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Abstract: During the excavation process of a large-span variable cross-section of a tunnel, the
deformation and stress characteristics of the surrounding rock supporting the structure are complex,
and construction control is difficult. Based on an actual tunnel project, the mechanical effect and
deformation characteristics of the surrounding rock and support structure of a large-span variable
cross-section tunnel during its excavation and support process were studied via numerical simulation.
The construction method, using the bench method to excavate and set up the transition section in
the variable cross-section, was proposed. Based on the numerical simulation results, two optimized
excavation schemes were proposed and analyzed to address the construction method conversion
problems in constructing large-span variable cross-section tunnels. The rationality of the optimized
construction scheme was verified through a comparison with field monitoring data. The research
results show that the three-bench temporary inverted arch method supported by the temporary
vertical portal frame has good applicability in constructing the large-span variable cross-section
tunnel. This scheme can effectively control the stress concentration and excessive deformation of the
surrounding rock in the large-span variable cross-section tunnel. The numerical simulation results
agree with the field monitoring data, which verifies the rationality of analyzing the construction
mechanical effects of variable cross-section tunnels and selecting construction schemes through
numerical simulation. The research results can provide reference for the construction of similar
tunnel projects.

Keywords: railway tunnel; large-span variable cross-section; construction parameters; mechanical
effect; numerical simulation

1. Introduction

With the rapid development of the national economy and urbanization, the investment
in transportation infrastructure construction has been continuously increasing in China
and more stringent requirements for the construction of tunnel projects has also been
put forward [1-4]. During the construction process, issues such as the changes in the
excavation section, construction methods, and support parameters will all inevitably result
in a more complicated deformation and stress development of the surrounding rock near
the location of a tunnel’s variable cross-section. As a result, its stability will be affected to a
certain extent, which may lead to a series of engineering accidents like surrounding rock
collapse [5-7].

In recent years, scholars have conducted much research on the large-span variable
cross-section tunnel from many aspects. With the development of computer technology,
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some scholars use various numerical software to analyze the stress characteristics of variable
cross-section tunnel excavation and its supporting structures. For example, Midas GTS/NX
2019 [8,9], ABAQUS 2018 [10], FLAC 3D 6.0 [11,12], ANSYS 2020 R1 [13], etc., all provide
relatively strong technical support for engineering applications. In addition, many scholars
have studied the construction methods of the variable cross-section tunnel. Zhang et al. [14]
studied the deformation and mechanical space—time effects of existing shield tunnels.
The joint load-bearing reinforcement control technology of “step piles + large-diameter
pipe sheds + cables” was proposed. A new deformation control system is provided for
similar projects. Zeng et al. [15] used various methods to study the mechanical properties
of supporting structures, surrounding rock deformation, and construction optimization.
They provided reasonable optimization suggestions for the construction of a variable
cross-section of a tunnel. Yao et al. [16] conducted similar model tests based on actual
projects and analyzed stress and displacement evolution rules during tunnel excavation.
At the same time, the numerical simulation method was used to summarize the stress
characteristics of the tunnel support structure. The construction optimization scheme was
verified through field tests. Luo et al. [17] used various methods to study the deformation
characteristics of the surrounding rock and the mechanical behavior of tunnel lining. Based
on the mechanical response of the tunnel, engineering suggestions were put forward
for the construction of the large-span triple-arch tunnel. Yang et al. [18] analyzed the
changes in surrounding rock deformation and stress during the conversion of the double-
side-drift method into long steps. The technical difficulties in converting large-section
tunnel construction methods have been relatively well solved. Wu et al. [19] analyzed the
deformation rules of the surrounding rock of a large-span variable cross-section tunnel
when using different construction schemes. By comparing numerical simulation data, it
was found that the risk of constructing a large-section tunnel after the completion of a
small-section tunnel’s construction is minimal.

