o.)

Check for
updates

Ko [ Sme]

Available online at www.sciencedirect.com

ScienceDirect

Underground Space

Underground Space 9 (2023) 1-19 Ve
www.keaipublishing.com/undsp

Study on the long-term performance of shield tunnel passing
through the gas-bearing strata

Jie He ", Xiangyang Wei *°, Mei Yin *"%

# College of Civil Engineering, Tongji University, Shanghai 200092, China
®State Key Laboratory for Disaster Reduction in Civil Engineering, Tongji University, Shanghai 200092, China
€ Key Laboratory of Geotechnical and Underground Engineering of Ministry of Education, Tongji University, Shanghai 200092, China
4 Civil and Environmental Engineering Department, Brunel University London, London UBS 3PH, UK

Received 11 May 2022; received in revised form 15 July 2022; accepted 21 August 2022
Available online 27 September 2022

Abstract

When the shield tunnel passes through the gas-bearing strata, gas and water leakage may occur depending on the sealing performance
of the segment joints. This process involves the complex multiphase seepage flow phenomenon in unsaturated soil. In this study, a fully
coupled solid-liquid-gas model of the GIL Utility Tunnel was established to investigate the influence of the high-pressure gas on the
mechanical properties of the tunnel segments and joints. The constitutive model of the Extended Barcelona Basic Model was imple-
mented to simulate the effect of the seepage process on soil deformation. The results show that significant upward displacement occurred
in the gas reservoir and its overlying strata, and the maximum displacement reached 30 mm. In addition, during the leakage of the gas
and the water, an increase in the average soil effective stress was observed. It would induce a reduction in the suction and expansion of the
yield surface. The tunnel tended to be stable from 20 years onwards, thus the soil deformation due to the water leakage only occurred at
the early stage. In addition, the joint opening under the most unfavorable internal force combination was 0.69 mm, and the correspond-
ing bolt stress was 119.5 MPa, which is below the yield limit. The results of this study help to understand the influence of high-pressure
gas on tunnel safety and the sealing performance of the joints.
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1 Introduction

Natural gas widely exists in the Yangtze River Delta of
China. The existence of the gas-bearing strata poses a cer-
tain threat to the construction of underground infrastruc-
tures (Ding et al., 2017; Gong et al., 2018; Zhu et al.,
2022). An engineering accident in the Hangzhou Metro
Line 1 project in China reported by Guo et al. (2010),
was induced by the high-pressure natural gas underneath
the tunnel. In addition, the threat of the shallow gas-
bearing strata was also found during the construction of

* Corresponding author at: Civil and Environmental Engineering
Department, Brunel University, London, UK.
E-mail address: mei.yin@brunel.ac.uk (M. Yin).

https://doi.org/10.1016/j.undsp.2022.08.001

the Chongming Cross-River Tunnel in Shanghai (Guo
et al., 2013, Zhu et al., 2022). During the tunneling in
gas-bearing strata, some explosion accidents happened
after the gas gushed into the tunnel and reached the
explosion limit (e.g., Wuluo Road No. 1 Tunnel, Sichuan;
Qishanyan Tunnel, Guizhou; Tunnel of Yangjiahe
Hydropower Station, Shaanxi; and Zhaxi Tunnel,
Yunnan). In the recent project of Sutong GIL Utility
Tunnel, the geological investigation report revealed the
potential risks due to the shallow gas-bearing strata,
where the high-pressure gas and water may leak through
the segmental joints. Therefore, it is necessary to investi-
gate the influence of the high-pressure gas on the mechan-
ical properties of the tunnel segments and joints prior to
the construction.
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A series of research has been carried out on the model-
ing of the shallow gas-bearing strata. However, the mecha-
nism of the migration of the gases as well as its effects on
the coupled solid-liquid-gas properties of the underground
infrastructures is still not clear. The migration process of
the gas in the gas-bearing strata involves the complex mul-
tiphase seepage flow, which can be considered a multi-
physics coupling problem in unsaturated soils (Yang,
1992). Biot (1941) firstly established a fully coupled
hydro-mechanical model to simulate the consolidation of
the saturated soil. As for the unsaturated soil, Bishop
(1959) established the effective stress model of the unsatu-
rated soil, considering the gas and water pressures in the
soil. Alonso et al. (1990) and Pedroso and Farias (2011)
introduced effective stress and suction as two independent
stress variables into the constitutive model of the unsatu-
rated soil, which is able to simulate the soil collapse behav-
ior due to wetting. On the other hand, a series of numerical
analyses have been performed on the multiphase seepage
flow. Yang (1992) developed a two-dimensional general-
ized consolidation nonlinear numerical model of the unsat-
urated soil. Based on Fredlund’s unsaturated soil theory,
Liao and Jian (2008) conducted a numerical study on the
multiphase seepage flow and the surface settlement due to
the precipitation in deep foundation pit excavation. Cai
et al. (2013) simulated the thermo-hydro-mechanical cou-
pling process of high-level radioactive waste disposal based
on the finite element method. Nagel and Meschke (2010)
established a three-phase fully coupled finite element model
considering the interaction between the soil skeleton, the
pore water, and the air of the partially saturated soil. This
model was used to simulate the compressed air support in
tunneling. Wang et al. (2018) proposed a numerical model
for the gas-bearing ground and applied it to the analysis of
the ground deformation due to the controlled gas release in
Hangzhou Bay of China. It was shown that the main defor-
mation of the reservoir sand was caused by the increase of
net mean stress induced by the reduction of the gas pres-
sure in the reservoir. Qi et al. (2018) developed a solid-
liquid-gas coupling model to simulate the harmful gas
eruption in shield tunneling. Using this model, the harmful
gas eruptions in the shield construction could be predicted.
Feng et al. (2021) established a solid-liquid-gas coupling
model to study the influences of the gas on the tunnel seg-
ment and the adjacent soils due to the gas leakage under
the assumption that the shape of the gas pocket was simpli-
fied as a sphere in the numerical model.

