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Abstract. In this study, a numerical model of a shield tunnel with an assembled segmental lining was built. The seismic
response of the segmental lining of the section of the shield tunnel in Line 1 of the Chengdu Metro is analyzed as it passes
through the interface of sand-cobble and mudstone layers. To do so, the node-stress seismic-motion input method was used to
input the seismic motion measured during the 2008 Wenchuan earthquake, and the joint openings and dislocations associated
with the earthquake action were obtained. With reference to the Ethylene-Propylene-Diene Monomer (EPDM) sealing gaskets
used in the shield tunnels in the Chengdu Metro, numerical simulation was applied to analyze the contact pressure along the
seepage paths and the waterproof property under different joint openings and dislocations. A laboratory test on the elastic sealing
gasket was also conducted to study its waterproof property. The test results accord well with the numerical results and the
occurrence of water seepage in the section of the shield tunnel in Line 1 of the Chengdu Metro during the 2008 Wenchuan
earthquake was verified. These research results demonstrate the deformation of segmental joint under earthquake, also

demonstrate the relationship between segmental joint deformation and waterproof property.
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1. Introduction

In theory, tunnel structures have better seismic
performance than above ground structures (Koizumi 2009).
However, the many strong earthquakes over the globe in the
past 30 years have caused damage to the tunnels in
earthquake-affected areas, including the Kobe earthquake in
Japan (Hashash et al. 2001), Duzce earthquake in Turkey
(Kontoe et al. 2008), Chi-Chi earthquake in Taiwan (Wang
et al. 2001), Wenchuan earthquake in China (Li 2012, Lai et
al. 2017), and Kumamoto earthquake in Japan (Zhang et al.
2018). The 2008 Wenchuan earthquake, in particular, not
only destroyed many mountain tunnels near the epicenter
but also caused leakages at some segmental joints and
segmental bolt holes of the shield tunnel in the Chengdu
Metro. Therefore, to ensure the structural integrity and
waterproof design of shield tunnels affected by high-
intensity earthquakes, it is important to study the dynamic
characteristics of shield tunnels, their segmental joint
deformation, and their waterproof property after joint
deformation.

Many researchers have studied the dynamic response of
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tunnel structures subjected to earthquake action. The
authors of papers (Balendra et al. 1984, Pakbaz and
Yareevand 2005, Amorosi and Boldini 2009, Fattah et al.
2015, Gomes et al. 2015) focused on two-dimensional
analyses of the transverse dynamic behavior of tunnel
structures. To analyze longitudinal deformation, some
researchers (Yu et al. 2016, Shen et al. 2016, Yang et al.
2013, Tao et al. 2015) built three-dimensional (3D) finite-
element models to determine the seismic response of
mountain tunnels. Ding et al. (2006) analyzed the flexible
joint deformation of an immersed tunnel under seismic
loading. The researchers (Luco and Barros 1994, Stamos
and Beskos 1996) numerically analyzed the dynamic
response of a 3D circular tunnel. Li and Song (2015) used
numerical modelling techniques to analyze the longitudinal
response of tunnels under an asynchronous seismic wave.
Fabozzi and Bilotta (2016) studied the performance of
continuous and segmental linings of shallow tunnels under
seismic loading. Hatzigeorgiou and Beskos (2010)
investigated the seismic soil-structure interaction in 3D
lined tunnels. The authors used numerical simulation to
analyze the dynamic response of a 3D circular tunnel lining
and the soil-structure interaction subjected to earthquake
action. However, their research was based on the
homogenous ring model of the tunnel structure and the
shield tunnel lining as a prefabricated assembled structure,
without taking into consideration the connection joints. In
the papers (Guo et al. 2006, Yu et al. 2013a, b, 2017), the
authors considered the effect of the segmental joints of
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shield tunnels. However, Guo et al. (2006) only analyzed
the stress distribution of the shield tunnel lining subjected to
earthquake action without analyzing the segmental joint
deformation. Yu et al. (2013a, b, 2017) investigated the
influence of non-uniform seismic excitation and flexible
joints on the dynamic response of the shield tunnel structure
and analyzed the stress experienced by the segmental lining
and the deformation of the circumferential joints. However,
these authors did not analyze the deformation of the
longitudinal joints or the distribution of the openings and
dislocations at different positions on the circumferential

