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ABSTRACT Tunnels constructed in gas-bearing strata are affected by the potential leakage of harmful gases, such as
methane gas. Based on the basic principles of computational fluid dynamics, a numerical analysis was performed to
simulate the ventilation and diffusion of harmful gases in a shield tunnel, and the effect of ventilation airflow speed on
the diffusion of harmful gases was evaluated. As the airflow speed increased from 1.8 to 5.4 m/s, the methane emission
was diluted, and the methane accumulation was only observed in the area near the methane leakage channels. The
influence of increased ventilation airflow velocity was dominant for the ventilation modes with two and four fans. In
addition, laboratory tests on methane leakage through segment joints were performed. The results show that the leakage
process can be divided into “rapid leakage” and “slight leakage”, depending on the leakage pressure and the state of joint
deformation. Based on the numerical and experimental analysis results, a relationship between the safety level and the

joint deformation is established, which can be used as guidelines for maintaining utility tunnels.
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1 Introduction

When tunnels are constructed in gas-bearing strata, they
are affected by the potential leakage of harmful gases,
such as methane and sulfur dioxide. High levels of these
harmful gases can displace oxygen and nitrogen,
potentially causing health problems. In addition, methane
is highly flammable and explodes at concentrations
ranging between 5% and 15%. Many disasters induced by
methane leakage have been reported [1-8]. A sewage
tunnel was built in Shanghai near the Yangtze River, and
the release of shallow-buried methane caused a large
displacement of the strata, resulting in the fracture of the
tunnel [9,10]. During the geological investigation of
Hangzhou Metro Line 1 project, it was observed that
high-pressure methane was buried 15-30 m below the
ground level, and gas eruption and combustion occurred
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several times during the shield tunnel construction
[11,12]. A methane explosion occurred inside the
excavation chamber of an Earth pressure balance (EPB)-
tunnel boring machine (TBM) in Silivri-Istanbul, Europe,
resulting in varying degrees of injury of 10 people [6].
Therefore, it is necessary to investigate the ventilation
and diffusion of harmful gases in shield tunnels built in
gas-bearing strata [13—16].

Forced ventilation is the most effective and common
measure against harmful gas leakage in tunnels. Parra
et al. [17] established a computational fluid dynamics
(CFD) model to perform numerical analyses of different
ventilation systems in deep mines. The methane diffusion
characteristics obtained from analyses were compared
with different criteria. Sasmito et al. [18] analyzed the
methane distribution in a coal mine roadway using
numerical simulations, providing a reference for
optimizing ventilation systems to reduce gas
concentration. Other scholars have investigated the


https://doi.org/10.1007/s11709-023-0956-z

1012 Front. Struct. Civ. Eng.

ventilation systems of ordinary tunnels, and their methods
have reference significance for analyzing gas tunnel
ventilation. Camelli et al. [19] simulated the airflow in
subway tunnels and stations. They used spatial
complexity and temporal stability to quantify the airflow
dynamics. Amouzandeh et al. [20] developed a three-
dimensional CFD model to simulate fires in railway
tunnels under various ventilation conditions. Wei et al.
[21] evaluated the diffusion of harmful gases during the
construction of rock tunnels using numerical simulations.
They observed that the vortices near the tunnel face
significantly influenced the diffusion of harmful gases.
Kang et al. [22] used CFD software to simulate a tunnel
ventilation system and assessed the gas concentration
near the tunnel face. Kurnia et al. [23] simulated the
methane dispersion inside a mine tunnel and found that
the methane concentration could be reduced below the
safety level through appropriate ventilation. Fang et al.
[24] investigated the airflow behavior and hazardous gas
dispersion in the ventilation system of a twin-tunnel
structure. The results showed that local jet fans could
effectively eliminate the “dead zone” ahead of the cross-
aisle. Fang et al. [25] investigated the airflow near the
work face by constructing CFD models and predicted the
gas distribution in a gas tunnel structure. Li et al. [26]
developed a multicomponent Lattice Boltzmann Method
(LBM)-Large Eddy Simulation (LES) model to simulate
methane flow in tunnels and conducted a reduced-scale
tracer gas experiment to validate the numerical analysis.