When the size of the tunnel section changes suddenly, corresponding measures need
to be taken to support it in time [20-22]. Researchers [23,24] used various methods to
study the surface deformation, surrounding rock stress characteristics, and the deformation
development rules of the supporting structure during tunnel construction, which provided
reliable technical support for solving practical engineering problems. Qiao et al. [25]
studied the support characteristics of the surrounding rock under the influence of multiple
factors between the normal section and the widened transition section of the tunnel. It
was found that there is a positive correlation between the surrounding rock pressure
and the arch roof settlement. The stable time of the arch roof settlement lags behind the
surrounding rock pressure by about one week. Yang et al. [26] used finite element software
to establish a calculation model of temporary support for immersed tunnel construction.
They analyzed the structural failure mechanism and shape of the pipe section and proposed
structural reinforcement measures. Luo et al. [27] analyzed the deformation of multiple
surrounding rock sections and the internal force of the initial supporting structure. Based
on the deformation of the surrounding rock of the tunnel and the stress characteristics of
the initial support, the support parameters of the class V surrounding rock of the large-span
loess tunnel were designed.

In summary, scholars’ research on variable cross-section tunnels mainly focuses on
construction method conversion analysis, numerical simulation, and the stability impact
of support measures. However, the stability of the tunnel surrounding rock is related
to many factors, such as geological characteristics and excavation methods. Especially
where the section of the tunnel changes, there are high construction risks and control
difficulty, and its research content is relatively extensive. At the same time, there is relatively
insufficient research on the selection and optimization of construction plans for long-
span variable-section tunnels. Excavation based on existing research results cannot fully
guarantee the stability of surrounding rock and construction efficiency. Based on this, the
methods of finite element analysis and field monitoring were used to study the construction
mechanical effects suitable for the excavation process of variable cross-section tunnels in
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this paper. First, the mechanical effects and deformation characteristics of the tunnel
surrounding rock under the two construction schemes of the bench method and the double-
side-drift method were compared and analyzed via numerical simulation. Secondly, two
optimization schemes were proposed based on the numerical calculation results and
practical engineering problems. The stress and deformation of the surrounding rock and
the plastic zone were analyzed while implementing the two schemes. A more reasonable
plan was determined to guide the construction of the variable cross-section tunnel. Finally,
the field monitoring data were compared with the numerical simulation results to verify
the rationality of the optimized construction scheme. The study provides a reference for
the excavation and support of long-span variable cross-section railway tunnels.

2. Engineering Situations

The elevation range of our tunnel project is 325~650 m, and the mileage range of the
main tunnel is DK39 + 632~DK47 + 200. The total length of the tunnel is 7568 m, with
a maximum burial depth of approximately 340 m. It is a single-hole, double-line tunnel
constructed based on the auxiliary tunnel scheme of “two inclined shafts and one horizontal
hole”. The terrain of the entrance and exit of the tunnel is relatively gentle. The main
line crosses the high-speed railway line and passes under existing highways, houses, and
high-voltage towers. The area the tunnel passes through has complex geological conditions,
diverse topography, and numerous existing buildings. Since the main line of the tunnel
needs to be connected to the high-speed rail station, two large-span sections must be set up
in the tunnel to introduce the left and right connecting lines of the high-speed rail station.
The DK43 + 150~DK43 + 304 section is a large-span section of the three-line bifurcation
of the right tie line, with a span of 19.77 m and an area of 227 m?. The layout is shown in
Figure 1. The surrounding rock in this section belongs to grade IV surrounding rock, which
is mainly mudstone and sandstone and has good overall stability.

DK43+108 DK4}3+150 DK43I+257 DK43|+304
15.12m ! 19.77m 24.53m !
Large-span section Large-span section L,argc-span section
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Figure 1. Tunnel right contact line plan (unit: m).