joints.
Regarding the elastic sealing gaskets used in shield
tunnels, many researchers have investigated their

mechanical properties and waterproof property. Shalabi et
al. (2012, 2016) investigated the gasket-in-groove
mechanical and sealant behaviors in water leakage tests and
developed a conceptual model that explained the leakage
behavior of the gasket-in-groove. However, these authors’
research paid more attention to the waterproof property of
the sealing gaskets in the single designed condition,
considering only joint opening and neglecting the effect of
joint dislocation. Ding et al. (2017) studied the waterproof
property of the segmental joint with respect to simultaneous
joint opening and dislocation and analyzed the influence of
the sealing gasket’s inner structure on waterproof property.
Wang (2015) used numerical simulation to analyze the
waterproof failure mechanism of the rubber sealing gasket,
but only for singe cases of joint opening or dislocation.
Existing research on elastic sealing gaskets has mostly
focused on their waterproof property without studying the
distribution of the contact pressure between sealing gaskets
and between the sealing gasket and segmental sealing
groove. Nor have the relationship between the joint opening
and dislocation of shield tunnels subjected to earthquake
action and the waterproof property of the elastic sealing
gasket been further studied.

The main objectives of this study are as follows: (1)
Based on a section of Line 1 of the Chengdu Metro shield
tunnel passing through the interface between sand-cobble
and mudstone layers, a partial refined model of an
assembled segmental lining is built, using the spring and
contact surface to simulate the joint bolt and segmental joint
surface, respectively. The structural analysis model of the
shield tunnel is developed by combining a partially refined
model of the assembled segmental lining with a model of its
structural equivalent flexural rigidity. (2) Considering the
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Fig. 1 Cross-section of the shield tunnel lining

influence of the near-field-measured three-directional
seismic motion near the Chengdu Metro, the segmental
joint deformation is investigated, using the node-stress input
method, to study the dynamic response of the segmental
lining to earthquake action. (3) Based on the Mooney-
Rivlin constitutive model, a numerical model is developed
to analyze the waterproof property of the elastic sealing
gasket under different joint openings and dislocations. (4) A
laboratory test on the elastic sealing gasket to determine its
waterproof property under different joint openings and
dislocations is conducted; and the water seepage that had
occurred in some segmental joints of the shield tunnel in
Line 1 of the Chengdu Metro during the 2008 Wenchuan
earthquake is verified.

2. Project background

The city of Chengdu, capital of Sichuan province, is
located in the southwest of China. Construction began on
Line 1 of the Chengdu Metro in 2005 and a large number of
shield tunnels had been completed by 2008 when the
Wenchuan earthquake occurred. The Metro Line 1 is a
north-south metro line in Chengdu. Most of its shield
tunnels go through a sand-cobble layer but some sections
pass through the interface between sand-cobble and
mudstone layers. The sand-cobble layer, which is filled with
sand, has good water permeability and fissures in the
mudstone layer are well developed. The burial depth of the
shield tunnel is 12 m and the water level over the shield
tunnel is 10 m.

Fig. 1 shows a typical cross section of a segmental
lining structure in Line 1 of the Chengdu Metro. The
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Table 1 Material parameters

Material Elastic Poisson’s . 3 Angle of . S-wave P-wave
type modulus/MPa ratio Density/kg/m friction/o Cohesion/kPa velocity/m/s  velocity/m/s
Sand-cobble 25 0.35 2200 35 5 64.9 135
Mudstone 2000 0.25 2300 38 700 590 1020
Lining 34500 02 2500 - - 2400 3920
concrete

E
(=}

8
5
g

g
<

s

=

N 2
E
O

!