Although several numerical studies have been carried
out on the fully coupled solid-liquid-gas behavior of the
unsaturated soil, studies on the effects of the high-
pressure gas on the mechanical properties of the tunnel seg-
ments and joints are rarely reported. In this paper, a fully
coupled solid-liquid-gas model is established to investigate
the migrations of the high-pressure gas and water, as well
as their influences on the mechanical properties of the tun-
nel linings. Different from the gas storage mode of pocket,
the biogas occurrence state is assumed as a “‘gas reservoir”

mode in this study. The results have also been used to eval-
uate the safety of the tunnels and the sealing behavior of
the segment joints.

2 Fully coupled solid-liquid-gas model
2.1 Mass and momentum conservation equations

The unsaturated soil comprises the solid phase (s), the
liquid phase (w), and the gas phase (g), which can be equiv-
alent to the three-phase continuous medium. The continu-
ity equations can be established based on the principle of
mass conservation (Hu, 2013). For each phase ¢
(&€ =s,w, g), define the volume fraction n; and the intrinsic
density p: as

dv®

ng = 57 (13)
dm¢

Pe = mv (lb)

where dv¢ is the volume of the phase &, dv is the total vol-
ume, and dm¢ is the mass of the phase ¢. Define the satura-
tion as S = ny/(ny + ny), the porosity as ¢ = ny + n,, and
the void ratio as e = (ny + ny)/ns.

According to the principle of mass conservation,

¢

a(ﬂz”:) + peneV vt =0, (2)
where v¢ is the velocity of the phase ¢.

For the solid phase, ¢=s, n;=1-—¢, and
p, = constant, and Eq. (2) can be written as

d*¢ .

dl—(l—q’))V-v—O. (3)
As for the liquid phase, {=w, ny=¢S, and

p,, = constant, thus

dv w

—(py®S) + pypS V- »" =0. (4)

dz

Take the solid phase as the reference configuration, then

dS WS S
3 (Pu®S) + V- (pudS¥™) + pydpS Vv =0 (5)
where v** = v — »v* is the velocity of the liquid phase rela-

tive to the solid phase. Define the Darcy velocity as

~WS§

v = ¢Sv™ and introduce the generalized Darcy’s law:
~WS Kkrw
vV = - (va - pwg)a (6)

W

where k is the soil intrinsic permeability tensor, k., is the
relative permeability of the water phase, p, is the water
phase dynamic viscosity, p,, is the water pressure, and g
is the gravity acceleration.

By substituting Egs. (3) and (6) into Eq. (5), it yields the
following equation:
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d’s kew

¢—+V- ( K (Vp, — pwg)> + SV v =0. (7)
dr Iy,
Define the water phase residual saturation as

Ss = nys/(ny + ng), where nys is the residual volume frac-
tion of the water phase. The effective saturation of the
water phase S, is defined as:

Se = (S - Ss)/(l - Ss)a (8)

which has a functional relationship with the matrix suction
s, 1.e.,

Se = Se(s), ©)

where s = p, — p,, is the matrix suction, and p, is the gas
pressure. This relationship refers to the soil-water charac-
teristic curve. The Van Genuchten Model (Van
Genuchten, 1980) was used to define this soil-water charac-
teristic curve:

S, = (ﬁ)m (10)

Considering the effect of the residual saturation Sy and
substituting Eq. (10) into Eq. (8), the saturation S can be
expressed as follows:

S = <1+1(as)”)m(1S5)+Ss’ (11)

where o, m, and n are the material constants.
Therefore,

S(s) = Se(1 = S) + Ss. (12)
Substituting Eq. (12) into Eq. (7), the continuity equa-
tion for the liquid phase can be written as

os dp, ., 0S Ip, (_ kg

- T os ot

Oey
(Vp, — pwg)) + 55 =0.

(13)

For the gas phase, the continuity equation is as follows:

o(1-3S8) ¢8S 8Pg oS 8pw
Py
Oey

ds Ot
+V- f%(Vp —p8) | +(1-8)—=0 (14)
'ug g g 6t )

W

where k,, is the relative permeability of the gas phase, and
1, is the dynamic viscosity of the gas.