3. Numerical Simulation Analysis of Construction Scheme
3.1. Numerical Calculation Model

The three-dimensional model of the tunnel was established using Midas GTS/NX
2019 finite element software. The model is established concerning the actual situation
and according to the Saint-Venant’s principle to prevent the adverse effects of boundary
constraints on the calculation [28-30]. The numerical model is 100 m in the longitudinal
direction, 70 m in the transverse direction, and the distance between the center of the tunnel
section and the bottom is 26 m. The Mohr—Coulomb elastic—plastic constitutive model is
used for numerical calculation. The model is meshed using eight-node tetrahedral elements,
with 145127 nodes and 106045 elements, as shown in Figure 2. When conducting static state
simulation analysis, only the effect of self-weight is considered, and the impact of tectonic
stress on the supporting structure and surrounding rock is not considered. Therefore,
horizontal and vertical constraints are set at the bottom and left and right sides of the
model. The surrounding rock and initial support parameters are determined based on the
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geological survey report and current specifications. The relevant calculation parameters
are shown in Table 1.

Figure 2. The three-dimensional numerical calculation model.

Table 1. Numerical model calculation parameter.

Material Natural Unit Weight Elastic Modulus Poisson’s Ratio Internal Friction = Cohesion
(kN-m~—3) (GPa) Angle (°) (kPa)
Mudstone 22.00 211 0.36 35 30
Initial support 24.20 31.6 0.21 — —
Temporary support 24.81 32.6 0.21 — —
Secondary lining 22.32 32.6 0.20 — —
Bolt 77.00 210.0 0.30 — —

The choice of tunnel excavation scheme will affect the stress and deformation of the
surrounding rock and the stress state of the supporting structure. According to the actual
engineering conditions of the tunnel, this paper conducts numerical simulations on two
construction methods—the three-bench method and the double-side-drift method—to
study and analyze the stress, displacement, and change rules of the plastic zone of the
surrounding rock. The pre-designed initial support steel arch frame is 120b@0.6 m. The
diameter of the mesh reinforcement is 8 mm, and the size is 0.2 m x 0.2 m. The design
strength grade of concrete is C25. The shotcrete thickness is 27 cm after completing the
steel arch and mesh layout. A 4 m hollow anchor rod with a diameter of 22 mm is installed
on the arch roof, and the load-bearing capacity of each anchor is 280 kN. The temporary
support is made of the I18 steel frame. The construction step is 2 m, and the shotcrete lags
behind one construction procedure.

3.2. Analysis of Lining Stress

Since the supporting structure and the surrounding rock are in contact with each other,
their deformation is coordinated. The bending moment cloud diagram of the initial support
after the tunnel is penetrated is extracted to study its stress situation, as shown in Figure 3.
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Figure 3. Contour of initial support bending moment (unit: kN-m): (a) bench method, (b) double-
side-drift method.

It can be seen from Figure 3 that the maximum positive bending moment is located at
the left arch waist position after the bench method construction is completed. The maximum
negative bending moment is located at the right arch foot and the bending moment values
are 62.90 kN-m and 48.04 kN-m, respectively. After constructing the double-side-drift
method, the maximum positive bending moment is located at the arch roof position. The
maximum negative bending moment value is located at the right arch waist position.
Its values have greatly increased compared with the bench method, with increases of
approximately 50.5% and 23.7%, respectively. The stress changes at the temporary support
of the two construction methods are large, indicating that the support has strengthened
its bearing on the stress of the supporting structure. Therefore, the surrounding rock
deformation is relatively small, which also causes the stress of the supporting structure
to increase.

In order to further study the stress of the anchor during tunnel construction, the
full-section axial force cloud diagram of the bolt was analyzed. It can be seen from Figure 4
that in the bench method, the maximum tensile stress of the anchor occurs at the arch
spandrel position, with a value of 282.54 kN. The compressive stress is mainly distributed
at the top of the bolt close to the surrounding rock. The maximum tensile force occurs at
the arch roof in the double-side-drift method, and the tensile stress is significantly reduced
compared with the bench method. The maximum compressive stress appears at the arch
roof position. During the construction of the two methods, the bolt force of the anchor
structure showed negative values. The maximum negative value of the double-side-drift
method increased by approximately 66% compared with the bench method. It shows that
the anchor rod of the double-side-wall heading method is more compressed, which will
threaten the safety of the supporting structure.
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Figure 4. Contour of anchor axial force (unit: kN): (a) bench method, (b) double-side-drift method.
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3.3. Analysis of Surrounding Rock Displacement