(a) Circumferential joint

(b) Bolt hole
Fig. 3 Water seepage in segmental lining after earthquake

external and internal diameters of the tunnel are 6 m and 5.4
m, respectively, and the segment thickness and width are
0.3 m and 1.5 m, respectively. A segmental lining ring
consists of three standard segments B1-B3, two counter key
segments L1-L2, and one key segment F. Each longitudinal
joint between adjacent segments is connected by two curved
bolts, and each circumferential joint between adjacent
segmental lining rings is connected by 10 curved bolts. The
diameter of the curved bolts is 24 mm.

In 2008, the Wenchuan earthquake occurred in the
Longmen Mountains fault zone in Sichuan. The Richter
scale value of the Wenchuan earthquake is 8.0 and the focal
depth is approximately 14.0 km. The Longmen Mountains
fault zone, comprising the Anxian-Guanxian Fault,
Beichuan-Yingxiu Fault, and Wenchuan-Maoxian Fault, is
the result of a nappe thrusting to the southeast with a
clockwise shearing action. The tectonic stress that had
accumulated over the long term in the Beichuan-Yingxiu
Fault suddenly released, causing the Wenchuan earthquake,
as shown in Fig. 2.

The city of Chengdu is 73.0 km away from the town of
Yingxiu, which is the epicenter of the Wenchuan
earthquake. The Metro interval tunnel in Chengdu is the
shield tunnel closest to the epicenter. The earthquake did
not cause severe damage to the main structure of the Metro
Line-1 shield tunnel, but water leakage occurred after the
Wenchuan earthquake at some segmental joints and
segmental bolt holes in the section of the shield tunnel
passing through the interface between sand-cobble and
mudstone layers, as shown in Fig. 3. The water seepage
occurred mainly in the circumferential joints near the arch
of the shield tunnel and in a few bolt holes nearby.

3. Numerical model of dynamic analysis

Using as a basis the abovementioned section of the
shield tunnel in Line 1 of the Chengdu Metro passing

Fig. 4 Numerical analysis model

though the interface between the sand-cobble and mudstone
layers, a numerical model was built to analyze the dynamic
response of the segmental lining and the deformation of the
segmental joints. Fig. 4 shows this numerical model for
seismically analyzing the shield tunnel. The length, width,
and height of the model tunnel were 100 m, 80 m, and 60
m, respectively, and its burial depth was 12 m. Subway
Line 1 of the Chengdu Metro runs approximately north-
south, so the longitudinal and horizontal cross-sectional
directions of the tunnel are north-south and east-west,
respectively. Eight-node 3D hexahedral elements with
reduced integration (C3D8R) were used to simulate the soil
and segmental lining. There were 108,272 elements in the
numerical model. The Mohr-Coulomb elastoplastic
constitutive model was considered for the surrounding
ground, while the elastic constitutive model was adopted for
the segmental lining. The physical and mechanical
properties of the surrounding ground, lining are summarized
in Table 1.

3.1 Artificial boundary of the numerical model

To simulate the continuity of the strata surrounding the
tunnel, a viscous-spring artificial boundary around and at
the bottom of the model was used, and the top model
boundary was left free. The viscous-spring artificial
boundary is equivalent to a continuous-distribution parallel
spring-damper system. The stiffness and damping
coefficient of the normal and tangential springs on the
artificial boundary were determined by the following
formula (Li and Song 2015)

=avt
{"” — R 1)
oy = pCy
G
{kT - (ZTE (2)
cr = pes

_ E(1-p)
where ¢, = /—p(lw)(l—zu) , Cg

\[g. ky and ki are the
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Fig. 5 Acceleration records at the Zhonghe strong-motion station

normal and tangential spring stiffness, respectively; cy and
¢y are the normal and tangential damping coefficients,
respectively; R is the distance from the wave source to the
artificial boundary point; ¢, and ¢; are the velocity of the P-
wave and S-wave of the medium, respectively; p is the
medium mass density; G is the shear modulus; and ay and
ar are the normal and tangential viscous-spring boundary
correction factors, respectively (ay=1.0-2.0 and ar= 0.5-
1.0; in this study ay = 1.33 and a; = 0.67). E is the
elastic modulus and pu is the Poisson's ratio.