Most of these studies focused on the diffusion of
harmful gases induced during mining or tunnel construc-
tion; however, few studies on the leakage and diffusion of
harmful gases through tunnel joints during tunnel
operation have been conducted. In this study, a steady-
state numerical analysis was performed to simulate gas
leakage through tunnel joints and the diffusion of harmful
gases in a shield tunnel in operation. In addition,
laboratory tests on methane leakage through segment
joints were performed to validate the numerical model.
On the basis of numerical and experimental analyses,
safety levels based on the joint deformations of the entire
tunnel segment were established.

working shaft in south
of the Yangtze River
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2 Methodology

2.1 Project description

This study was based on a utility tunnel constructed in
China. Geological investigation indicated that shallow-
buried methane existed under the Yangtze River bed. The
most frequent leakage channels of harmful gases in shield
tunnels are the segment joints [27,28]. If the gasketed
segment joints malfunction, high-pressure methane will
leak through the tunnel joints and, thus, affect the safety
of the entire tunnel. The outer diameter of the tunnel was
11.6 m, and its total length was approximately 5468 m.
The deepest point of the tunnel was approximately 80 m
below the water level (Fig. 1).

The cross-section of the tunnel was divided into several
chambers (Fig. 2), and most utility lines (for example,
high-voltage electricity lines) were installed in the upper
chamber. Several ladders existed between the upper and
lower chambers. The ventilation system consisted of six
fans (divided into three groups) located at the top of the
upper chamber (Fig. 2). Additionally, methane-monitor-
ing sensors were installed on the tunneling lining to
monitor the real-time methane concentration.

2.2 Mathematical formulation of gas flow in tunnel

In this study, the gases were assumed to be released from
the tunnel joints and dispersed by ventilation airflow to
simulate the leakage and diffusion of harmful gases
through tunnel joints during the tunnel operation. The
laws of conservation in physics govern the leakage and
diffusion processes of harmful gases, including the
conservation equations for mass, momentum, energy, and
species.
1) Conservation equation for mass

9p

5 +div(p¥) =0,

()

where p is the density, and ¥ is the flow velocity.
2) Conservation equations for momentum
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Fig. 1 Stratigraphic layer and division of shallow gas.
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Fig.2 Schematic of utility tunnel.

0
% (oV) + div (oviV) — div (u.div V) = divp’ + B,  (2)

where v; is a scalar of velocity vector ¥, . is the effective
diffusion coefficient, B is the sum of forces per unit
volume of fluid elements, and p’ is the pressure per unit
area of the fluid microelement after modification. p’ can
be defined as

2
P =p+5pk, 3)

3
where £ is the turbulent kinetic energy. In addition, the
effective diffusion coefficient, y., satisfies

“)

where u is the dynamic viscosity, and g, is the turbulent
viscosity.

The k—& model [16] assumes that the turbulent viscosity
is related to the turbulent kinetic energy k and turbulent
dissipation rate € as follows:

l’te :/'[+/lt9

C,pk*
l’lt = - ] (5)

&

where C, is an empirical constant. The turbulent kinetic
energy, k, and turbulent dissipation rate, &, were solved
using the following partial differential equations.

0 e
E (k) + div (okV) = div [(u + %) divk|+ P, —pe, (6)
k

P
= (pe)+div (pe) = div + Z (Co Py~ Coops),

(7

where o, and o, are the Prandtl numbers corresponding
to the turbulent kinetic energy k£ and dissipation rate &,
respectively, P, represents the influence of viscosity and
buoyancy, and C,, and C,, are empirical constants.

(,u + &)divs
(o

&

3) Conservation equation for energy

g (oT)+div(pVT) = div(?gradT) +ST, (8)

p

where ¢, is the heat capacity, k; is the heat transfer
coefficient of the fluid, and S 1 is the internal heat source.
4) Conservation equation for species

% (pc,) +div (pve,) = div(D,grad (oc,)) + S, Q)

where ¢, is the volume concentration of component s, pc,
is the mass concentration of the component, and D, is the
mass of the component produced during the chemical
reaction per unit volume within a unit of time in the
system, called productivity.

Ventilation air comprises three species: oxygen,
nitrogen, and methane. The specified mole fraction of
methane in this study was 0.85, according to the
geological investigation report. The interaction between
the species obeys the incompressible ideal gas law
proposed by Kurnia et al. [23].