The data of the displacement changes of the arch roof, arch waist, and arch foot with
the construction procedures of the DK43 + 190 large-span section were selected, as shown
in Figure 5. It can be seen from the figure that the time history curve of the arch roof
settlement of the two construction methods shows an “S”-shaped development trend. The
displacement begins to occur during the tunnel excavation. When the tunnel face advances
to the selected section, the deformation changes drastically. When the tunnel face moves
away from the selected section, the displacement changes in amount and the rate gradually
decreases until it becomes stable. The time history curve of the convergence of the arch
waist and the arch foot shows a “U”-shaped development trend. The convergence occurs
during tunnel excavation, and the speed gradually increases. When the excavation face
advances to the selected section, the convergence value reaches the maximum. When the
excavation face is far from the selected section, the convergence increases in the opposite
direction until it becomes stable. In the bench method, the maximum settlement position is
at the arch roof, and its value is 30.04 mm. The maximum convergence position is at the arch
foot, and its value is 2.53 mm. In the double-side-drift method, the maximum settlement
position is at the arch roof, and its value is 21.09 mm. The maximum convergence position is
at the waist of the arch, and its value is 5.89 mm. Since the number of procedures in the two
compared construction methods is slightly different, and the time it takes for the excavation
face to reach the selected section is also different, the bench method will have a greater
impact on the displacement of the surrounding rock when excavating the target section.
This also shows that the bench method is more beneficial to the stability of the surrounding
rock in front of the excavation section. In terms of controlling the arch roof settlement, the
double-side-drift method is better than the bench method, and the settlement value is 29.8%
smaller than the bench method. The double-side-drift method is slightly better than the
bench method in controlling deformation, but it has many construction procedures and
higher construction costs [31].
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Figure 5. Displacement time history curve: (a) arch roof settlement, (b) arch waist convergence,
(c) arch foot convergence.

3.4. Analysis of Plastic Zone of Surrounding Rock

During the tunnel excavation process, the surrounding rock mass around the tunnel
will be continuously disturbed. Therefore, it is necessary to analyze the changes in the
plastic zone during excavation to ensure safe tunnel construction. The distribution of
plastic zones at the completion stage of excavation is shown in Figure 6.
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Figure 6. Distribution contour of plastic zone: (a) bench method, (b) double-side-drift method.

It can be seen from Figure 6 that the extreme plastic strain values of the bench method
and the double-side-drift method are 0.0036 and 0.0032, respectively. The extreme plastic
strain values of the two construction methods are the same. The plastic zones of both
construction methods are distributed around the tunnel excavation surface. The distribution
range is relatively symmetrical. There is no bias phenomenon and no penetration of the
plastic zones. The plastic zone of the bench method is mainly distributed at the arch waist
and arch feet on both sides. The plastic zone of the double-side-drift method is mainly
distributed at the arch foot on both sides. It shows that both construction methods can
effectively inhibit the development of the plastic zone of the surrounding rock.

The above analysis shows that the two construction methods have their advantages
during construction. This project has the characteristics of deep burial, complex stress on
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surrounding rocks, and a large excavation section. On the premise of ensuring construction
safety, it is particularly important to choose a feasible construction method. Therefore,
based on the analysis results of surrounding rock deformation and stress, it is recommended
to adopt the bench method for construction. During construction, the stress monitoring of
the arch spandrel and arch foot positions should be strengthened.

