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Abstract

The construction of the new tunnel under the existing railway will break the
original stress balance in the engineering area, resulting in the secondary re-
distribution of surrounding rock stress. The large amount of excavation un-
loading of the soil below is also easy to induce the uneven settlement defor-
mation of the existing structure above, affecting the safety of driving. Based
on the shield tunnel project between Caoqgiao Station and Lize Business Dis-
trict Station of Beijing Metro, this paper restores the construction site by con-
structing the finite element numerical model of the project area, calculates and
analyzes the deformation and stress of the existing railway structure before
and after the construction of the tunnel, and determines the safety impact of
the new structure on the existing railway. The results show that the shield tun-
nel undercrossing construction will cause the “concave” settlement of the rail-
way subgrade above. Under the condition of grouting reinforcement, the
“concave” settlement curve is slower and the distribution range is wider. With
the advancement of the construction step, the settlement deformation of the
subgrade gradually increases. When the tunnel approaches and passes directly
below the subgrade, the settlement deformation curve of the subgrade changes
from slow to steep. After the tunnel passes away, the curve changes from steep
to slow, and the deformation of the subgrade reaches the maximum after the
tunnel is connected. Under the grouting condition, the maximum settlement
deformation of the subgrade is 2.08 mm, which is about 45% of the settlement
deformation of the subgrade under the non-grouting condition. The ground
grouting reinforcement can effectively control the subgrade settlement, and
the field monitoring verifies the rationality of the calculation results. After the
tunnel passes underneath, the most unfavorable section of the existing railway
frame bridge is located at the top plate of the structure, and the maximum
crack width is 0.178 mm. After grouting reinforcement, the stress environment
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of the structure is improved, the crack width generated by the structure is
smaller, the reinforcement area required for calculation is less, and the struc-
tural safety meets the requirements.
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1. Introduction

As the transportation industry continues to develop rapidly, adjacent construction
projects are increasingly common [1]-[3]. One such project involves constructing
new tunnels beneath existing roadbeds, which disrupts the original stress equilib-
rium in the area. The additional stress from tunnel construction alters the stress
distribution within the existing roadbed structure, potentially compromising its
stability. Furthermore, extensive excavation and unloading of the underlying soil
can lead to uneven settlement and deformation of the overlying roadbed, posing
significant risks to driving safety [4]-[6].

Yueguang Song [7] conducted a study integrating numerical simulations and
on-site monitoring to assess the effects of subway shield tunnel undercrossing on
the settlement deformation of high-speed railway subgrades. The findings suggest
that when the shield tunnel’s burial depth exceeds three times its diameter, the
impact on subgrade settlement is negligible. Wu et al. [8] developed a three-di-
mensional refined finite element model for a double-line shield tunnel under-
crossing the Xu-Lan high-speed railway, simulating the construction site to ana-
lyze the subgrade settlement deformation during the tunnel undercrossing phase
and examining the influence of CFG pile reinforcement on subgrade settlement.
Song et al. [9] employed a combination of laboratory model tests, numerical sim-
ulations, and empirical analysis to investigate the deformation effects of new tun-
nel undercrossing on existing railway subgrades. Huang et al [10] identified op-
timal tunneling parameters for shield machines undercrossing existing railway
subgrade sections through field experiments. Wang [11] established standards for
controlling settlement of railway beds and tracks, considering the engineering
characteristics of shallow-buried and concealed excavation of double-arch tunnels
in loess strata. Zheng [12] focused on the Jiulong River cross-railway water diver-
sion tunnel in Fujian Province, utilizing the FLAC3D large-scale finite difference
software to analyze the impact of tunnel construction on the existing subgrade
structure above under various conditions. The research indicates that the maxi-
mum subgrade settlement occurs directly above the tunnel centerline.