2.3 Mathematical formulation of gas flow through segment
joints

Ren et al. [29] derived the governing equation of compres-
sible gas flow through the interface of two static rough
surfaces (Fig. 3), which can be expressed as

0 ( ph? ﬁﬁ) 0 ( ph’ 81_9)
2 -0,
ox

“12u ox " oy \"" 12u dy

where p is the average fluid pressure, / is the average
thickness of the liquid film, y is the viscosity of the fluid,
and ¢, and ¢, are the pressure flow factors in the x- and y-
direction, respectively. The pressure flow factors
represent the ratio of the average flow rate of the rough
surface to that of the smooth surface with the same
average thickness of the liquid film.

(10)
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Fig. 3

The average leakage rate of gases flowing through the
leakage channel between two rough surfaces can be
expressed by

I pi-p;
“24uR,T b

qn=9¢ (11)

where / is the length of the interface, R, is the gas
constant, b is the width of the interface (path length of the
gas leakage channel), and p, and p, are the gas pressures
at the entrance and exit of the interface, respectively.
According to Patir and Cheng [30], the following
pressure flow factors ¢ _can be derived:

—R(h/o

¢, = 1—De_R(”/ ), y<, (12)
¢.=1+De™", y>1,
where y is the eigenvalue characterizing the roughness
texture direction, D and R are the parameters related to 7,
and the root mean square of the combined root-mean-
square roughness, o, can be obtained using experimental
instruments.

The parameters for the gas flow in the segment joints
are listed in Table 1. These parameters were derived
according to Ren et al. [29].

Table 1 Parameters used in leakage rate computations

item oc(um) D R T(K) u(Pa-s)

030 1 054 293.15 1.81x107°

-
R, (kg K™
286.7

segment joints

2.7m
(a) (b)

Geometric characteristics of rough surfaces.

2.4 Establishment of model

Half of the upper-tunnel chamber was simulated in this
study owing to the symmetry of the tunnel (Fig. 4). This
part of the tunnel contained three high-voltage electricity
lines. The outer diameter of each line was 1.4 m, the
distance between the axes of the adjacent lines was 1.5 m,
and the center of the lowest line on the tunnel section was
1 m above the ground and 2.7 m from the symmetry plane
(Fig. 4(a)). Because the electricity lines were assumed to
be completely airtight, they were ignored in the numerical
simulations. As segment joints are the most frequent gas
leakage channel [27,28], a set of circumferential and
longitudinal joints was set as the inlet of the harmful
gases (Figs. 4(b) and 4(c)). The width of the joints was
set to 13 mm. The total lengths of the tunnel model of the
computational mesh for the two and three channels were
33 and 44 m, respectively. Six ventilation fans were
installed in the tunnel, which operated in four modes. The
ventilation airflow velocities were 0, 1.8, 3.6, and 5.4 m/s
for the operations of zero, two, four, and six fans,
respectively. In this study, ICEM was used to establish
the CFD model and mesh. Next, the CFD model was
imported into FLUENT software. The boundary
conditions of this model are as follows. (i) The pressure
at the entrance of the gas leakage channel was set to
0.4 MPa. (ii) At the inlet, the airflow velocities were 0,
1.8, 3.6, and 5.4 m/s based on the different ventilation
modes. (iii) At the circumferential joints of the segment

gas leakage
gas leakage channel

channel

©

Fig. 4 Schematic and computational domain of shield tunnel: (a) cross-section; (b) computational mesh of two channels;

(c) computational mesh of three channels.
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lining near the inlet, the gases were released under
pressure of 0.4 MPa along the circumferential and
longitudinal joints. (iv) At the outlet, the pressure was set
to the standard atmospheric pressure.

3 Numerical results and discussion

The computed leakage rates were defined as the mass
leakage rates through a leakage channel of 1 m in length.
A comparison between the numerical analysis and
laboratory test is shown in Fig. 5. The computational
results were consistent with the test results, particularly at
relatively low leakage pressures. When the leakage
pressure exceeded 0.6 MPa, the computed leakage rates

30
—8— numerical simulation
2.5 —e— laboratory test
g
£
5201
g
215
=
Q
g1or
8
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Fig. 5 Comparison between numerical simulation and

laboratory test values of leakage rate.
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Fig. 6 Distribution of methane concentration in tunnel with two leakage channels: (a) 1.8 m/s; (b) 3.6 m/s; (c) 5.4 m/s.
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deviated from the test results, but their variation trends
were still similar.