For the momentum conservation equation, the quasi-
static process was considered:

V(& +p,0) — pg = O, (15)

where ¢ is the effective stress, p is the soil density,
p = po+ S(Pat — Po)> Py signifies the soil dry density, and
Ps 18 the soil saturated density. Define the effective stress
as 6 = 6y — pr0, in which p; = (Sp,, + (1 — S)p,) is the
equivalent fluid pressure, and ¢ is the Kronecker Delta
tensor.

In order to verify the fully coupled solid-liquid-gas
model as discussed above, a finite element model was devel-

oped to simulate the “Liakopoulos drainage test”
(Liakopoulos, 1964). The results are discussed in the
Appendix.

2.2 Constitutive model for the unsaturated soil

In this study, the Barcelona Basic Model (BBM)
(Alonso et al., 1990) and the Extended Barcelona Basic
Model (BBMx) (Pedroso & Farias, 2011) were introduced
to describe the elastoplastic behavior of the unsaturated
soil.

(1) Elastic behavior

o 1.1,

gv - KP+KCS’ (16)
e _ 4

e _ 17
E’s 3G’ ( )

where & is the elastic volumetric strain, and & is the elastic

1+ep K 1+e)s" and G_2I3(((11+53u)’ in
Ks

which k and g are the rebound coefficients corresponding
to the average stress and the suction, respectively, u is the
Poisson’s ratio, and e = (1 + ¢p)e, + ¢y is the void ratio,
where ¢, is the initial void ratio, and ¢, is the volumetric
strain.

shear strain; K =

(2) Effect of the suction on the compressibility

The suction affects the compressibility of the soil. It has
been found that the higher the suction, the lower the com-
pressibility. The relationship between the compression
coefficient and the suction is shown as

l(s)—lo[(l—r)exp (—2) +r}, (18)

where Ay is the initial compression coefficient; » and f are
the fitting parameters.

(3) Influence of the suction on the soil’s tensile strength
The behavior of the suction contributes to the soil’s ten-

sile strength, which also affects the yield surface. It is con-
sidered as the linear relationship as below:

ps :kcsa (19)

where p; is the tensile strength of the soil, and k. is the pro-
portional coefficient.

(4) Influence of the suction on the pre-consolidation
pressure

Due to the unsaturated state, the pre-consolidation pres-
sure of the soil is affected by the suction as follows:
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NG
Po (207 S) = Pref (p_> ) (20)

ref

W) = e1)

where 4, 4y, and x are the parameters defined above, p, is
the reference stress, and z is the intercept of the yield sur-
face on the p-axis, which is used as the strengthening
parameter to characterize the yield surface position. Equa-
tion (20) is the loading-collapse curve equation (LC curve).

(5) Yield surface equation

Taking the modified Cam-Clay model as the basic
framework and combining the Matsuoka-Nakai criterion
(Matsuoka & Nakai, 1974) to consider the strength reduc-
tion of the soil during extension, the yield surface of the
BBMx model is.

F(pquevz()azhs):qz_M(H)z(p+ps)(P0_p)+C (22)
with

2w i
M(0) =MCS(1+w_ . SM) | 23)

1 2 ! —
0 = L arcsin [ V29U —p))
3 Vilo—pi |

o (my (25)

(24)

3+sng
_ 6sing
M = 3 _sing’ (26)
Clas) = piefew [ e (ZEV) )
ref ref

where M(0) is the slope of the critical state line for the
modified Cam-Clay model on the ¢ — p plane; C(z,s) is
introduced to form a smooth transition between the yield
surfaces; B is the dimensionless parameter that controls
the smoothness; z; is the maximum suction that the soil
has been subjected to, and it also serves as the strengthen-
ing parameter to characterize the yield surface position.

3 Finite element modeling of the GIL utility tunnel
3.1 Model geometry

In order to simulate the multiphase seepage flow and its
influence on the behaviors of the soil and the tunnel, a fully
coupled solid-liquid-gas model was developed. This study
performed a 2D finite element analysis on the GIL Utility
Tunnel. As illustrated in Fig. 1, the whole line of the pro-
ject was divided into three ranges on the basis of the
amount of the shallow gas: the potential distribution area,
the distribution area, and the safety area. The major study
area was the distribution area; i.e., DK 1 + 0 — DK
1 + 780. The stratigraphic distribution from top to bottom

was as follows: No. 3 muddy silty clay, No. 41 silty clay
mixed with silty soil, No. 51 silty fine sand, No. 52 fine
sand, No. 61 medium-coarse sand, No. 7 silty fine sand,
No. 81 medium-coarse sand, and No. 82 silty fine sand.
Based on the site drillings, the shallow gas was mainly
found in the No. 41, 51, and 52 layers, and the components
of these layers were mainly sandy soils, which means that
the gas can easily migrate in the soils.