In summary, there are numerous scholars have conducted extensive research
on the construction of tunnels beneath existing roadbeds using various methods
such as numerical calculations and on-site monitoring, achieving significant re-

search outcomes. The construction of tunnels beneath existing structures has led
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to settlement deformation of the roadbed, affecting the operational safety of ex-
isting railways and making the evaluation of the structural safety of existing rail-
ways particularly important. However, there is currently limited research on the
safety evaluation of tunnel underpass roadbed construction. This paper takes the
example of the shield tunnel section between Caoqiao Station and Lize Business
District Station of the Beijing Metro, which passes beneath the Beijing-Xiong’an
Intercity Railway. By constructing a three-dimensional finite element numerical
model of the engineering area to simulate the construction site, the study calcu-
lates and analyzes the deformation and stress of the existing railway structure be-
fore and after tunnel construction, determining the safety impact of the new struc-

ture on the existing railway.

2. Project Overview

The tunnel section between Caogiao Station and Lize Business District Station on
Beijing’s New Airport Line extends approximately 2475 meters and is constructed
using a combination of shield tunneling, open-cut, and mining methods. The
shield tunneling portion spans roughly 2211 meters, featuring shield segments
with an outer diameter of 8.8 meters, a thickness of 0.45 meters, and a ring width
of 1.6 meters, utilizing a staggered joint assembly technique. As depicted in Figure
1, the shield tunneling section is designed to pass beneath the Beijing-Xiong In-
tercity Railway, forming a horizontal intersection angle of 87.6°, with a vertical
clearance of 25.5 meters from the railway subgrade and 17.8 meters from the rail-

way frame bridge.

jing-xiong intercity
jing-xiong intercity railway  railway frame bridge

\

\

M14 shield interval

25.5m

17.8m

new left line interval new right line interval

Figure 1. Spatial location relationships.

3. Safety Assessment Standards

3.1. Railway Subgrade Control Standards

The Beijing-Xiong’an Intercity Railway is designed for a speed of 120 km/h and
utilizes a ballasted track structure. By referencing safety protection control stand-
ards for similar projects domestically and internationally that involve existing rail-

way tunnel underpasses, and integrating existing design and construction experience,
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recommended control standard values for this project have been determined. Con-
sidering the 100-year service life of the Beijing-Xiong’an Intercity Railway, the
control standards for a 120 km/h track structure, as stipulated in the “Rules for
Repair of Conventional Railway Lines” (TG/GW102-2019) and the “Technical
Regulations for Safety Monitoring of Construction Near Operating Railway Lines”
(TB10314-2021), are presented in Table 1.

Table 1. Standards for controlling indicators associated with the Beijing-Xiong’an intercity

railway.
Parameter Warning Value Alarm Value Control Value
Subgrade Vertical Displacement +6 mm +8 mm +10 mm
+1.8 mm +2.4 mm +3 mm

Track Vertical Displacement
—4.8 mm —6.4 mm -8 mm

3.2. Frame Bridge Control Standards

Frame Bridge Control Standards

The frame bridge structure utilizes high-grade concrete. In accordance with the
“Code for Design of Concrete Structures” (GB 50010-2010), an analysis is con-
ducted on the deformation limit values of the structure based on the permissible
stress levels of the concrete. The approach of “allowable deformation during the
construction phase = ultimate state value — reserved redundancy for long-term
operation” is employed. Additionally, insights from similar domestic projects are
considered to establish the safety control standards for the frame bridge in this
project, as detailed in Table 2.

Table 2. Standards for monitoring cracks and vertical displacement in frame bridges.

Parameter Warning Value Alarm Value Control Value
Cracks in Frame Bridges / / 0.2 mm
Vertical Displacement in Frame Bridges =~ +3 mm +4 mm +5 mm

The crack width in reinforced concrete components is determined using Equa-
tion (1):

@, = awy/ﬁ[l.% +0.08% j 1)
Es Pre

In the equation: @, represents the maximum crack width of the structure,
measured in millimeters (mm);  denotes the non-uniformity coefficient for
the strain of longitudinal tensile reinforcement between cracks; o, indicates the
tensile stress experienced by the reinforced concrete structure, expressed in meg-
apascals (MPa); E; refers to the elastic modulus of the reinforcement, also in
megapascals (MPa); d,, isthe equivalent diameter of the longitudinal reinforce-
ment within the tensile zone, measured in millimeters (mm).

