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)e double-side heading method is often used in the construction of large-span and large-section tunnels. )e excavation of the
pilot tunnel is complex, so the construction efficiency is low. Based on the underground excavation tunnel project of a subway in
Guangzhou, the section excavation sequence of the traditional double-side heading method is optimized according to the actual
situation. Midas/GTS software is used for finite element analysis, the displacement and internal force of ground settlement and
support structure under two different section excavation sequences are calculated, and the calculation results are compared with
the field monitoring data. )e calculation results show that the influence of the two excavation sequences on the displacement of
the supporting structure is not much different, but the influence on the internal force of the supporting structure is obviously
different. )e stress value of the supporting structure caused by the optimized excavation sequence is larger, especially the
temporary inverted arch, but it is within the controllable range. )e optimized excavation sequence increases the construction
work surface, greatly improves the construction efficiency, and reduces the project cost, which can provide a reference for the
construction of urban subway tunnels under similar engineering conditions in the future.

1. Introduction

With the rapid development of urban transportation facil-
ities, more and more tunnel projects have emerged. Due to
the relatively dense population and buildings on the ground
in the city, many underground pipe piles foundations, and
subway lines, tunnel engineering has high requirements for
construction safety, and any carelessness may result in an
accident [1, 2]. )e construction of an underground tunnel
will disturb the surrounding buildings (structures), which
will lead to the deformation of buildings, and even threaten
the life safety of relevant personnel in serious cases [3–5].
)erefore, the deformation and stability control of the
underground tunnel is the key technical links in urban
tunnel engineering [6–9].

Compared with other tunnel excavation methods, the
double-side heading method has advantages in controlling

surface subsidence and surface horizontal displacement
[10–12]. For the double-side heading method, many scholars
at home and abroad had in-depth studies on the safety and
stability of the structure [13–17], soil particle properties
[18–22], and the deformation law of the surrounding rock
[23–25] in the construction process using the methods of
field monitoring [26–28], model experiment [29–31], and
numerical simulation analysis [32–34], but there are few
studies on the optimization of the construction method. Due
to the number of excavation sections, complex construction
process, high construction cost, and slow construction speed
of the double-side heading method, it needs to be optimized
[35]. Zeng [36] optimized the excavation section of the
double-side heading method, increased the area of the upper
excavation section, and improved the construction effi-
ciency; Yang et al. [37] optimized the supporting structure of
the tunnel crossing the pebble soil layer, which well
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controlled the surface settlement and reduced the con-
struction risk; Li et al. [38] optimized the construction step
of double-side heading method, adopted the excavation
form of upper and lower sections, reserved core rock pillars
in the middle soil layer, accelerated the construction
progress, and improved the overall stability of the tunnel.

)e influence of the construction step on supporting
structure has not been discussed in-depth in the above
studies. Based on this, an underground excavation tunnel of
a subway station in Guangzhou is taken as the engineering
background of this article. )e tunnel has a large cross-
section, and there is a large height difference between the
lower pilot tunnel of the transverse passage and the upper
pilot tunnel of the main line tunnel when the construction is
completed. It is difficult to transport workers, machines, and
materials. )erefore, the excavation sequence has been
optimized. Midas/GTS software was used for finite element
analysis. Combined with the field monitoring data, the
displacement and internal force of the supporting structure
under different excavation sequences were compared to
analyze the safety and stability of the structure. Finally, a
reasonable excavation sequence was selected after careful
consideration of construction cost, construction period, and
construction safety. )e optimized construction scheme not
only ensured the safety and stability of tunnel structure but
also greatly improved the construction efficiency, which
provides some reference for tunnels under similar engi-
neering conditions.

2. Engineering Overview

)e underground excavation tunnel interval is located at
about 300m east of the intersection of West side of
Whampoa Avenue and Xiancun Road, which is connected to
the east end of Xiancun Station. Two open-cut shafts were
set up, and the rest were underground excavation channel.
)e left line is 163.845m long and goes through the
Whampoa Avenue Tunnel in parallel, and the vault is about
16.9m from the bottom of the Whampoa Avenue Tunnel.
)e right line is 51.72m long and is laid below the south side
of Whampoa Avenue, and the vault is about 25m from the
ground. )e crossover between the left and right lines is
37.35m long. )e general layout of the underground ex-
cavation tunnel interval is shown in Figure 1.