Although the gas reservoirs were widely distributed in
the strata where the project was located, it was the gas
reservoir with a relatively large volume or the gas reservoir
group with connectivity within a certain range that has a
significant impact on the project. Existing exploration
methods can only obtain the gas reservoir information at
the collection point by drilling holes, and the distribution
of the gas reservoirs in a larger range and the connectivity
between the gas reservoirs cannot be obtained by the exist-
ing methods, which also brings great constraints to the fine
modeling of the gas-bearing formation. In order to study
the long-term impact of the large-scale gas reservoirs on
the shield tunnel structure, it is necessary to simplify the
geological conditions and establish a geological model
which is in line with the actual situation. Figure 2 shows
the calculation model. The inner diameter of the tunnel
was 10.5 m, the outer diameter was 11.6 m, and the eleva-
tion of the tunnel center point was —69 m. The soil system
comprised two layers. The upper layer of silty clay behaved
as a gas capping layer due to its low permeability. Con-
versely, the lower layer as a gas reservoir was composed
of fine sand with high permeability. The gas reservoir was
deposited at the bottom of the capping layer, with a thick-
ness of 14 m and a width of 60-80 m, and the cross-section
was trapezoidal as shown in Fig. 2.

3.2 Boundary conditions and initial conditions

According to the hydrogeological survey, it is assumed
that the gas only exists in the domain of DEFG as shown
in Fig. 2. Due to the small gap between the segmental
joints, the gas and the water penetrate through the gap
under the pressure gradient. The seepage velocity can be
calculated by the fracture flow theory (Lomize, 1951;
Jiang, 2014):

~WS Kekerw (p b — P )
. = — —_— 0 - 28
n-p.v Pw I, L ’ 2
~gs chcrg (pgb _pg)
n-py = —p,—— ", »
P 9
~WS Kk

y = — (va - pwg)’ (30)

~gs Kk,
v o=- ,ug(vl’g_pgg)’ Gl

g

where n is the outward normal unit vector on the bound-

ary; v and ¥ are the Darcy seepage velocities of the
water and the gas, respectively; x. is the absolute perme-
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Fig. 1. GIL Utility Tunnel passing through the gas-bearing strata.

Fig. 2. Calculation model (Unit: m).

ability of the fracture, depending on the geometry of the
fracture, such as the width and the roughness; k., and
ke are the relative permeabilities of the water and the
gas, depending on the saturation; p;, and p,, are the exter-
nal water pressure and the external air pressure (normal
atmospheric pressure inside the tunnel); L is the effective
crack width (equivalent to per meter along the tunnel).

It should be noted that the boundary CDEFGH is the
no-flow boundary, the boundary CIJH is the constant
pressure boundary for the seepage of the pore water, and
the boundary DEFGD is the no-flow boundary for the
seepage of the gas. In the model, the soils above the eleva-
tion of —39.0 m were simplified as an applied uniform load.
The horizontal displacements of the boundaries Al and BJ
were fixed as 0, and all the displacements of the boundary
1J were fixed as 0 as well.

According to the geological and hydrological survey, the
highest water level of the river is +4.85 m. Hence, the initial
pore water pressure distribution is assumed as
Puo = Pw&(4.85 — y). Since the gas density is much smaller
than the water density, the gas pressure is basically con-

stant inside the gas reservoir. Below the immersion line,
as shown in Fig. 2, the water phase saturation is 1, the
matrix suction is 0, and the gas pressure is equal to the
water pressure. Above the immersion line, the gas pressure
changes linearly with depth and the initial gas pressure is

Py = Pug(85+76) = pyg(y +76).

3.3 Model parameter

The parameters of the soil and the tunnel structure for
the multiphase seepage flow are listed in Tables 1-3, respec-
tively. The parameters of the gas were obtained based on
the component analysis of the gas collected at the drilling
site. The soil parameters came from the geotechnical test
report of this project, including the gravity, the porosity,
the Poisson’s ratio, the residual saturation, and the friction
angle. The soil permeability was provided by the on-site
and laboratory permeability tests. The slopes of the normal
compression curve and the rebound curve were determined
according to the curve given by the soil sample compres-
sion tests. The slope of the suction-related compression
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Table 1

Parameters of the multiphase seepage flow.

Model parameter Value

Soil water characteristic parameter « (1/Pa) 8.163 x 107°
Soil water characteristic parameter m 0.275

Soil water characteristic parameter n L5

Soil water characteristic parameter L 0.5

Water density p,, (kg/m?) 1000

Water dynamic viscosity y,, (Pa-s) 1 x1073
Biogas density p, (kg/m?) 0.782

Biogas dynamic viscosity u, (Pa - s) 1.1697 x 1073
Ke/L (m) 1 x 107"

curve and that of the suction-related rebound curve
adopted the empirical values of the Shanghai clay (Ye
et al., 2005). The material parameters related to the BBMx
model (such as the fitting parameters, the tensile strength
proportional coefficient, the reference pressure, and the
yield surface smoothness parameters) were selected accord-
ing to the conventional values of similar soils (Ye et al.,
2005). The specific physical mechanics and hydraulic para-
ments, based on the geological survey report of the Sutong
Project, are shown in Tables 1-3.