The coefficient for non-uniform strain in tensile reinforcement is determined
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using Equation (2):

w:1.1—0.65L @)

pteO-S
where: f, represents the axial tensile strength of the concrete measured in MPa,

and p, denotes the ratio of longitudinal tensile reinforcement.

4. Computational Model and Material Parameters
4.1. Model Establishment

In this study, MIDAS software is employed to develop a three-dimensional finite
element numerical model representing the tunnel site area, simulating the con-
struction conditions. The model is used to evaluate the deformation and stress
responses of the existing railway structure situated above the tunnel, both prior to
and following the tunnel’s construction. This evaluation aims to assess the impact
of the newly constructed structure on the safety of the existing infrastructure. The
excavation’s influence range is considered to be 3 to 5 times the tunnel diameter
[13] [14]. To mitigate boundary effects, the model dimensions are defined as 200
m x 200 m x 80 m, encompassing 124,646 elements and 69,881 nodes. Figure 2
illustrates the three-dimensional numerical model. In the numerical model, the
ideal elastoplastic constitutive model is adopted for the rock and soil materials,
following the Mohr Coulomb strength criterion. The linear elastic constitutive
model is adopted for structures such as tunnel segments, roadbeds, and frame

bridges, without considering the influence of groundwater and surrounding rock

Caihuying
~|_ Bridge
L % S

structural planes.

5 ~VA
N
2. lb
irport
line

Figure 2. Three-dimensional numerical simulation model.

4.2. Design of Calculation Steps

In accordance with the construction organization plan, the sequence of engineer-

ing operations is as follows: first, the Caihuying Bridge is constructed, followed by
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Table 3. Construction sequence.

the railway frame bridge culvert, then the M14 line, and finally the proposed shield
tunnel section. Prior to the shield tunnel construction, the stratum will be rein-
forced using subgrade sleeve valve pipe grouting and segment grouting. This is
intended to enhance the self-stability of the surrounding rock and minimize the
impact of the proposed construction on existing structures. To illustrate the effec-
tiveness of the grouting reinforcement, the model calculations are performed for

both non-grouting and grouting scenarios, as outlined in Table 3.

Construction . - . .
Sequence Non-Grouting Condition Grouting Condition Remarks
1 Initial ground stress balance Initial ground stress balance Zero displacement of surrounding rock
2 Caihuying bridge construction Caihuying bridge construction /
3 Frame bridge culvert construction Frame bridge culvert construction /
4 M14 line construction M14 line construction Zero displacement of surrounding rock
5 Left line excavation Subgrade grouting /
6 Completion of left line excavation Left line excavation /
7 Right line excavation Left line segment grouting /
8 Completion of right line excavation Completion of left line excavation /
9 Right line excavation /
10 Right line segment grouting /
11 Completion of right line excavation /

4.3. Calculation Parameters

Based on the geological survey data, the stratigraphic sequence in the engineering
area is, from top to bottom: silty clay, pebble layer 5, pebble layer 7, and conglom-
erate layer. The mechanical parameters of rock and soil mass are selected based
on the geological survey report and industry standards. The parameters for the

model materials are presented in Table 4.

Table 4. Model material parameters.