)e construction method for the tunnel adopted the
double-side heading method. )e construction sequence
was to excavate the upper section, construct the supporting
structure, and then excavate the lower section after the
construction of the upper section was completed. )e daily
footage of construction was 1m. )e finite element model
was modeled and analyzed based on this working condition.

3. Construction Optimization Scheme

)e main principle of the double-side heading method is to
divide the large section of the tunnel into small sections
using the middle wall, and each small section can be divided
into upper and lower pilot tunnels to avoid stress concen-
tration. )e specific section is shown in Figure 2. )e

common excavation sequence of sections is that the left and
right sections are constructed first and the support system is
formed in time, and then the middle section is constructed,
namely, ①-④-②-⑤-③-⑥. )e optimized excavation se-
quence of the section is to excavate the upper left and right
pilot tunnels first, then the upper middle pilot tunnel, then
the lower left and right pilot tunnels, and finally the lower
middle pilot tunnel, namely, ①-②-③-④-⑤-⑥.

4. Numerical Simulation

4.1. CalculationModel and Boundary Conditions. )emodel
strata from top to bottom were plain fill, medium coarse
sand, plastic residual soil, strongly weathered pelitic silt-
stone, moderately weathered pelitic siltstone, and slightly
weathered pelitic siltstone. )e model included shaft,
transverse passage, main line tunnel, and foundation pit
above the tunnel. According to Saint-Venant’s principle,
when the size of the model is 3 to 5 times the tunnel span, the
influence of the boundary effect on the model can be ignored
[39].)erefore, the boundary of the overall model was 120m
in theX direction, 140m in the Y direction, and 50m in the Z
direction. )e total number of model elements was 130161,
and the total number of mesh nodes was 76573, as shown in
Figure 3.

4.2. Material Constitutive and Parameters. )e
Mohr–Coulomb constitutive model was adopted for plain
fill, medium coarse sand, plastic residual soil, and strongly
weathered pelitic siltstone [40]. )e moderately weathered
and slightly weathered pelitic siltstone adopted the modified
Mohr–Coulomb constitutive model because of their rela-
tively complete rock structure and hard rock quality. Sup-
porting structures such as shotcrete, bolt, grid steel frame,
and section steel adopted the elastic constitutive model. )e
physical and mechanical parameters of each material are
shown in Table 1.

)e initial support of transverse passage and tunnel
adopted the form of grid steel frame and shotcrete, and the
elastic modulus of initial support was calculated by the
method of stiffness equivalence [41]. )e equivalent elastic
modulus of initial support was calculated to be 25.382Gpa,
and the equivalent elastic modulus of the temporary support
was 29.064Gpa.

4.3. Simulated Construction Steps. )e original construction
scheme and the optimized construction scheme were
compared using numerical simulation. )e original con-
struction scheme was scheme I and the optimized con-
struction scheme was scheme II. )e specific construction
steps of scheme I were as follows (S stands for construction
steps).

(1) Initial stress field analysis (IS): activate the original
strata, gravity, and boundary condition in the nu-
merical model and cleared the displacement to
simulate the state when the tunnel was not excavated.
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(2) Excavate shaft and foundation pit and construct the
supporting structure (S2)

(3) Excavate the upper (S3–S40), middle (S41–S78), and
lower (S79–S116) pilot tunnels of transverse passage
and construct the supporting structure

(4) Excavate the 1 and 2 (S117), 4 and 5 (S118), 3 (S119),
and 6 pilot tunnels (S120) of the mainline tunnel in
sequence, and the supporting structures of each pilot
tunnel were constructed after one construction step
Repeat the above steps until the construction was
completed; scheme I included 159 construction steps
in total.