4 Results analysis
4.1 Multiphase seepage flow
(1) Effective saturation

The change of the effective saturation with time is shown
in Fig. 3. The effective saturation in the unsaturated area is
almost linearly distributed along the y-axis, because the
fluid permeability in the soil is much higher than that at
the segment joints, so that the gas reservoir is nearly in a
hydraulic balanced state, and the saturation is evenly
distributed in the horizontal direction. After 10 years, the

Table 3

Parameters for the tunnel structure.

Model parameter Value
Elastic Modulus £ (MPa) 3 x 10*
Poisson’s ratio v 0.2
Density (kN/m?) 25

saturated region gradually expands to the upper part of
the strata due to the leakage of the gas through the segment
joints until the wetting line reaches the upper edge of the
tunnel.

(2) Fluid pressure and Darcy velocity

Figure 4 shows the pressure and the Darcy velocity of
the pore water in the fine sand layer. The pore water pres-
sure distribution is close to hydrostatic and remains almost
constant throughout the leakage process. Because of the
low seepage velocity of the pore water, it has very limited
effects on the distribution of the pore water pressure. On
the other hand, the pore water flow moves upward to the
tunnel, and the velocity becomes faster near the tunnel
due to the water leakage through the segment joints.

(3) Gas and water leakage through the segment joints

The distribution of the gas leakage velocity along the
tunnel boundary is shown in Fig. 5(a). The 5 a, 10 a, 15
a, 20 a, 25 a, 30 a, 35 a, and 40 a shown in Fig. 5(a) repre-
sent 5 years, 10 years, 15 years, 20 years, 25 years, 30 years,
35 years, and 40 years, respectively. The leakage velocity of
the gas is 0 at the position of the immersion line, and
increases with elevation until reaching the maximum at
the top of the tunnel. This is due to the higher relative per-
meability coefficient k., at the top induced by the satura-

Table 2

Soil parameters.

Model parameter Fine sand Silty clay
Saturated weight density 7, (kN/m?) 20.29 18.49
Dry weight density y, (KN/m?) 16.41 -
Initial permeability o (m?) 419 x 10712 -
Initial porosity ¢ 0.396 -
Water residual saturation S 0.07 -
Poisson’s ratio u 0.28 0.35
Compression curve slope in the saturated state /o 0.0408 0.1138
Rebound curve slope x 0.0052 1 0.0126
Suction-dependent compression curve slope Ag 0.08 -
Suction-dependent rebound curve slope 0.008 -
Friction angle ¢ (°) 31.3 33.7
Fitting parameter r 0.75 -
Fitting parameter f§ (Pa) 1.5 % 107 -
Ratio coefficient of tensile strength k. 1 -
Reference pressure p,. (Pa) 1 x 10° 1 % 10°
Smoothness parameter of the yield surface B 100 -




J. He et al. | Underground Space 9 (2023) 1-19 7

S,
—60 ¢ 1 w1.00
o 0.95
E !
AT 0.90
75
0.85
80} ,
0 10 20 30
x (m)
(a)
S,
—60 ¢ 1 w1.00
,65,
B 0.99
= 70
sl 0.98
80| . . ‘ | H0.97
0 10 20 30
x (m)

(c)

S,
607 1 w1.00
—65t 1 110.98

E

= 70 0.96
751 | H0.94

0.92
80} ,

0 10 20 30
x (m)
(b)

S
—60 1 w1.00
765 L

E

= -70¢
=75 0.99
780 L

0 10 20 30
x (m)

(d)

Fig. 3. Gas reservoir effective saturation, S, after (a) 1 year, (b) 10 years, (c) 20 years, and (d) 30 years.

tion distribution in the gas reservoir. When the tunnel is
completely submerged, the gas under the elevation of the
tunnel top is exhausted, resulting in a stable residual gas
reservoir. Figure 5(b) shows the leakage velocity of the
water around the tunnel. Different from the gas, it is shown
that the leakage velocity of the lower part is higher than
that of the upper part and remains constant with time. This
is because the pore water pressure increases with depth,
and the change of the pore water pressure during a long
period of time is very limited as shown in Fig. 4.

4.2 Soil behavior

(1) Soil displacement and volumetric strain

The displacement of the soil is shown in Fig. 6. Signifi-
cant upward displacement occurred during the leakage of
the gas and the pore water. The displacement in the upper
strata is significantly larger than that in the strata below the
gas reservoir. There is no obvious displacement away from
the gas reservoir. Figure 7 shows the vertical displacements
at the feature points over time, in which the deformation of
the lower soil reaches the steady state faster than that of the
upper soil does. The displacement of the soil increases with
time, with the maximum displacement over 30 mm after a
period of 30 years, as illustrated in Figs. 6(d) and 7(b). The

subsequent uplift amount of point X; is 11.04 mm larger
than that of point X5, which shows that the gas-bearing
sand has undergone expansion deformation.