Density  Cohesion Internal Friction Elastic Modulus Poisson’s

Material (g/cm?) (kPa) Angle (°) (MPa) Ratio
Silty Clay 1.84 34 16 4.2 0.35
Pebble 5 2.1 0 27 60 0.34
Pebble 7 2.11 0 32 80 0.32
Conglomerate 2.13 0 38 140 0.3
C35 2.5 / / 31,500 0.2
C40 2.5 / / 32,500 0.2
C50 2.5 / / 34,500 0.2
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5. Numerical Analysis

5.1. Deformation Patterns of Railway Subgrade

In MIDAS, both stratum and structural deformations are considered positive if
they are in the same direction as the coordinate axis; thus, settlement defor-
mations are negative, while uplift deformations are positive. To more intuitively
reflect the impact of tunnel construction on the deformation of existing structures,
an analysis is conducted at the cross-section where the shield tunnel underpasses
the railway using a slicing method. Additionally, the displacement of the compu-

tational model is reset to zero before tunnel excavation.
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(b) Deformation contour map of the subgrade under grouting conditions

Figure 3. Contour maps depicting structural deformation before the left line tunnel exca-
vation reaches the subgrade section (unit: m).

Upon excavating the left line tunnel to directly beneath the railway subgrade,
the deformation of the existing subgrade structure is depicted in Figure 3. In sce-
narios without grouting, the maximum settlement deformation of the railway sub-
grade above is observed to be 1.18 mm, situated directly over the left line tunnel
and distanced from the tunnel’s outline. The settlement deformation of the sub-
grade diminishes, forming an overall “concave” curve distribution, aligning with
Peck’s theoretical framework [15]. Following grouting reinforcement of the stra-

tum beneath the subgrade, the pattern of subgrade settlement deformation remains
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unchanged. However, the magnitude of deformation decreases, with the maximum
settlement deformation still occurring directly above the left line tunnel, now re-
duced to 0.77 mm.

Following the passage of the left-line tunnel through the railway subgrade, the
deformation behavior of the existing subgrade structure is depicted in Figure 4.
Under conditions without grouting, the maximum settlement deformation of the
existing railway subgrade at this stage reaches 2.10 mm, occurring directly above
the left line. The settlement deformation of the subgrade continues to exhibit a
“concave” curve distribution, which is steeper compared to the previous stage.
Under grouting conditions, the deformation pattern remains unchanged, with the
maximum settlement deformation reduced to 1.11 mm.
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(b) Contour map of subgrade deformation under grouting conditions

Figure 4. Contour map illustrating structural deformation after the left line tunnel traverses
the subgrade section (unit: m).

As the excavation of the right line tunnel progresses to directly beneath the rail-
way subgrade, the deformation behavior of the existing subgrade structure is de-
picted in Figure 5. Under conditions without grouting, the maximum settlement
point of the railway subgrade shifts towards the right line tunnel, exhibiting a
maximum deformation of 3.25 mm. The settlement deformation continues to fol-
low a “concave” curve pattern. Conversely, with grouting applied, the maximum

settlement deformation of the railway subgrade reduces to 1.70 mm. Although the
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deformation pattern remains largely similar to the non-grouted condition, the
“concave” curve’s extent is broader and the curve itself is relatively smoother.
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(a) Contour map of subgrade deformation under non-grouting conditions
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(b) Contour map of subgrade deformation under grouting conditions

Figure 5. Illustrates the deformation contour map of the structure prior to the excavation
of the right line tunnel reaching the subgrade section (unit: m).

Following the crossing of the right-line tunnel through the railway subgrade,
the deformation characteristics of the existing subgrade structure are illustrated
in Figure 6. Under non-grouting conditions, the maximum settlement of the rail-
way subgrade shifts towards the right-line tunnel, positioned approximately at the
midpoint between the two lines, with a peak deformation of 4.64 mm. When
grouting is applied, the maximum settlement deformation reduces to 2.08 mm.
Although the deformation pattern remains largely similar to that observed with-
out grouting, the “concave” curve extends over a broader range and is less pro-
nounced. In both scenarios, the deformation of the subgrade structure remains
below the control threshold, thereby complying with the specified standards.