)e specific construction steps of scheme II were as
follows:

(1) Initial stress field analysis (IS): activate the original
strata, gravity, and boundary condition in the
numerical model and clear the displacement to
simulate the state when the tunnel was not
excavated.

(2) Excavate the shaft and foundation pit and construct
the supporting structure (S2).

(3) Excavate the upper (S3–S40) and middle (S41–S78)
pilot tunnels of transverse passage and construct the
supporting structure.

Figure 1: General layout of underground excavation tunnel interval.
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Figure 2: Construction process of double-side heading method.
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Figure 3: Double-side heading method model. (a) Overall model. (b) Main tunnel model.
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(4) Excavate the 1 and 2 (S79) and 3 pilot tunnels (S80)
of the main line tunnel in sequence, and the sup-
porting structures of each pilot tunnel were con-
structed after one construction step.

(5) Repeat the above steps until the construction of the
upper section of main line tunnel is completed
(S79–S99).

(6) Excavate the lower (S100–S137) pilot tunnel of
transverse passage and construct the supporting
structure.

(7) Excavat the 4 and 5 tunnels (S138) and 3 pilot
tunnels (S80) of main line tunnel in sequence, and
the supporting structure of each pilot tunnel were
constructed after one construction step;

Repeat the above steps until the construction was
completed, and scheme II included 159 construction steps in
total.

5. Results

5.1. Analysis of Surface Settlement of Transverse Passage.
After simulation calculation, the surface settlement curve of
the transverse passage with the construction steps as the
abscissa was drawn, as shown in Figure 4, where the
monitoring section is Y� 70m.

Figure 4 shows that the final surface settlement of the
transverse passage is 11.77mm. )e biggest impact on the
surface settlement of the transverse passage was the exca-
vation of the upper pilot tunnel of the transverse passage,
and the settlement value was about 8.22mm, accounting for
69.8% of the total settlement value. )e second was the
excavation of the upper pilot tunnel of the main line tunnel,
and the settlement value increased from 9.19mm to
10.99mm, accounting for 15.3% of the total settlement
value. )e excavation of the middle and lower pilot tunnels
of the transverse passage and the lower pilot tunnel of the
main line tunnel had little impact on the surface settlement
of the transverse passage. )e reason was that the initial
support was timely constructed after the excavation of the
upper section, which played a role in supporting and lim-
iting the vertical displacement of the soil. )erefore, the
excavation of the upper pilot tunnel of the transverse passage

was a key construction process, and monitoring should be
strengthened during on-site construction.

)e surface settlement data of the transverse passage at
section Y� 70m in the numerical model was selected for
comparison and analysis with the field monitoring data. )e
on-site construction progress was that the construction of
the upper pilot tunnel of the transverse passage had been
completed, and the middle pilot tunnel had been excavated
for 6m. )e comparison results are shown in Figure 5.

Figure 5 shows that the trend of the surface settlement
results of the transverse passage in the field monitoring data
and numerical simulation was basically the same, but the
settlement value of field monitoring was larger than the
numerical simulation. )e final settlement value of field
monitoring was 13.69mm, which was 66.6% larger than the
result of the numerical simulation. )e reason why the
numerical simulation results were small was that the model
ignored the influence of groundwater [42, 43]. Only self-
weight stress was considered in rock and soil mass, and the
influence of tectonic stress was ignored. )e deformation of
rock and soil mass was considered to be isotropic. )ese
simplifications and assumptions made the numerical sim-
ulation results smaller than the actual settlement value.

5.2. Displacement Analysis of Initial Support of Tunnel.
)e displacement value of initial support was extracted
according to the monitoring points shown in Figure 6, where
the monitoring surface was located at X� 50m and the
corresponding tunnel excavation distance was 10m. Figure 7
shows the displacement diagram of initial support under
different schemes. As can be seen from the figure, the set-
tlement value from large to small of the tunnel was vault,
spandrel, hance, and arch foot. )e settlement value of the
right initial support was slightly larger than that of the left
because there was a foundation pit above the left initial
support, which reduced the soil press upside, so the set-
tlement of the left initial support was smaller. For scheme I,
when the excavation surface did not reach the monitoring
surface, some areas of the monitoring point had slight
displacement. After the excavation reached the monitoring
surface, the displacement of the initial support increased
with the advancement of the excavation surface and finally
tended to be stable.