4. Optimization Analysis of Construction Scheme

Based on the previous numerical simulation results and construction suggestions,
a step-by-step excavation was carried out according to the construction sequence. The
small-span and large-span sections were excavated using the two-bench and three-bench
methods, respectively, with a construction step of 2 m. The initial support is carried out
after tunnel excavation and bolt reinforcement. The secondary lining is constructed after
the excavation and support of each construction section is completed. At the same time,
there are problems, such as the technical complexity of removing vertical supports and
the inability to implement advanced support during construction. A method of setting up
transition sections in the variable cross-section was proposed. The three-bench temporary
inverted arch method is used for excavation, and the construction step is set to 0.6 m.
During construction, it was found that this method could meet the tunnel excavation
requirements to a certain extent. However, due to insufficient construction space at the
variable cross-section of the tunnel, there are certain difficulties in converting between
different construction methods. Moreover, connecting the supporting structures between
different spans is difficult, which seriously affects the progress and quality of tunnel
excavation and is prone to collapse and other safety issues.

To solve the above problems, it was decided to optimize the excavation method of
the upper step. The design of the optimization scheme should minimize dependence on
geological conditions while ensuring that it meets the engineering requirements. Consid-
ering the detachability and positional adjustability of the temporary support structure,
frequent construction method changes in a limited working space should be avoided. At
the same time, it is also necessary to ensure the operability of the monitoring system.
The performance of surrounding rock and supporting structures during construction is
mastered. Regarding the research results of some scholars [32-35], combined with previous
construction experience and other factors, two optimized excavation schemes for the upper
step were proposed. Scheme I is the supporting portal method, and Scheme II is the bench
method similar to the main hole. The stress, displacement, and plastic zone distribution
of the surrounding rock of the two optimization schemes were analyzed via numerical
simulation to determine a reasonable construction scheme.

4.1. The Construction Procedures of the Upper Step Expansion Excavation Method

Scheme I is shown in Figure 7a, and the construction procedure is as follows. (1) Com-
plete the excavation of the small-span section and the establishment of secondary lining.
(2) Set up an advanced support structure around pilot tunnel (O for pre-reinforcement,
excavate pilot tunnel (D), and construct upper anchors and initial support. (3) Excavate
pilot tunnel 2) and provide upper anchors and initial support. (4) Excavate pilot tunnel (3
laterally, with an excavation depth of 1 m, erect a door frame, spray concrete, and install anchor
tubes at the arch foot. (5) Excavate large-span sections and construct supporting structures.
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Figure 7. Schematic diagram of expanding excavation methods: (a) Scheme I, (b) Scheme II.

Scheme Il is shown in Figure 7b, and the construction procedure is as follows. (1) Com-
plete the excavation of the small-span section and the establishment of secondary lining.
(2) Set up an advanced support structure around pilot tunnel (O for pre-reinforcement,
excavate the pilot tunnel (1), and construct upper anchors and initial support. (3) Excavate
pilot tunnel (@), and form a right-turn door opening with vertical supports and arches.
(4) Excavate pilot tunnel (3)-1 at one time and reserve steps for the side wall. (5) Excavate
pilot tunnel (3-2 and apply lining to form a closed support structure. (6) Excavate the
large-span section and construct a supporting structure.

4.2. Analysis of Surrounding Rock Stress

Figure 8 shows the stress distribution of the surrounding rock at y = 14 m during
the construction of the upper right part of the transition section under the two schemes.
Through comparison, when the two schemes are completed, the overall stress distribution
is similar. In Scheme I, the stress value on the upper free surface is smaller, and the
stress distribution is relatively uniform. In Scheme II, two stress concentrations appear
on the tunnel face, with the maximum stress value being 0.77 MPa. The results show that
both expansion and excavation methods have good effects on controlling the stress of
surrounding rock. However, Scheme I has a more stable stress distribution than Scheme II
and can better solve the stress concentration phenomenon.