The volumetric strain of the soil is mainly controlled by
the average effective stress and the matrix suction, as shown
in Figs. 8-10. The deformation characteristics of the soil
can also be revealed by the volume strain, which is shown
in Fig. 8. The gas-bearing strata as well as its underlying
layer produces significant dilatant volumetric strain. The
strain of the underlying strata is evenly distributed along
the vertical direction; however, the strain distribution
inside the gas-bearing strata is not uniform, and it develops
upward with the same law as the immersion line does,
which is shown in Fig. 9. The suction of the soil decreases
with time, causing the elastic expansion of the soil skeleton;
however, Fig. 10 shows the increment of the average effec-
tive stress in the upper part of the gas reservoir, which will
cause the compression of the soil. The final volumetric
strain of the soil is determined by the combined effects of
these two factors; i.c., the average effective stress and the
matrix suction. In most areas of the gas reservoir, the
hygroscopic expansion exceeds the stress-induced compres-
sion; however, in the local area near the top of the tunnel,
the effect of compression dominates. In the lower strata,
the reduction of the average effective stress results in elastic
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Fig. 5. Leakage velocity and Darcy velocity of the fluids: (a) Gas leakage velocity through the gap, (b) water leakage velocity through the gap.

expansion, whereas the matrix suction remains at 0. In the As described above, the increment of the average effec-
upper strata, both the average effective stress and the  tive stress is distributed above the soil and below the gas
matrix suction remain unchanged, therefore, the soil does  reservoir in the opposite pattern, as shown in Fig. 10.
not show a significant volumetric strain. The soil equilibrium equation can be rewritten as
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Vo' +[p+S0 =) =0, in  which 3" =y, =7,
Because of y’ < y,, as the saturation increases, the average
effective stress of the soil skeleton in the lower strata is
reduced. It indicates that the soil in the gas reservoir is sub-
jected to an upward force after the moisture absorption.
Therefore, the pressure on the underlying strata is reduced.
However, for the soil in the gas reservoir, the change of the
total stress is relatively small, and the pore water pressure is
significantly reduced due to the gas leakage, which induces
an increase in the average effective stress of the soil. In the
upper strata, the average effective stress remains unchanged
because there’s no multiphase seepage flow in this area.

(2) Soil stress
The increment of the Mises stress of the soil after leak-

age is shown in Fig. 11, which indicates that the shear stres-
ses in the lower strata and the gas-bearing strata are
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Fig. 10. Increment of the average effective stress after leakage of (a) 1 year, (b) 10 years, (c) 20 years, and (d) 30 years.

significantly reduced. The decrease of o) is greater than
that of ¢/, corresponding to the more strain increment in
the y-direction than that in the x-direction. Notice that
/

o, 1s the maximum principal stress. Therefore, the differ-

ence between o’y and ¢! is reduced; i.e., the shear stress is
reduced. In the gas-bearing strata, o), decreases due to the
increase of the buoyancy. Moreover, a moisture absorption
in the layer tends to cause the gas reservoir to be subjected
to a horizontal stress from the lateral soil, according to the
constitutive model, due to the lateral displacement limita-
tion. Therefore, the increased ¢! reduces the difference
between ¢, and a,.

Moreover, there exists the moisture absorbing expan-
sion in this layer. The constitutive equation defines an iso-
tropic expansion deformation caused by the moisture
absorption, which will cause the gas reservoir to be sub-
jected to a horizontal reaction force from the lateral soil,
due to the lateral displacement limitation. As a result, ¢/
increases. However, the expansion deformation does not
cause significant reaction force in the y-direction, because
0; is mainly determined by the upper soil weight. Finally,

the difference between ¢, and o, is reduced so that the shear
stress of the gas-bearing strata is reduced, which is more
significant than that of the underlying strata.

The stress paths of the key points in the gas-bearing
strata are shown in Fig. 12. The average effective stress
of point X increases, while that of point X5 decreases,
and those of points X,-X increase first and then decrease.
The shear stress is reduced for all the points, except for
point X3, which has small fluctuations in the later stage.

The three-dimensional stress path of point X; and its
yield surface are shown in Fig. 13. An increase in the aver-
age effective stress will induce the expansion of the yield
surface, and the reduction in the suction will also expand
the yield surface. The stress path will cause plastic defor-
mation eventually.

4.3 Tunnel behavior

The variation of the bending moment increments is
shown in Fig. 14, where the bending moments are drawn
in the polar coordinate system. The top and the bottom
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Fig. 11. Mises stress increment after leakage of (a) 1 year, (b) 10 years, (c) 20 years, and (d) 30 years.

of the inner side of the tunnel are in tension at the begin-
ning. After the deformation caused by the leakage is stabi-
lized, the values of the bending moment increments are
both about 90 kN -m at the top and the bottom, and
—120 kN - m on both the left and right sides of the tunnel.
Figure 15 shows the rise of the tunnel’s center point and the
history of the saturation line position over time. It also
indicates that the water level increases over time and
reaches a constant level after 30 years. Whereas the tunnel
tends to be stable from 20 years onwards. Therefore, soil
deformation due to water leakage only occurs at the early
stage.

4.4 Performance of the segmental joints

Generally speaking, the bolt arrangement of the seg-
mental joint adopts the “2 + 1” pattern, as shown in
Fig. 16(a). However, for the joint between the top sealing
block and the adjacent block, in order to avoid the position
conflict between the grouting hole and the hand hole on the
top sealing block, the three hand holes were all arranged on

the adjacent block. (see Fig. 16(b)). Therefore, there were
two types of joint forms in the project GIL, as shown in
Fig. 16, which are called ‘““bilateral hand hole” and “unilat-
eral hand hole”.