Table 1: Physicomechanical parameters of material.

Material name Elastic modulus/
(MPa)

Bulk density/(kN/
m3)

Cohesion/
(kN/m2)

Internal friction angle/
(°)

Strata thickness
/(m)

Plain fill 12.6 19.0 10.0 9.0 3.2
Medium-coarse sand 16.0 20.0 0 30.0 2.0
Plastic residual soil 22.0 22.0 18.6 18.0 14.6
Strongly weathered pelitic siltstone 50.0 21.0 45.0 30.0 10.0
Moderately weathered pelitic
siltstone 200.0 25.6 180.0 32.0 2.2

Slightly weathered pelitic siltstone 400.0 26.0 450.0 35.0 18.0
C25 shotcrete 23000.0 25.0
Initial support 25383.0 25.0
Temporary support 29064.0 25.0
Bolt 206000.0 78.5

4 Advances in Civil Engineering



For scheme II, the influence of tunnel excavation on the
initial support was divided into two parts. )e first part was
the excavation of the upper section of the tunnel. At this
time, the vault and spandrel had a large settlement, and the
settlement of the hance was small. )e second part was the
excavation of the lower section of the tunnel, which had a
small impact on the overall initial support. )e excavation of
the lower pilot tunnel of the transverse passage had little
effect on the displacement of the tunnel initial support. )e

final displacement values of each monitoring point of tunnel
initial support under different construction schemes are
shown in Table 2.

Table 2 shows that the settlement values of the vault and
left and right arch feet in scheme II were 4.6%, 77.8%, and
44.1%, lower than those in scheme I, while the settlement
values of the left and right spandrels and hance were 16.4%,
17.7%, and 56.1%, 58.9% higher than those in scheme I,
respectively, and the uplift value of the arch bottom was
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3.5% higher than that in scheme I. )e displacement values
of the hance and arch foot of the two construction schemes
were quite different. )e reason was that scheme I was to
excavate the sections on both sides first and then excavate
the middle section after the initial support on both sides
forms a closed loop; scheme II was to excavate the upper
section first and then excavate the lower section after the
upper section was completed. )e support construction

sequences of the two construction schemes were different,
so the stress conditions of the hance and arch foot were
quite different, and the final settlement value was also quite
different.

To sum up, the displacement law of initial support
caused by different excavation sequences was roughly the
same. Scheme II had a slightly greater impact on the dis-
placement of initial support, but within the controllable

Figure 6: Layout diagram of initial support monitoring points.
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Figure 7: Time-history curves of tunnel initial support displacement under different schemes. (a) Time-history curve of tunnel initial
support displacement in scheme I. (b) Time-history curve of tunnel initial support displacement in scheme II.
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range. )e excavation of 3-pilot tunnel was a key con-
struction process, so it needed to do well in advance support
and timely constructed initial support to control the vertical
displacement. )e excavation of the lower pilot tunnel of the
transverse passage had little effect on the completed tunnel
support.

5.3. Stress Analysis of Tunnel Supporting Structure.
Figure 8 shows the cloud diagram of the major principle
stress of supporting structure when the tunnel excavation of
different schemes was completed. As seen from the figure,
the major principal stress distribution and value of the
tunnel supporting structure of the two schemes were basi-
cally the same. In terms of initial support, most of the
spandrel and hance were compressed, and a small part was
tensioned at the front of the tunnel. Most of the vault and
arch bottom were compressed, and a small part was ten-
sioned at the end of the tunnel. In terms of temporary
support, most of the temporary inverted arch and the middle
wall were tensioned; the part of the temporary inverted arch
near both ends of the tunnel and the middle wall near the
temporary inverted arch would be compressed. )e stress
value of the middle wall of the tunnel was greater than that of
the temporary inverted arch, and the stress value of the
upper middle wall was greater than that of the lower middle
wall.

