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Abstract. The construction process of a shield tunnel near-underpassing high-
way bridge piles involves critical challenges in ensuring the structural safety
and deformation control of the bridge piles. This paper systematically investi-
gates the impact of shield tunnel construction on highway bridge piles using fi-
nite element numerical simulation. A three-dimensional finite element model,
including the tunnel, bridge piles, and surrounding soil, was established to sim-
ulate the stress and deformation effects on the bridge piles during shield ma-
chine excavation. The results indicate that shield tunnel construction causes
significant displacement field changes in the soil around the bridge piles, affect-
ing their stress distribution and deformation behavior. Particularly on the side of
the piles closer to the tunnel, both vertical and horizontal displacements in-
crease substantially, and the maximum stress also significantly rises.
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1 Introduction

Underground engineering has developed rapidly in recent years, with its area and
scale continuously expanding ['l. In underground engineering construction, the shield
tunneling method has shown a rapid development trend and significant achievements
and has been widely applied 2. However, the slight ground surface settlement or soil
disturbance caused by shield tunneling operations inevitably adversely affects nearby
existing buildings and structures in many new tunnel projects [,

The impact of adjacent construction on existing buildings has become a wide-
spread engineering problem, attracting increasing attention from scholars . Some
researchers have conducted studies using structural model testing methods. Liu Yong
et al. prepared experimental materials such as soil layers and structures according to
geometric similarity ratios, and simulated shield tunneling beneath existing tunnel
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projects using a small shield machine model with a diameter of 1200 mm, exploring
the settlement patterns of existing tunnels and soil at different depths Bl. Miao
Linchang et al. used centrifuge model tests to simulate the excavation of double paral-
lel tunnels, studying the effects of new tunnel excavation on the internal forces of
existing tunnel structures, segment deformation, and ground surface settlement [©),
With the increasingly mature application of numerical methods in geotechnical engi-
neering, another group of scholars has adopted finite element simulation methods. Fu
Chunqing et al. proposed a modified equivalent continuous model that considers the
reduction in longitudinal stiffness of existing operational tunnels to better predict and
analyze the impact of shield tunneling on existing tunnels [7). Lu Dechun et al. pro-
posed a numerical simulation method for the entire tunnel construction process, con-
sidering factors such as pressure dissipation, synchronous grouting hardening process,
and the interaction between shield machines and soil, revealing the deformation
mechanism of existing tunnels ®l. Zhang Kun et al. simulated the process of shield
machines diagonally passing beneath high-rise building pile groups and raft founda-
tions using numerical simulation methods, analyzing the settlement patterns of soil
and buildings P\. Pu Yihui et al. used the finite element method to calculate the struc-
tural stress generated by shield tunneling beneath cast-in-place tunnels, establishing
structural allowable deformation value standards that meet code requirements %,
Current research mainly focuses on the impact of shield tunneling beneath existing
tunnels and buildings, with relatively limited research on the effects of shield engi-
neering projects passing beneath highways on road surfaces or bridge piles.

To address this issue, based on the Mohr-Coulomb plasticity theory, a construction
engineering model of a shield under-passing expressway project was established to
explore the impact of shield construction on existing expressway pavements and
bridge piles.

2 Project Overview

2.1  Tunnel Engineering Background

The shield tunnel under-passes the reconstructed and expanded section of an express-
way and a new PC continuous steel box girder bridge (23.75m+20m) at mileage
ZDK3+194 ~ ZDK3+413 and YDK3+173 ~ YDK3+377. The interval tunnel inter-
sects the expressway at an angle of approximately 25.4 degrees. The clear vertical
distance from the top of the interval tunnel to the road surface is about 40.53m. The
shield tunnel passes by the Z2 and Y2 bridge piles of the new PC continuous steel box
girder bridge of this expressway at mileage ZDK3+196 ~ ZDK3+208 and ZDK3+336
~ ZDK3+349 respectively. The minimum horizontal clear distance between the inter-
val tunnel and the Z2 bridge pile is about 3.0m, and the minimum vertical clear dis-
tance is about 23.01m. The minimum horizontal clear distance between the interval
tunnel and the Y2 bridge pile is about 3.31m, and the minimum vertical clear distance
is about 20.61m.
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2.2 Hydrogeological Conditions

The interval tunnel is located in a moderately weathered limestone layer, with soil
mainly consisting of plain fill, plastic to hard plastic cohesive soil, dissolved channel
deposits (soft to plastic cohesive soil), moderately weathered limestone, and karst
caves. The soil properties at the calculated section depth are shown in Table 1.