Figure 6 shows the distributions of methane concentra-
tion for different ventilation modes in the tunnel with two
leakage channels. The methane was mainly distributed
near the upper area of the tunnel segment, which is
consistent with the fact that the density of methane is
lower than that of air. In addition, when the ventilation
airflow velocity in the tunnel was 1.8 m/s, the methane
gas accumulated in the area near the tunnel segment
owing to buoyancy. As the airflow velocity increased to
5.4 m/s, the methane emission became diluted, and
methane accumulation was only observed near the
methane leakage channel. This indicates that ventilation
can sufficiently dilute methane emissions. However,
when the ventilation airflow velocity increased from 1.8
to 5.4 m/s, the maximum methane concentration decrea-
sed from 74.5% to 73.5%. This indicates that the
influence of ventilation on the maximum methane
concentration is limited because the maximum concentra-
tion occurs near the outlet of the leakage channel, which
is very close to the methane source.

Figure 7 shows the distribution of methane concentra-
tion in tunnel with three leakage channels in different
ventilation modes. The methane concentration
distribution shown in Fig. 7 is similar to that in Fig. 6.
The methane accumulated at the top of the tunnel owing
to buoyancy. With three leakage channels, most of the
methane emissions were diluted by the ventilation
system. Some of the methane accumulated in the area
Molef;a;;i:glfchd

7.02¢-01

6.66e-01
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near the segment joints. However, the distribution area
with methane concentration higher than 1% was
significantly larger than that in the case of two leakage
channels. This trend demonstrates that the leakage rate is
dominant in the accumulation area of methane. Because
of the high-voltage electricity lines installed in the tunnel,
it is necessary to dilute the methane emission to a safe

and acceptable level. When significant methane
accumulation is observed, the tunnel must be closed
immediately.

According to the Chinese standard, Technical standard
for supervision and alarm system engineering of urban
utility tunnel, the methane concentration limit for
personnel work and safe operation of electrical equipment
is 0.25%v/v. Accordingly, the distribution area where the
methane concentration exceeded 0.25%v/v was plotted
(Fig. 8). When two fans were in operation, the ventilation
airflow velocity was approximately 1.8 m/s, according to
the field monitoring data. The leakage rates of methane
through the segment joints were set to Q = 230, 390, and
550 mL-min ''m (Fig. 8). Methane accumulated in the
area near the inner wall of the tunnel, and the thickness of
the accumulation area at the top of the chamber was the
largest. In addition, the envelope thickness of the
accumulation area increased with an increasing leakage
rate, and the largest thickness was approximately 1.5 m at
the top of the chamber. In a ventilation mode of four fans
(v =3.6 m/s), the calculated distributions of methane with
a concentration exceeding 0.25% were plotted
(Figs. 8(d)-8(f)). The distribution pattern of methane
concentration is similar to the case of two fans (v

©

Fig. 7 Distribution of methane concentration in tunnel with three leakage channels: (a) 1.8 m/s; (b) 3.6 m/s; (c) 5.4 m/s.
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1.8 m/s). However, the thickness of the accumulation area
decreased at the top of the tunnel compared to the first
ventilation mode. Figures 8(g)—8(i) shows the distribution
of methane with a concentration exceeding 0.25% in a
ventilation mode of six fans (v = 5.4 m/s). The ventilation
effect of the six fans is similar to that of the four fans.
This indicates a negligible effect of adding ventilation
fans on the dilution in the accumulation area at the top of
the tunnel.

According to Chinese standards, for example,
Technical standard for supervision and alarm system
engineering of urban utility tunnel, Technical standard for
operation, maintenance and safety management of urban
utility tunnel, and Code for design of electrical
installations in explosive atmospheres, the safety of
tunnels can be divided into five levels based on the
methane concentration (volume fraction), as listed in
Table 2. For example, if the methane concentration is
lower than 0.25%v/v, the tunnel is suitable for onsite
work and safe for the operation of electrical utilities.
However, there is a risk of an explosion if the methane
concentration exceeds 2%v/v. Adequate safety measures
should be applied to ensure the methane concentration
decreases below the explosive limit.