3.2 Input method of seismic motion

For the seismic-motion input, the conventional method
is to approximately input the acceleration of three vertical
directions measured at a nearby seismic station, assuming
that the seismic wave arises vertically from the base. Fig. 5
shows a plot of the bedrock accelerations recorded at the
Zhonghe strong-motion station in Chengdu, including
north-south, east-west, and vertical. The maximum
acceleration in the east-west, north-south, and up-down
directions were 0.96 m/s%, 0.65 m/s?, and 0.85 m/s?
respectively. The duration of the seismic motion was 20 s.

The above conventional seismic-motion input method
was derived based on the seismic characteristics of the
ground structure. This method need only apply the
corresponding acceleration to the bottom of the model,
while neglecting the seismic-motion input of the nodes on
the lateral boundaries. The seismic response of underground
structures, such as the shield tunnel, is very different from
that of the ground structure, so factors such as the seismic
motion of the nodes on the lateral boundary and the
reflection of seismic waves on the free surface greatly
influence the seismic analysis of underground structures. In
this paper, the node-stress seismic-motion input method was
adopted (Zhao et a/ 2010, Huang et al. 2010). Considering
the phase difference and reflection of the seismic waves,
here, the seismic-motion input method is presented on the
basis of the wave-field separation technique and
viscoelastic artificial boundary conditions. This method can
guarantee that the stress and displacement at the boundary
nodes are consistent with the actual values and fit well with
the viscous-spring artificial boundary (Zhao et al 2010).
The above acceleration time history curves were converted
to node stress using this method and then the ABAQUS
program was used to apply stress to the nodes on the
boundary.

Shear waves, which travel vertically upward from the
bottom of the model, can be decomposed into two
directions: E-W and N-S, which correspond to two-
directional acceleration curves. The input node stress on the
bottom boundary of the model is given by the following
formulas

ng = Kplys + Crllps + pClyg
FX =0 3)
Fys = Fis + Fgs

The input node stress on the lateral boundaries of the
model is as follows

FgS = tpcstys
FSS = F.S"I:S‘ + FSI‘YS‘

where Flg, FJ, and Fgg are the tangential, normal, and
total input node stresses on the bottom boundary of the
model under shear wave action, respectively; Fig, F, Fgg
are the tangential, normal, and total input node stresses on
the lateral boundaries of the model under shear wave action,
respectively; u,, and u,, are the displacement and
velocity of the shear wave, respectively; and ug; and g
are the displacement and velocity caused by the propagating
shear wave in free strata, respectively.

According to the acceleration time history curves in the
E-W and N-S directions, the respective input node stresses
in the single direction were calculated. For the E-W motion,
the lateral boundaries that experienced node stress were on
the left and right boundaries of the model. The tangential
input node stress on one boundary was pcitys and that on
the other was —pc;iiss. For the N-S motion, the lateral
boundaries that experienced node stress were on the front
and back boundaries of the model. Similarly, the input
node-stress values on both boundaries were equal, with one
being positive and the other negative.

Compression waves, which travel vertically upward
from the bottom of the model, can cause model particles to
vibrate up and down. The input node stress on the bottom
boundary of the model is given by the following formulas

Fl,=0
Fhp = kytyp + Cyityy + pCpllyy %)
Fgp = Fgp + Fip

The input node stress on the lateral boundaries of the
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Fig. 6 Tunnel lining structure

model is as follows

FSTP = kTufp + CTufp
2 .
F = Tr3a Prlyp (6)
Fep = FSTP + Fﬁ’

where Flp, F},, and Fgp are the tangential, normal, and
total input node stresses on the bottom boundary of the
model under compression wave action, respectively; Fip,
FY, and Fsp are the tangential, normal, and total input
node stresses on the lateral boundaries of the model under
compression wave action, respectively; u,, and 1, are
the displacement and velocity of the compression wave,
respectively; and us, and g, are the displacement and
velocity caused by the propagating compression wave in
free strata, respectively.