5.3.1. Initial Support of 1-Pilot Tunnel. )e stress value of
initial support was extracted according to the monitoring
points shown in Figure 9, where the monitoring surface was
located at X� 45m, and the corresponding tunnel excava-
tion distance was 5m. As seen in Figure 8, the stress value of
the initial support was symmetrical, so only the left initial
support was selected for analysis.

Figure 10(a) shows the time-history curve of initial
support stress of the 1-pilot tunnel in scheme II. As seen
from the figure, the stress value of the initial support of the 1-
pilot tunnel decreased with the excavation of the upper
section, and the stress value changed from positive to
negative when the excavation reached the end of the upper
section. )en, the lower pilot tunnel, different from the
transverse passage, was excavated, and the excavation on the
side close to the tunnel would slightly increase the com-
pressive stress of the initial support. After the excavation
surface passed through the tunnel surface, the stress value of
the initial support remained stable. Finally, the lower section
of the tunnel was excavated. When the excavation surface
had not reached the monitoring surface, the compressive
stress value of the initial support increased with the section
excavation. After the excavation surface passed through the

monitoring surface, the stress value of the initial support
basically remained stable.

)e time-history curves of the initial support stress of
the 1-pilot tunnel of two schemes were compared. Since
the excavation of the lower pilot tunnel of the transverse
passage had little effect on the stress value of the initial
support, this part of the data was discarded during the
comparison, and the construction steps were reordered.
)e comparison of the time-history curve of the initial
support stress of the 1-pilot tunnel in the two schemes is
shown in Figure 10(b). It could be seen that the variation
law of stress value of the initial support of the two
construction schemes was basically the same. )e stress
values of each monitoring point of tunnel initial support
under different construction schemes are shown in
Table 3. As can be seen from the table, the maximum
tensile stress of scheme II was 7.7% higher than that of
scheme I, and the maximum compressive stress was 240%
higher than that of scheme I. )erefore, the first con-
struction of the supporting structure on both sides could
timely distribute the surrounding rock pressure to the
lower support, reduced the stress value on the initial
support, and was more conducive to the safety of the
structure.

5.3.2. Temporary Inverted Arch of 1-Pilot Tunnel. )e stress
value of the temporary inverted arch was extracted
according to the monitoring points shown in Figure 9. As
can be seen from Figure 11, the stress value of the tem-
porary inverted arch of the 1-pilot tunnel in scheme I
increased rapidly during early excavation and then de-
creased slowly with tunnel excavation. )e stress value of
the temporary inverted arch of the 1-pilot tunnel in scheme
II increased continuously when excavating the upper
section of the tunnel and reached the peak when excavating
the end of the upper section. )en, the excavation of the
lower section of the tunnel would rapidly reduce the stress
value of the temporary inverted arch and continue to
decrease with the excavation. As shown in Table 3, the
maximum stress value and the stress value at the com-
pletion of tunnel excavation of the temporary inverted arch
in scheme II were 173% and 101% higher than those in
scheme I, respectively. )e stress value of the temporary
inverted arch in scheme I would be much less than that in
scheme II because the supporting structure on both sides
was excavated first. )e stress value of the temporary
inverted arch in scheme I would be much less than that in
scheme II because the supporting structure on both sides
was excavated first, and the stress system of the closed space
could be formed more quickly.

5.3.3. Middle Wall of 1-Pilot Tunnel. As can be seen from
Figure 12, the overall trend of the stress value of the
middle wall in 1-pilot tunnel of the two schemes in-
creased first and then decreased slowly. )e difference
was that scheme II would cause disturbance to the middle
wall when excavating the upper and lower sections, re-
spectively, and the stress value had two fluctuation points.

Table 2: Final displacement value of monitoring points in initial
support of tunnel unit: mm.