Figure 7 illustrates the progression of subgrade settlement deformation under
various operating conditions. As the shield tunnel advances incrementally, the de-
formation of the existing subgrade structure increases progressively. A notable
surge in settlement deformation occurs when the tunnel approaches and traverses
the subgrade section. Once the tunnel has passed and moved away, the defor-
mation curve transitions from steep to more gradual. Upon the completion of the
tunnel section, the subgrade settlement deformation reaches its peak. Comparatively,
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the implementation of grouting significantly mitigates the impact of shield tunnel
excavation on the vertical displacement of the subgrade. Following the completion
of the right tunnel section, the cumulative subgrade settlement deformation is re-
duced to merely 45% of that observed under non-grouting conditions. The use of
grouting reinforcement measures effectively aids in controlling the deformation

of existing railway structures.
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(b) Contour map of subgrade deformation under grouting conditions

Figure 6. Deformation contour map of the structure after the right-line tunnel traverses
the subgrade section (unit: m).
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Figure 7. Illustrates the progression of subgrade settlement deformation (measured in mm).
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5.2. Analysis of Structural Safety for Frame Bridges and Culverts

Upon the completion of the proposed tunnel section, the deformation behavior of
the railway frame bridge and culvert structures is depicted in Figure 8. Without
grouting, the maximum deformation observed in the existing bridge and culvert
structures is 4.68 mm, occurring at the side wall adjacent to the newly constructed
shield tunnel, indicating an overall settlement deformation. With grouting, the
maximum deformation reduces to 2.07 mm, with a deformation pattern similar
to the non-grouting scenario. In both scenarios, the deformation values remain
below the 5 mm control limit, ensuring that the structural deformation complies
with the specified standards.
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(b) Deformation contour map of bridge and culvert structures under grouting conditions

Figure 8. Deformation contour map of bridge and culvert structures following the comple-
tion of the proposed tunnel (unit: mm).

Following the completion of the interval tunnel construction, the bending mo-
ment distribution of the railway frame bridge culvert is illustrated in Figure 9.
Under non-grouting conditions, the existing bridge culvert structure experiences

a maximum tensile force of 555.09 kN-m on the outer side, located at the side wall
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adjacent to the newly constructed shield tunnel. The maximum tensile force on
the inner side is 464.52 kN-m, positioned at the bottom slab. The structure’s top
and bottom slabs are subjected to tensile forces on the inner side, whereas the side
walls experience tensile forces on the outer side. When grouting is applied, the
internal force distribution of the bridge culvert structure remains largely un-
changed from the non-grouting scenario. The maximum tensile force on the outer
side is reduced to 551.90 kN-m, and on the inner side to 447.66 kN-m, indicating

a slight difference in magnitude.
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Figure 9. Bending moment distribution diagrams of bridge and culvert structures follow-
ing the completion of the proposed tunnel (unit: kN-m).

In the inspection and calculation process of frame bridges, each meter of length
is considered as a unit for analysis. The evaluation of both the ultimate load-bear-
ing capacity and the normal service limit states is conducted based on pure bend-

ing components, as detailed in Table 5 and Table 6.
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Table 5. Crack inspection calculation for box girder bridges.

. . Calculated Control Inspection
Condition Location

Value (mm) Value (mm) Outcome

Top Slab 0.178 2 Pass

Without Grouting
Bottom Slab 0.073 2 Pass
Top Slab 0.176 2 Pass
With Grouting
Bottom Slab 0.070 2 Pass

Table 6. Load-bearing capacity verification table for box girder bridge.

Calculated Designed
Condition Location Reinforcement Reinforcement Verification Result
(mm?) (mm?)
Top Slab 3163 4710 Qualified
Non-grouted
Bottom Slab 2853 6280 Qualified
Top Slab 3143 4710 Qualified
Grouted
Bottom Slab 2807 6280 Qualified

Table 5 and Table 6 reveal that in both grouted and non-grouted scenarios,
following the construction of the shield tunnel underpass, the most critical section
of the existing railway frame bridge structure is found at the top slab. The crack
width and reinforcement area comply with the regulatory standards, ensuring
structural safety. Comparatively, with grouting reinforcement, the internal forces
within the structure decrease, resulting in narrower crack widths and a reduced

calculated requirement for reinforcement area.