Table 1. Calculation of soil properties at depth of section

Calculated Rock Mass Rock

N?me and Section Deformation Mass  Density Angle of C(.’he- Permeab.lllty Void
Lithology . . , 5, Internal  sion  Coefficient .
Group Thickness ~ Modulus  Poisson's (ton/m?) Friction (°) (KPa) (cm/s)x10°® Ratio
(m) (MPa) Ratio
Plain fill 1-1 6 6.78 0.32  1.88/1.42 15.9 100 1.16%104 0.92
COheS‘Z_Z soil 3= 9 4.88 036 1.88/142 1522 2368 537 088
Karst trough
deposit 31-0-1 6 3.96 040 1.91/1.49 - - 6.89 0.84
Karst cave %
(grouted) 9-2 10 5.0 0.35 2.0/1.54 20 300 1*105 0.86
Moderately
 Weathered 48 5270 03 272225 32 30130 3.5%105 0.90
limestone 31-2-
3

3 Establishment of 3D Numerical Analysis Model

3.1 Numerical Simulation Method

In ABAQUS software, the Mohr-Coulomb model not only considers the elasto-plastic
behavior of the material but also allows users to simulate the response of the material
under cyclic loading, including hardening and softening effects. These effects are
achieved by adjusting the cohesion (c¢) parameter, which represents the internal cohe-
sive force of the material and has an important impact on the strength and defor-
mation characteristics of the material. When the material undergoes multiple loading
and unloading cycles, the change in the cohesion parameter can reflect the fatigue or
recovery performance of the material, thereby more accurately simulating the material
behavior in the actual engineering environment. Therefore, it is necessary to consider
the relationship between c and equivalent plastic strain during use. This study adopts
the classic Mohr-Coulomb constitutive model to simulate surrounding rock, concrete
and other materials, and adopts the metal elasto-plastic constitutive model to simulate
lining and other materials "',

The change in the state of the surrounding rock of the cavern is mainly affected by
the initial geostress of the rock mass. Therefore, when performing numerical simula-
tion of underground engineering, the primary and critical step is to accurately simu-
late the distribution of the initial geostress field. To obtain the initial geostress field
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here, based on the geological profile map of the shield tunnel under-passing the re-
constructed and expanded expressway roadbed section at mileage
ZDK3+194~ZDK3+413 and YDK3+173~YDK3+377, a numerical model reflecting
the distribution characteristics of the initial geostress of the rock formation was con-
structed.

In the finite element analysis of geotechnical engineering, the correct setting of the
initial geostress directly affects the accuracy of the simulation results. Accurately
simulating and applying the initial geostress is a core and critical process, which re-
quires the model to meet the dual conditions of equilibrium and yield, that is, the nod-
al force needs to be balanced with the load, and the stress at each point should not
exceed the yield surface. This study establishes a dedicated geostress analysis step as
the starting point of the analysis. In this step, by applying a volume force that is bal-
anced with the initial stress of the soil, it is ensured that the initial displacement of the
soil is zero. When constructing the model, C3D8R solid elements, elastic constitutive
models, and Mohr-Coulomb constitutive models are used for bridge piles, lining sup-
port, and surrounding rock, respectively, to comprehensively capture the mechanical
behavior of geotechnical bodies and structures.

3.2 Simulation of Construction Steps

In the ABAQUS finite element analysis software, the entire process of tunnel con-
struction and lining support is simulated by reasonably setting load steps. Using the
birth-and-death element method, excavation operations and subsequent lining installa-
tion and other dynamic changes can be effectively simulated, thereby accurately re-
flecting the behavior of the structure at different construction stages. Table 2 shows
the typical construction steps in the finite element analysis.

Table 2. Typical analysis steps for numerical tunnel simulation

Analysis Step Corresponding Simulation Content
Step 1 Initial geostress field simulation
Step 2 Release of geostress due to disturbance from tunnel excavation
Step 3 Shield driving (8~10m each time), deactivate excavation element group
Step 4 Application of lining support (reinforced concrete)
Step 5 Continue tunnel excavation, deactivate excavation element group
Step 6 Continue to apply lining support

3.3 Finite Element Model

This study uses ABAQUS finite element software, based on the concept of load steps,
to simulate the entire process of shield tunnel excavation and subsequent lining rein-
forcement. In the numerical simulation process of tunnel construction and lining sup-
port, the combined effects of self-weight stress field and adverse loads such as exter-
nal soil and water pressure are comprehensively considered. Through the birth-and-
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death element technology in ABAQUS finite element analysis software, the dynamic
processes of bridge pile construction, shield excavation, and gradual installation of
lining structure are simulated. Subsequently, by accurately defining the calculation
area, setting reasonable coordinate systems and boundary constraints, a detailed cal-
culation model is constructed, as shown in Figure 1.
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Fig. 1. 3D calculation model

(1) Regarding the setting of the calculation range, this study ensures that the di-
mensions of the established model in both horizontal and vertical directions exceed
six times the excavation diameter to ensure the comprehensiveness and accuracy of
the analysis results. For the simulation of material properties, the concrete compo-
nents of the lining and bridge piles are described using a linear elastic model, while
the surrounding rock is described using the Mohr-Coulomb elasto-plastic model. Its
peak and residual strength parameters are set to the median values within the range of
mechanical parameters provided by geological exploration.