Scheme ① ② ③ ④ ⑤ ⑥ ⑦ ⑧
I −13.4 −6.1 −6.8 −2.0 −2.4 −0.6 −0.9 1.4
II −12.8 −7.0 −8.0 −3.1 −3.8 −0.4 −0.6 1.5
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(a)

(b)

Figure 8: Different schemes of tunnel supporting structure major principle stress cloud diagram. (a) Tunnel supporting structure major
principle stress cloud diagram of scheme I. (b) Tunnel supporting structure major principle stress cloud diagram of scheme II.

Figure 9: )e stress value monitoring point layout of supporting structure.
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Figure 10: Time-history curve of initial support stress of 1-pilot tunnel. (a) Time-history curve of the initial support stress of 1-pilot tunnel
in scheme II. (b) )e comparison of time-history curve of the initial support stress of 1-pilot tunnel in the two schemes.

Table 3: Stress value of each monitoring point of tunnel supporting structure unit: MPa.

Scheme
Maximum

stress value of
initial support

Stress value at the
completion of
initial support
excavation

Maximum stress
value of
temporary

inverted arch

Stress value at the
completion of

temporary inverted
arch excavation

Maximum
stress value of
middle wall

Stress value at the completion of
middle wall excavation

I 0.39 −0.05 1.95 0.72 7.77 6.17
II 0.42 −0.17 5.33 1.45 8.73 6.51
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As shown in Table 3, the maximum stress value and the
stress value at the completion of tunnel excavation of the
middle wall in scheme II were 12.4% and 5.5% higher
than those in scheme I, respectively.

To sum up, the stress values of initial support and
temporary support in scheme II were higher than those in
scheme I, but both were within the controllable range.
)erefore, when scheme II was adopted for construction,
it was necessary to strengthen the monitoring of the
supporting structure, especially the temporary inverted
arch, to ensure the construction safety.

5.3.4. Overall Comparison. Figure 13 shows the overall
stress diagram of the tunnel support structure when the
tunnel was excavated at 10m according to different schemes.
)e stress of the tunnel support structure in scheme I was
small in the spandrel, hance, and temporary inverted arch,
and the stress was mainly concentrated in the vault, middle
wall, arch foot, and arch bottom.)emaximum tensile stress
was 7.71MPa located in the middle wall on the right side.
)e maximum compressive stress was −0.65MPa located in
the initial support on the right side. Because of the con-
struction off the upper part of the supporting structure only,
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the stress of hance and temporary inverted arch in scheme II
were larger than that in scheme I. )e maximum tensile
stress was 9.86MPa located in the temporary inverted arch
on the right side. )e maximum compressive stress was
−0.98MPa located in the initial support on the right side.
)erefore, the lower part of the structure could share the
load of the upper part of the structure and improve the safety
and stability of the overall structure.

6. Conclusion

According to the numerical simulation data, after analyzing
the surface displacement, displacement, and stress charac-
teristics of the supporting structure of the double-side
heading method under different excavation sequences, the
conclusions were as follows:

(1) By comparing the numerical simulation date and
monitoring data of transverse passage surface set-
tlement, it could be seen that the variation law of
surface settlement between the two methods was the

same, which showed that the simulation of the de-
formation law of the stratum by this model was
basically consistent. Based on this model, the exca-
vation sequence of the double-side heading method
could be qualitatively researched.

(2) Compared with the original construction scheme,
the optimized construction scheme had a higher
impact on the supporting structure, especially the
temporary inverted arch, but it was within the
controllable range. )e optimized construction
scheme first excavated the upper section of the
tunnel and then the lower section, which solved the
problems of the large height difference in the tunnel
and difficulty in transporting workers, machines, and
materials, increased the construction work surface,
greatly improved the construction efficiency, and
shortened the construction period. )e optimized
construction scheme can provide a reference for the
construction of urban subway tunnels under similar
engineering conditions in the future.

(a)

(b)

Figure 13: Overall stress diagram of the tunnel support structure. (a) Overall stress diagram of the tunnel support structure in
scheme I. (b) Overall stress diagram of the tunnel support structure in scheme II.
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