6. Engineering Practice

To prevent damage to the existing subgrade structure during the construction of
the shield tunnel segment, reinforcement measures such as subgrade sleeve valve
pipe grouting and segment grouting were implemented on-site. Concurrently,
real-time monitoring and measurements were conducted at section K4+819,
where the tunnel passes beneath the subgrade. 9 settlement observation points are
set up along the vertical tunnel axis on the surface of the roadbed. When measur-
ing the distance between the cross-section and the tunnel excavation face from 2D
to 5D, observation records are taken every 2 days; Observe and record every day
within the range of 1D to 2D; Observe and record every 0.5 days within the 1D
range. According to the dynamic feedback of roadbed settlement and defor-
mation monitoring data during the construction phase of the interval tunnel
underpass, the time history curve of roadbed deformation at the observation
point directly above the tunnel on section K4+819 is shown in Figure 10. Con-
struction adjustments were made dynamically in response to the monitoring
data on subgrade settlement and deformation during the tunnel construction

phase. The time-history curve illustrating subgrade deformation at section K4+819
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is presented in Figure 10.
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Figure 10. Illustrates the time history curve of settlement at the K4+819 cross-section of the
roadbed.

According to Figure 10, as the construction progresses, the roadbed experi-
ences a gradual increase in settlement deformation. A significant increase in set-
tlement is observed when the shield tunnel approaches and passes through the
roadbed cross-section. Once the tunnel moves beyond the roadbed section, the
settlement deformation curve transitions from steep to more gradual. The ob-
served on-site monitoring data and the results from numerical simulations are
largely consistent in terms of the overall deformation trends of the structure. After
the right-line tunnel moves away from the cross-section, the deformation of the
existing railway roadbed stabilizes, with a final settlement value of 2.33 mm. The
deviation from the numerical simulation is 10.7%, which is considered acceptable
within the engineering context. This demonstrates that finite element modeling
effectively simulates the construction of a deep cutting roadbed over an existing
tunnel, accurately reflecting real-world engineering scenarios. The slurry is made
of water glass grout, which has a significant grouting effect and no pollution to
the environment. To prevent surface uplift, low-pressure slow grouting measures
are taken during grouting, and there is basically no uplift deformation on the sur-

face after grouting is completed.

7. Conclusion

1) The construction of shield tunnels beneath existing railway subgrades in-
duces settlement deformation, characterized by a “concave” curve distribution.
Settlement deformation is more pronounced closer to the tunnel’s contour and
diminishes with distance from it. As construction progresses, the settlement de-
formation of the subgrade increases. When the tunnel approaches and passes di-
rectly beneath the subgrade, the deformation curve transitions from a gentle to a

steep slope. Once the tunnel has passed and moved away, the curve reverts from
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steep to gentle. The maximum settlement deformation of the subgrade is observed
upon the completion of the tunnel section.

2) Following grouting reinforcement, the settlement deformation of the sub-
grade continues to exhibit a “concave” curve distribution; however, the curve is
less pronounced and the distribution range is broader. Prior to implementing
grouting measures, the maximum subgrade settlement was recorded at 4.64 mm.
Post-grouting reinforcement, the maximum settlement deformation was reduced
to 2.08 mm. Grouting reinforcement of the stratum effectively mitigates the im-
pact of shield tunneling on the existing railway, thereby controlling subgrade set-
tlement efficiently. Engineering practice has confirmed the precision of numerical
calculations, ensuring that subgrade settlement deformation adheres to control
standards.

3) Without grouting, the construction of the shield tunnel underpass results in
the most critical section of the railway frame bridge structure being located at the
top slab, with a maximum crack width of 0.178 mm. Grouting reinforcement im-
proves the structural stress environment, resulting in narrower crack widths and
a reduced required reinforcement area. The structural safety under both condi-

tions satisfies the necessary requirements.
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