(2) In the construction of the coordinate system, this study takes the center point of
the shaft excavation as the origin to establish a three-dimensional coordinate system.
Among them, the X-axis is along the horizontal direction, perpendicular to the tunnel
axis; the Y-axis is also along the horizontal direction, perpendicular to the X-axis; and
the Z-axis points vertically upward, following the right-hand rule. The entire model
size is set to 160 meters (X-axis direction) x 200 meters (Y-axis direction) X 80 me-
ters (Z-axis direction) to fully reflect the actual engineering environment.

(3) In terms of the setting of boundary conditions, this study applies normal con-
straints to the surrounding rock of the model to simulate the limiting effect of the
actual geological environment; at the bottom of the model, comprehensive constraints
are implemented to simulate the fixity of the bedrock; and the surface of the model is
set as a free surface to reflect the natural state of the ground surface without additional
constraints.

When simulating the tunnel construction process in ABAQUS, the removal and
addition of elements can be achieved by editing the model's input file (.inp), thereby
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accurately reflecting processes such as excavation and lining support. First, define the
element group of the area to be excavated according to the actual construction steps,
and "deactivate" it by setting a very small stiffness coefficient (such as le-6), so that
these elements hardly participate in subsequent calculations; then, when it is neces-
sary to install structures such as lining or bridge piles, "reactivate" the corresponding
element group and restore its true material properties to participate in stress-strain
analysis; in addition, it is also necessary to ensure that the external forces on the
nodes connected to the removed elements are also cleared to prevent residual forces
from affecting the authenticity of the overall model. This method can effectively re-
produce the dynamic changes in tunnel engineering and provide a reliable basis for
design optimization. The analysis steps for simulating the construction process using
finite element analysis are shown in Table 2. The calculation loads mainly consider
the initial geostress field, structural self-weight, water seepage loads, etc.

4 Calculation Results and Analysis

As shown in Figure 2, during the tunnel under-passing process, the maximum settle-
ment of the expressway pavement occurs at the edge of the projection intersection
with the under-passing tunnel near the Z2 and Y2 bridge piles of the expressway re-
construction and expansion. The maximum settlement value reaches 1mm.

Fig. 2. High-speed road displacement cloud map

Figure 3 shows the settlement displacement time-history curves of the middle
bridge pile, expressway Z2 bridge pile, and expressway Y2 bridge pile during the
tunnel under-passing process. During the tunnel under-passing process, the settlement
displacements of the middle bridge pile, expressway Z2 bridge pile, and expressway
Y2 bridge pile reach 0.5mm, 0.4mm, and 0.4mm, respectively.
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Fig. 3. Bridge pile displacement over time

Fig. 4. Middle bridge pile stress map

Figures 4, 5, and 6 respectively show the stress cloud maps of the middle bridge
pile, expressway Z2 bridge pile, and expressway Y2 bridge pile after the tunnel un-
der-passing. During the tunnel under-passing process, the stress of the expressway
middle bridge pile reaches 3.9MPa. The maximum stress occurs at the depth of the
clay layer, karst trough deposits, and karst cave strata. The stress in the part of the pile
end embedded in the moderately weathered limestone bedrock is relatively small. In
addition, the pile end stress on the side closer to the tunnel excavation is relatively
larger than the pile end stress on the side farther from the tunnel excavation, indicat-
ing that under-passing will increase the pile end stress of the middle bridge pile on the
side closer to the tunnel, but none of them reach the failure strength. During the tunnel
under-passing process, the stress of the expressway Z2 bridge pile reaches 6.89MPa,
which is less than the concrete failure strength. During the tunnel under-passing pro-
cess, the stress of the expressway Y2 bridge pile reaches 6.69MPa, which is less than
the concrete failure strength. Piles Z2 and Y2 are end-bearing piles with a pile length
of 15m and are 1m away from the karst trough deposit layer. Appropriate grouting
reinforcement in the karst trough deposit layer near the pile end during the construc-
tion process is sufficient.
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Fig. 6. Y2 bridge pile stress map

5 Conclusion

This study establishes a shield under-passing expressway construction model through
numerical analysis methods and investigates the impact of shield construction on
existing expressway pavements and bridge piles. The main conclusions are as fol-
lows:

(1) Shield tunneling in close proximity under-passing construction will significant-
ly affect the stress and deformation of expressway bridge piles. Through finite ele-
ment numerical simulation, it was found that the stress and deformation changes on
the side of the bridge pile closer to the tunnel are more obvious, indicating that special
attention should be paid to the structural safety of the bridge pile during the construc-
tion process.

(2) The study shows that the soil disturbance caused by shield tunnel construction
is the main reason for the stress and deformation changes of the bridge piles. The
change in the soil displacement field directly affects the vertical and horizontal dis-
placement of the bridge piles, and the maximum stress also increases accordingly.
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Therefore, it is necessary to effectively control soil disturbance during the construc-
tion process to ensure the stability of the bridge piles.

(3) This study proposes some feasible protective measures, such as soil reinforce-
ment around the tunnel and optimization of shield construction parameters. These
measures can effectively reduce the impact of construction on bridge piles and ensure
construction safety.

In summary, the research content of the 3D numerical simulation analysis of shield
under-passing an expressway has important engineering significance, and the research
results provide important technical support and theoretical basis for other similar pro-
jects.
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