4.3. Analysis of Lining Stress

It can be seen from Figure 9 that when using Scheme I, the lining is squeezed by the
surrounding rock. As a result, there is a relatively obvious stress concentration phenomenon
here. The maximum value is distributed at the connection between the arch foot and the
surrounding rock, approximately 21.53 MPa. The minimum principal stress is located
at the junction of the upper and lower steps of the large-section excavation, indicating
that the junction bears greater principal stress. When using Scheme II, the location where
the maximum principal stress occurs is the same as Scheme I. Its value is approximately
29.36 MPa. The minimum principal stress appears at the upper step lining. After the
excavation of the transition section is completed, the tensile stress appears in the upper part
of the lining, and the stress distribution is uneven. Comparing the two schemes, adopting
Scheme I in the transition section can make the lining stress distribution more uniform. And
tensile stress is only generated at the lining connection. At the same time, it is necessary to
strengthen monitoring during the excavation process to ensure construction safety.
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Figure 8. Stress contour at y = 14 m after excavation support is completed (unit: MPa): (a) Scheme I,
(b) Scheme II.
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Figure 9. The maximum principal stress cloud diagram of the upper right part of the transition
section (unit: MPa): (a) Scheme I, (b) Scheme II.

4.4. Analysis of Surrounding Rock Deformation

The vertical displacement at the variable cross-section was selected to analyze the
effects of the two schemes on the vertical displacement of the surrounding rock. From
Figure 10, the displacement of the upper right part of the variable-section tunnel after the
completion of construction can be obtained. The convergence values of the arch waist
and arch foot caused are 6.33 mm and 2.04 mm, respectively, and the settlement value of
the arch roof is 1.34 mm by adopting Scheme I. The convergence values of the arch waist
and arch foot caused are 7.20 mm and 4.20 mm, respectively, and the settlement value
of the arch roof is 5.02 mm by adopting Scheme II. It can be seen that the convergence
and settlement values caused by Scheme I are smaller than those of Scheme II, and the
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development is relatively gentle. Therefore, using Scheme I can achieve a better control of
surrounding rock deformation.

Construction procedures

' ' I —— S'cheme | a'rch roof '
0 —&— Scheme II arch roof
\ Scheme I arch waist
g Scheme Il arch waist
g ~9:L —=— Scheme [ arch foot
g Scheme Il arch foot
g ‘\‘\.“‘\‘
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= 61
2
=
)
> 8t
—-10L

Figure 10. Vertical displacement curves of transition section construction.

4.5. Analysis of Plastic Zone of Surrounding Rock

It can be seen from Figure 11 that the plastic strain extreme value of the two schemes
after the completion of the variable cross-section construction are 0.0169 and 0.0175, re-
spectively. The plastic zone is mainly distributed in the initial excavation section of the
small section, the transition section, and the excavation face of the large section. Through
comparison, it is found that Scheme I is more effective in inhibiting the development of the
plastic zone of the surrounding rock in the transition section. This situation will be more
beneficial to the stability of the surrounding rock.

SOLID STRAIN SOLID STRAIN
E-PLASTIC E-PLASTIC

40,0169
1.0%

40,0070
Lo%

40,0054

40,0043

)
%)
-

(b)

Figure 11. Distribution contour of plastic zone: (a) Scheme I, (b) Scheme II.

From the above analysis, the two expansion schemes can effectively connect the
excavation working surface. The problem of the inability to implement advanced support
is effectively solved. However, by comparing the numerical simulation results of the two
options, it is found that Scheme I can better suppress the deformation and stress changes of
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the surrounding rock. Therefore, Scheme I (supporting portal method) was used to expand
the upper steps at the variable cross-section of tunnel.

5. Field Monitoring Measurement Analysis
5.1. Field Monitoring Scheme

To understand the deformation and stress characteristics of the surrounding rock during
the construction of the variable cross-section tunnel, the tunnel section was monitored based
on the actual conditions on-site. The monitoring content and frequency of each monitoring
section refer to relevant specifications [36]. The arrangement of monitoring points is shown in
Figure 12. The selection of monitoring sections is shown in Table 2. The same section points
were arranged in the same mileage plane to ensure the accuracy of monitoring results. The
measuring points of different sections should be at the same position.

Archroof

Figure 12. Surrounding rock displacement monitoring point layout diagram.

Table 2. Monitoring measurement section selection.