Based on the finite element simulation of the solid-liquid-
gas coupling problem in the unsaturated soil in the previous
section, the internal forces of the tunnel section in the gas-
bearing strata were calculated quantitatively. The internal
forces under different working conditions were derived,
and the extreme values of the positive and the negative
bending moments and their corresponding axial forces were
extracted as the adverse internal forces combination for the
calculation of the joint opening in this section. Four differ-
ent types of gas reservoir models were considered: down-
lying symmetric gas reservoir, a down-lying asymmetric
gas reservoir, a middle symmetric gas reservoir, and a mid-
dle asymmetric gas reservoir. The segmental joints were not
considered in the fully coupled solid-liquid-gas model. The
tunnel was regarded as a rigid ring with no reduction in
rigidity, which resulted in a larger bending moment for
the segmental joints. However, the bending moment at the
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segmental joints was reduced by a factor of 0.7 before com-
puting its deformation with ABAQUS.

The internal forces of the tunnel linings during the gas
leakage were derived, and 4 groups of the unfavourable
bending moments and the axial forces were extracted to
evaluate the performance of the segmental joints, as shown
in Table 4. Accordingly, a 3D finite element analysis was
performed to simulate the performance of the segment
joints under these combinations of the internal forces, as
shown in Fig. 17. In this model, the elastic modulus of

*+0a
—<-5a
<10 a
=—15a
<+20a

25a
=+30a
-+35a
40 a

00

270°

Fig. 14. Bending moment increment.

the steel bolt was 210 GPa and the yield strength was
900 MPa.

The steel bars and the bolt rods were embedded into the
concrete segments. The friction contact with a friction coef-
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ficient of 0.5 was used to simulate the segment-to-bolt
interface and segment-to-segment interface. Because of
the water-proof strip at the joints, the contact area was
slightly smaller than the cross section of the concrete seg-
ments. As shown in Fig. 18, the segment joints were loaded
in two cases to simulate the positive and the negative bend-
ing moments. By performing a series of analyses, it is found
that case 4 would induce the maximum bolt stress of
173 MPa, as shown in Table 5 and Fig. 19. As shown in
Fig. 20, the maximum bolt stress obtained by the negative
bending moment is 252.3 MPa in case 4. In case 3 with the
positive bending moment, the joint opening reaches the
maximum value of 0.69 mm, and the corresponding bolt
stress is 119.5 MPa, which is much smaller than its yield
strength. Therefore, it can be judged that the influence of
the high pressure on tunnel safety and the sealing perfor-
mance of the joints is very limited.

(a)

Table 4
Unfavorable internal forces combination under different conditions.

(b)

Fig. 16. Segmental joint prototype: (a) Bilateral hand hole, (b) unilateral hand hole.

Cases Bending moment symbol Bending moment (kN - m) Axial force (kN)
1 Positive moment 1007.44 7079.7
Negative moment 973.91 8814.9
2 Positive moment 730.17 7308.6
Negative moment 704.13 8764.3
3 Positive moment 1214.22 6966.4
Negative moment 1047.48 8897.2
4 Positive moment 879.13 7020.1
Negative moment 781.13 8941.8
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5 Conclusion

This paper develops a fully coupled solid-liquid-gas
model to investigate the influence of high-pressure gas on
the mechanical properties of the tunnel segments and
joints. It also considers the effect of the seepage process
on soil deformation utilizing the Extended Barcelona Basic
Model (BBMx). The modeling of the BBMx is imple-
mented to simulate the leakage of the gas and the water
through the segmental joints. The results are consistent
(a) with the basic laws of soil mechanics, which is helpful for
the construction and maintenance of shield tunnels.

(1) The results show that the leakage velocity of the gas
at the top of the tunnel was greater than that at the
bottom, while the leakage velocity of water was the
opposite. This is because the gas has a higher volume
fraction and permeability at the top of the tunnel,
while the pressure of the water increases with depth.

(2) The significant upward displacement occurred in the
gas reservoir and its overlying strata. The displace-

(b) ment in the upper strata was greater than that in

the strata below the gas reservoir. In addition, the

displacement of the soil increased with time, and

the maximum displacement was more than 30 mm.

Fig 17. 3D finite element model for the evaluation of the performance of
the segment joints: (a) Tunnel segments, (b) steel bolts.

(a) (b)

Fig. 18. Positive and negative bending moment loading modes: (a) Positive bending moment loading, (b) negative bending moment loading.

Table 5

Analysis of results of the joint deformation of the segment under different conditions.