The methane concentration at the location of the
methane-monitoring sensor (0.25 m below the top of the
tunnel lining) can be determined from the steady-state
numerical analysis. The relationship between the methane
concentration and the leakage rate is shown in Fig. 9.
When the two fans were operating, the methane
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Fig. 8 Distribution areas of methane concentration exceeding 0.25%v/v for different leakage rates (Q) and airflow velocities (v): (a) Q =

(¢) 0 =550 mL'min"'m” & v =18 m/s; (d) Q=

230 mL'min"'m™ & v = 3.6 m/s; () O = 390 mL-min"'m™ & v =3.6 m/s; () 0 = 550 mL'min""'m™ & v=3.6 m/s ; (g) O =
230 mL'min"'m ' & v=5.4 m/s; (h) 0 =390 mL'min "'m™' & v=75.4 m/s; (i) 0 =550 mL'min""'m ' & v=5.4 m/s.

Table 2 Safety levels based on methane concentration

safety level methane concentration (v/v) remark

1 <0.25% The environment is suitable for onsite work and safe for the operation of electrical utilities.

2 0.25%-0.5% Onsite workers should adopt protective measures, and the operation of electric utilities is still safe.

3 0.5%—-1% Onsite workers should adopt protective measures, but there are risks to the operation of electrical utilities.
4 1%—2% The methane concentration-monitoring alarm will be triggered.

5 >2% There are risks of explosion.

concentration sharply increased with the leakage rate.
When the leakage rate reached approximately 220
mL-min"*m”’, the methane concentration increased to
2%, which is the limit of safety level 5. Thus, the two
fans could not efficiently dilute methane in this case.
However, when four and six fans were activated, the

methane concentration decreased to 0.4% and 0.3%,
respectively, causing the tunnel to fall into safety level 2.
This indicates that the influence of increasing the
ventilation airflow velocity is more pronounced for the
ventilation modes with two and four fans than that with
six fans.
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Fig. 9 Variation in methane concentration with leakage rate
under ventilation conditions of different numbers of fans.

4 Experimental analysis of methane
leakage through segment joints

Figure 9 shows the relationship between the methane
concentration and the leakage rate. However, it is
challenging to directly measure the methane leakage rate
through tunnel joints. A more practical method is to
determine the potential relationship between the safety
level and the joint deformation, that is, the joint opening
(4) and joint dislocation (S). Hence, gas leakage tests
were performed (Fig. 10). The test apparatus consisted of
the following: (a) a segment joint model, including
sealing gaskets and concrete plates with gasket grooves;
(b) a reaction frame and load controller to control the
joint deformations; (c) a pump to drive high-pressure air
into the segment joint; (d) flowmeters to measure the
leakage rate; (e) temperature sensors; and (f) pressure
sensors. During the gas leakage tests, pressurized air was
applied to the gasket joint using the air pump after the
segment joint was subjected to loads and deformations.
The airflow rate was measured using the flowmeters.
Hence, the relationship between the methane leakage rate
and the joint deformation was determined.

As mentioned above, tests were conducted on the

hydraulic
g E = s [~ actuator I:l-l]
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performance of the gas leakage through segment joints.
The joint deformation state, that is, the joint opening (4),
joint dislocation (S), and leakage pressure, were the main
factors evaluated in the tests. The test setup parameters
are listed in Table 3.

The variation in the leakage rate with leakage pressure
during the entire test process is shown in Fig. 11. Most of
the tests initially indicated a minimal increase in the
leakage rate with increasing leakage pressure, followed
by a breakpoint. Hence, two types of leakage, “rapid
leakage” and “slight leakage”, were observed. These two
processes can be differentiated based on the relationship
between the leakage rate and the pressure (Fig. 11).

Both leakage types significantly differed in magnitude,
depending on the leakage pressure and the joint
deformation state (joint opening A and joint dislocation
S). As the pressure increased, the leakage rate increased
from 0.1 to 1.0 mL/min, and the process is called “slight
leakage.” The leakage rate significantly changed when it
exceeded 1.0 mL/min, and this process is called “rapid
leakage.” For large joint openings (openings exceeding 8
mm in width), the gas sealing behavior finally failed, and
“rapid leakage” occurred when the leakage pressure was
sufficiently high. However, at low leakage pressures, the
sealing gaskets exhibited good behavior, and only a
“slight leakage” occurred. For small joint openings, the
leakage rate was lower than 1.0 mL/min when the leakage
pressure was lower than 2.3 MPa.