Monitoring Content Small-Span Transition Section Large-Span
8 Monitoring Section Monitoring Section Monitoring Section
Arch roof settlement DK43 +110 DK43 + 150 DK43 + 180
. DK43 + 120 DK43 + 190
Arch waist convergence DK43 + 155
Arch foot convergence DK43 +130 DK43 + 160 DK43 +200
8 DK43 + 140 DK43 + 210

5.2. Analysis of Displacement Monitoring

Figure 13 is the variation law of the settlement value of the arch roof of each section
during the construction process, which is similar. Both increase sharply in the early stage
as the tunnel excavation face advances, increase slowly in the mid-term, and stabilize
about 28 days after construction and excavation. The final values of arch roof settle-
ment of each construction section are distributed in the range of 15.90 mm to 19.27 mm,
12.09 mm to 17.20 mm and 15.01 mm to 21.41 mm. After the tunnel is penetrated, the
differences between the maximum and minimum arch roof settlement values of each
construction section are 17.48%, 29.66%, and 29.92%, respectively. The differences in the
extreme arch roof settlement values of the transition section and the large-span section are
similar and larger than the small-span section.
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Figure 13. Time history curve of arch roof settlement displacement: (a) small-span section,
(b) transitional section, (c) large-span section.
It can be seen from Figure 14 that the waist convergence value in different construction
sections increases sharply within 0 to 6 days and slowly increases within 7 to 16 days.
Finally, the levels gradually converged and stabilized after 17 days. After the tunnel was
penetrated, the arch waist convergence values of the three construction sections stabilized
in the range of 9.90 mm to 15.58 mm, 3.24 mm to 5.31 mm, and 5.76 mm to 14.55 mm,
respectively. The differences between the minimum and maximum values are 36.52%,
38.86%, and 56.49%, respectively. The difference between the arch waist convergence
extreme values of the small-span section and the transition section is equal, and both are
smaller than that of the large-span section.
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Figure 14. Time history curve of arch waist convergence displacement: (a) small-span section,
(b) transitional section, (c) large-span section.

The conversion of different section-surface construction methods will cause large
changes in the displacement at the arch foot. The convergence at the arch foot of each
section of the two construction sections, the variable cross-section, and the large-span
section was analyzed. The time history curve of monitoring displacement is shown in
Figure 15. The changing trend of the arch foot convergence value of each section is the
same as the changing trend of the arch roof settlement and arch waist convergence. As the
tunnel excavation face advances, the arch foot convergence value shows a trend of rapid
increase in the early stage, slow increase in the middle stage, and gradually stable in the
later stage. The final values of arch foot convergence for the variable cross-section and
the large-span section are distributed in the range of 1.30 mm to 3.16 mm and 0.84 mm to
13.52 mm.
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Figure 15. Time history curve of arch foot convergence displacement: (a) transitional section,

(b) large-span section.

The field monitoring results were compared with the numerical simulation results.
The comparison results are shown in Table 3.

Simplifications and assumptions were made during the numerical simulation calcu-
lations. In actual tunnel excavation, there are often joints, cracks, and structural stresses
in the surrounding rock, which results in a certain gap between the field monitoring data
and the numerical simulation results. However, it can be seen from Table 3 that the small
numerical difference does not affect the change pattern of the three groups of displacements,
which also verifies the rationality of the numerical simulation. At the same time, the use
of lateral supports in the construction method inhibits the horizontal displacement of the
surrounding rock. The arch foot convergence value of each section is smaller than its arch
roof settlement and arch waist convergence values. The difference in field monitoring data
for arch foot convergence is smaller than that between arch roof settlement and arch waist
convergence. It also shows that the numerical simulation results of the convergence of the
arch waist and the arch foot are closer to the real construction situation.
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Table 3. Comparison of field monitoring and numerical simulation value (unit: mm).

