that bridge pile reinforcement
reduced the disturbance impact of shield construction on the soil. Compared with the
numerical simulation value, the on-site monitoring value was smaller, mainly because the
grouting measures could be controlled according to the real-time settlement during the
construction process to control the pile deformation effectively.
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Figure 14 shows the vertical displacement change of the tunnel vault after the shield
passes. After the last section, the supporting trolley started to monitor the displacement
of the arch crown after crossing through and stopped monitoring after the shield was
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advanced by 350 m. The maximum displacement of the arch crown was −2.6 mm and
finally stabilized at about −1.3 mm.
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4.3. Control of Tunnelling Parameters during Shield Machine Crossing Bridge Piles

The tunneling parameters must be controlled during the shield crossing the bridge
pile. The tunnelling parameters, in this case, are shown in Table 5.

Table 5. The shield tunnelling parameters.

Top Pressure of
Slurry Silo (Bar)

Total Thrust
(kN)

Advance Rate
(mm/min)

Cutter Head
Speed (rad/min)

Cutter Head
Torque (kN·m)

1.18~1.12 52,920~62,600 6~13 1.2 11,200~16,110

5. Conclusions

We used PLAXIS 3D finite element software to study the impact of super large-
diameter shield tunnel excavation on existing bridge piles. Combined with the construction
monitoring data, the following conclusions are drawn:

(1) Sleeve valve pipe pre-grouting reinforcement between shield tunnel and bridge pile
foundation. After shield tunnelling to strengthen the stratum, the maximum simulated
surface settlement was 19.4 mm, and the influence range of the settlement groove was
about 60 m. According to the field data of shield tunnelling monitoring points, the
surface settlement of the pre reinforced stratum around the bridge pile was about
25 mm, which is slightly larger than the simulation value but meets the requirements
of surface settlement control. The maximum surface settlement was 35 mm at the
position of the unreinforced stratum near the bridge pile, indicating that the stratum
reinforcement significantly reduced the impact of shield construction on the soil.

(2) After the super large diameter shield tunnel passed through the reinforced stratum,
the vertical displacement of the pile decreased with the deepening of the pile body.
The maximum vertical displacement of the simulated bridge pile was 3.0 mm at the
pile top and 0.7 mm at 5~6 m of the pile body, and the stress of the bridge pile met the
strength requirements. During the construction, settlement monitoring points were
set on the bridge pile. During shield crossing, the final settlement of the bridge pile
was stable to 1.48 mm after a small settlement before crossing, and floated for a short
time, which is less than the numerical simulation analysis value, indicating that the
grouting reinforcement between the tunnel and the pile foundation had a noticeable
control effect on the pile displacement and achieved a good reinforcement effect.

(3) Through the pre reinforcement of Shield Crossing front sleeve valve pipe, the surface
and bridge pile displacement met the deformation control standard, and the risk of



Appl. Sci. 2022, 12, 5418 15 of 16

short-distance crossing bridge pile was generally controllable. If it is necessary to set
reasonable tunnelling parameters before crossing, to strictly control the tunnelling
attitude of the shield, pay attention to control the tunnel face pressure, adjust the slurry
pressure in a timely manner, reduce disturbance to the soil, and achieve continuous,
balanced and stable advancement.

(4) The successful crossing of the Hongling Interchange No. 1 bridge provides a theoreti-
cal basis and engineering practice for the 16 m super-large diameter shield to cross an
existing bridge pile foundation in a short distance in composite stratum with uneven,
soft and hard features. This has significance reference value for similar projects.
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