By combining the results in Table 2 and Figs. 9 and 11,
with the geometry of the tunnel segments, the safety
levels based on the joint deformations of the entire tunnel
segment were identified (Table 4). All the numerical
analyses discussed in the previous section were based on
steady-state analysis. The safety level changed after the
tunnel underwent long-term deformations (Table 4). For
example, if the joint opening reaches 36 mm and the joint
dislocation reaches 24 mm, the tunnel will be at a
dangerous safety level with a risk of explosion. Hence,
the results presented in Table 4 can be used as guidelines
for maintaining shield tunnels passing through gas-
bearing strata.

controller

ol V
E e

flowmeter @. - sl

pressure sensor

reaction frame

> B \
P L )
#% , joint
‘< 1

, . simulator

air pump

(b)

Fig. 10 Schematic of gas leakage test setup: (a) test setup; (b) sealing gasket.
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Table 3 Test setup parameters

joint dislocation (mm)

0,10

test set joint opening (mm)

4,0,8,10,13, 15

test 2

——A=4mm, S=10 mm
—0—A=6mm,S=0mm —o—A4=6mm,S=10mm
—A—A=8mm,S=0mm ——A4=8mm,S=10mm
100 —v—A=10mm, S=0mm ——A4=10mm,S=10mm

——A=13mm, S=0mm —2—A4=13mm,S=10mm
105 *—A4=15mm,§=0mm —v—A4=15mm,S=10mm

——o—A=4mm, S=0mm

104
10°4
102_

leakage rate (mL/min)

0.0 05 10 15 20 25
pressure (MPa)

Fig. 11 Test results of air

deformations.

leakage induced by joint

Table 4 Joint openings and joint dislocations at different safety levels

safety methane joint opening joint dislocation
level concentration (v/v)

1 <0.25% A < 18 mm 0mm < S<8mm
2 0.25%—0.5% 18<4<24mm 8mms<S<I12mm
3 0.5%—1% 24<4<30mm 12mm < S<16mm
4 19%—2% 30<4A<36mm 16 mm < §<24mm
5 > 2% A>36mm S = 24 mm

5 Conclusions

When tunnels are constructed in gas-bearing strata, they
are affected by the potential leakage of harmful gases,
such as methane gas. The aim of this study was to
investigate the effect of methane leakage on the safety
level of shield tunnels in operation. Combined numerical
and experimental analyses were performed on the
leakage, ventilation, and diffusion of harmful gases in a
shield tunnel. Based on the findings, the main conclusions
are as follows.

(1) Methane was mainly distributed near the upper area
of the tunnel segment. This is consistent with the fact that
the density of methane is lower than that of air.

(2) As the airflow velocity increased from 1.8 to 5.4
m/s, the methane emission was diluted, and methane
accumulation was only observed near the methane
leakage channels.

(3) The numerical analysis showed that two fans could
not efficiently dilute the methane. However, when four
and six fans were activated, the methane concentration
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decreased to 0.4% and 0.3%, respectively. Hence, the
increase in the ventilation airflow velocity was more
dominant for the ventilation modes of two and four fans
than for that of 6 fans.

(4) Laboratory tests were performed on methane
leakage through segment joints to validate the numerical
model. The results showed a minimal initial increase in
the leakage rate with increasing leakage pressure,
followed by a breakpoint. Hence, this process can be
divided into “rapid leakage” and “slight leakage” stages,
depending on the leakage pressure and the joint
deformation state.

(5) Based on the numerical and experimental analysis
results, the relationship between the safety level and the
joint deformation (the joint opening and joint dislocation)
was established. This relationship can be used as a
convenient guideline for maintaining utility tunnels.

However, limitations existed in this study, including the
following. (i) The numerical analysis results require
improved validation. (ii) Some models in this study are
too ideal, so the actual situation of gas leakage in tunnels
should be considered. (iii) Parametric studies to
extensively investigate the ventilation and diffusion of
harmful gases in shield tunnels should be conducted.
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