Small-Span Section Transitional Section Large-Span Section
Displacement I : - I : - . ; -
Types Section Monitoring Simulated Deviation Section Monitoring Simulated Deviation Section Monitoring Simulated Deviation
Value Value Value Value Value Value Value Value Value
DK43 + 140 19.26 16.45 2.81 DK43 + 160 17.20 14.52 2.68 DK43 + 210 21.41 17.42 3.99
Arch roof DK43 + 130 17.02 12.46 4.56 DK43 + 155 16.78 14.13 2.65 DK43 + 200 18.93 16.97 1.96
settlement DK43 + 120 15.90 10.45 5.45 DK43 + 150 12.09 9.52 2.57 DK43 + 190 17.64 13.44 4.20
DK43 + 110 16.92 13.45 3.47 — — — — DK43 + 180 15.01 9.89 512
DK43 + 140 9.91 9.03 0.88 DK43 + 160 3.40 2.54 0.86 DK43 + 210 5.77 4.63 1.14
Arch waist DK43 + 130 14.57 13.68 0.89 DK43 + 155 5.32 5.24 0.08 DK43 + 200 10.65 8.99 1.66
convergence DK43 + 120 13.56 12.21 1.35 DK43 + 150 3.24 2.47 0.77 DK43 + 190 13.65 12.42 1.23
DK43 + 110 14.12 13.64 0.48 — — — — DK43 + 180 14.55 12.97 1.58
— — — — DK43 + 160 1.30 1.02 0.28 DK43 + 210 0.84 0.69 0.15
Arch foot — — — — DK43 + 155 2.76 2.64 0.12 DK43 + 200 6.48 591 0.57
convergence — — — — DK43 + 150 3.16 3.12 0.04 DK43 + 190 9.51 9.38 0.13

_ — — — — — — — DK43 + 180 13.52 12.45 0.98
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6. Conclusions

According to actual tunnel engineering, the mechanical effects of large-span variable
cross-section tunnels using different construction schemes were analyzed through numeri-
cal simulation. An optimized construction scheme was proposed to make the construction
more safe and rapid based on the research results. The conclusions are as follows:

(i) Based on the results of numerical simulation analysis, it is proposed to set up a transi-
tion section at the variable cross-section position. The three-step temporary inverted
arch method is used for construction. It was found that this solution could reduce the
vertical displacement of the arch roof in the variable cross-section section during exca-
vation. Establishing horizontal braces can better control the horizontal displacement
of the excavation tunnel face, and there is no large-area stress concentration. Due to
the headwall at the variable cross-section, the displacement of the right side wall at
the variable cross-section will increase. The deformation of the right side wall of the
widened section is weakened.

(ii) Inview of the difficulties in tunnel construction, two optimized expansion excavation
methods were analyzed, and the support portal method was selected for construction.
Through field implementation, it was found that this method can better connect the
excavation working surface and can also solve the problem of inability to implement
advanced support. No surrounding rock collapse occurred during the construction
process, effectively suppressing the deformation and stress changes caused by the
excavation of the tunnel face.

(iii) Through the compilation and analysis of field monitoring data, it was found that
the changes in the surrounding rock arch roof settlement, arch waist, and arch foot
convergence tend to be consistent. All showed a trend of rapid increase in the early
stage, slowing down in the mid-term, and gradually stabilizing in the later stage.
The feasibility and rationality of the numerical simulation results and optimized
construction scheme were verified. It solves the problem of stress concentration and
deformation of surrounding rocks near the variable cross-section position of the tunnel
that is difficult to control.

In general, the numerical calculation on a variable cross-section of a railway tunnel was
conducted in the study, and the construction scheme adopted can provide a reference for
similar projects. However, the stability of surrounding rock in variable cross-section tunnels
is related to many parameters. At the same time, factors such as geological conditions and in
situ stress will also impact the stability of the surrounding rock. Further research is needed
on constructing the variable cross-section of deeply buried tunnels under high-ground
stress. Moreover, the field monitoring of the surrounding rock should be strengthened to
ensure safe and efficient tunnel construction in complex geological environments.
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