Cases Loading method Bending moment Axial force (kN) Bolt stress Joint opening

(kN - m) (MPa) (mm)

1 Positive moment 1007.44 7079.7 101.3 0.24
Negative moment 973.91 8814.9 171.8 0.02

2 Positive moment 730.17 7308.6 84.8 0.02
Negative moment 704.13 8764.3 172.7 0

3 Positive moment 1214.22 6966.4 119.5 0.69
Negative moment 1047.48 8897.2 171.8 0.03

4 Positive moment 879.13 7020.1 101.5 0.11

Negative moment 781.13 8941.8 173 0
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On the other hand, the volume of the gas-bearing (3) The plastic deformation of the soil was mainly dis-
strata increased due to the moisture absorption of tributed in the upper part of the gas reservoir, espe-
the soil. cially on the upper side of the tunnel. An increase
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in the average effective stress would induce the expan-
sion of the yield surface, and the reduction in the suc-
tion would also expand the yield surface. Eventually,
the stress path during the leakage of the gas and the
water would cause plastic deformation.

(4) The tunnel tended to be stable from 20 years
onwards, so the soil deformation due to the water
leakage only occurred at the early stage. After the
deformation caused by the leakage was stabilized,
the values of the bending moment increments were
both about 90 kN -m at the top and the bottom,
and —120 kN - m on both the left and right sides of
the tunnel.

(5) A 3D finite element analysis was performed to simu-
late the performance of the segment joints. It is
shown that the maximum bolt stress was 173 MPa,
which is much smaller than its yield strength. Besides,
the maximum opening of the segmental joints
reached 0.69 mm. It can be judged that the influence
of the high pressure on tunnel safety and the sealing
performance of the joints is very limited.
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Appendix I Verification of the fully coupled solid-liquid-gas
model

In order to verify the fully coupled solid-liquid-gas
model, the Liakopoulos drainage test (Liakopoulos,
1964) was simulated using the methodology proposed in
this study. The test apparatus is shown in Fig. Al. The
sand column was 1 m in height and 0.1 m in diameter. A
permeable stone was arranged at the bottom of the sand
column, so that the water can be discharged through the
permeable stone. An impermeable rigid cylinder was set
on the side to restrict the lateral deformation of the sand
column. The test was carried out at room temperature
(20 °C). First, the water was injected at the top of the sand
column to make the water flow through the sand column
and discharged through the permeable stone, and to ensure
that the sand column was completely saturated and the
flow field reached a steady state. At the beginning of the
test, the water injection was stopped, so that the pore water
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Fig. Al. Test apparatus.

in the sand column could be discharged freely under grav-
ity. At the same time, some important data were recorded,
including the water pressure at each point in the sand col-
umn, the drainage speed at the bottom, and the accumu-
lated drainage volume during the test.

The linear elastic model was used to simulate the sand.
When the water flow reached a steady state and the sand
was saturated with water, the pore water pressure inside
the sand was set as 0 kPa. In addition, the air and water
pressures were set as the reference value of 0 kPa. It was
assumed that the sand was fully consolidated. For the
water seepage field, the upper boundary and side boundary
were set as impermeable. The bottom boundary was set as
the constant pressure of 0 kPa. For the gas seepage field,
the upper boundary and the bottom boundary were con-
stant pressure 0 kPa, and for the side boundary, they were
also set as constant pressure. All the parameters used in
this model are listed in Table Al.

The drainage rate at the bottom is shown in Fig. A2. It
is shown that the numerical simulation results are a little
different from the test results at the initial stage of the test,
but they are in good agreement at the later stage. Figure A3
shows the change process of the cumulative drainage vol-

Table Al

Model parameter for the Liakopoulos drainage test.

Parameter Value
Young’s Modulus E (MPa) 1.3
Poisson’s ratio v 0.4
Relative permeability of gas &y, (m/s) 1.0x107*
Particle density p, (kg/m?) 2850
Initial porosity ng 0.2975
Water density p,, (kg/m?) 1000
Water dynamic viscosity p,, (Pa-s) 1.0x 1073
Air density p, (kg/m?) 1.25

Air dynamic viscosity p, (Pars) 1.8x107°
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ume at the bottom. The numerical simulation results are
basically consistent with the test data, that is, the cumula-
tive drainage volume gradually increases, and the drainage
rate continues to decrease due to the reduction of the rela-
tive permeability.

Figure A4 shows the pore pressure distribution along
the center line of the sand column. At the beginning of
the test, a large negative air pressure occurred at the top
of the sand column, and the pressure gradient was large,
making the gas infiltration rate relatively high. With the
continuous infiltration of the gas, the negative air pressure
area gradually shifted to the middle and lower part of the
sand column. On the other hand, the negative air pressure
and the pressure gradient gradually decreased, which made
the gas infiltration rate decrease as well. As the pore water
was gradually discharged and tended to be stable, the air
infiltration was also gradually weakened, and finally, the
pore pressure in the specimen tended to the atmospheric
pressure.
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Fig. A4. Air pressure distribution along the center line of the sand
column.
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Fig. AS5. Vertical displacement of the sand column.

The vertical displacement of the sand column is shown
in Fig. A5. It can be seen that the sand column had an ini-
tial compressive deformation due to gravity, and the verti-
cal compressive strain of the sand at the lower part was
greater than that at the upper part. With the gradual dis-
charge of the pore water, the effective stress on the sand
column skeleton gradually decreased, causing the elastic
rebound of the sand column.
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