The total stress input to the model boundary is the sum
of the boundary input stress caused by shear and
compression waves, and the formula is as follows

{FB:FBS+FBP )
Fg = Fsg + Fgp

Considering the reflection of the seismic wave on the
free surface, the actual input node stress on the bottom
boundary of the model is given by the following formula

Fa(t) = Fy(t) + Fy(t =) ®)

The actual input node stress on the lateral boundaries of
the model is as follows

Fs(t) = Fs (t - é) + Fg(t - %) ©
where Fg(t) and Fs(t) are the actual input node stresses
on the bottom and lateral boundaries of the model at
moment ¢, respectively; / is the height of the model; [ is the
distance from the node on the lateral boundary to the
bottom boundary; and c is the propagation velocity of the
seismic waves.

3.3 Assembled segmental lining

Seismic dynamic response analysis requires extremely
high computational performance. Rather than reducing the
computational efficiency by refining the simulation of all
the segmental linings, the middle of tunnel lining was
simulated based on the assembled structure of five
segmental lining rings (I-V) and the rest was simulated

Segment

Tc
Ncutral Axis

Tensile Spring
Shear Spring

Springs simulate joint bolt

Fig. 7 Mechanical model of segmental joint

using a homogenous ring based on the equivalent principle
of flexural rigidity (Yan et al. 2017, 2018a, b), as shown in
Fig. 6.

To form a segmental lining, prefabricated reinforced
concrete segments are connected by circumferential and
longitudinal bolts. From the structural perspective, a
segmental joint of adjacent segments mainly comprises
joint surfaces and joint bolts. The tensile resistance of a
segmental joint is determined by the joint bolt, whereas the
compressive resistance of a segmental joint is mainly
determined by the joint surface. In addition, the shear and
flexural resistances are determined by both the joint surface
and joint bolt. A mechanical model of a segmental joint was
built, as shown in Fig. 7, in which T is the tensile force on
the segmental joint bolt and o, iS the pressure on the
segmental joint surface. Based on the above analysis, the
contact surface was used to simulate the segmental joint
surface and a tensile spring and shear spring together were
used to simulate a segmental joint bolt. In this study, the
tensile and shear spring stiffness values were 2.33x108 N/m
and 5.97x10’N/m, respectively.

The contact relationship in the model is shown in Fig. 8.
The interaction between segmental lining and surrounding
strata adopted surface-to-surface contact; hard contact was
applied in the normal direction, which transmits contact
pressure between the contact surfaces and allows the
contact surfaces to separate, and coulomb friction was
applied in the tangential direction. Surface-to-surface
contact was also applied between segments; hard contact
was applied in the normal direction and coulomb friction
was applied in the tangential direction. The formula for the
coulomb friction is as follows

T=uP (10)

where 7 is the critical shear stress and u is the friction
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coefficient. In this paper, the contact between segments was
set at u=0.6 and for the contact between the segmental
lining and surrounding strata, u=0.8 (Yan et al. 2016),
where P is the normal contact pressure between the contact
surfaces.

Based on the equivalent principle of flexural rigidity, the
rest of the tunnel lining was approximately simulated by
reducing the overall flexural rigidity. The equivalent
flexural rigidity equations are as follows (Koizumi 2012)

_ cos3@
(El)eq - cos<p+(§+(p)sin(p ES[S (11)
Ky
= . 12
@ + cotp = m(0.5+ EsAs/ls) (12)

where ¢ is the angle between the neutral axis and the
horizontal line at the center of tunnel; E; and A are the
elastic modulus of the tunnel lining and the cross-section
area of the tunnel, respectively; A, = m(D? —d?)/4, D
and d are the external and internal diameters of the shield
tunnel, respectively; the moment of inertia of the ring
section I; = m(D* — d*)/64; the bolt tensile stiffness K; =
nxk;, k;is the tensile stiffness of a single bolt, » is the
number of longitudinal bolts between the segmental lining
rings; and [/ is the width of the segmental lining ring. The
equivalent flexural rigidity of the tunnel lining was
calculated to be 3.7x107 kN-m?.

4. Results analysis and discussion

In this section, the tunnel-strata numerical model used in
dynamic analysis is presented and the ground velocity, the
acceleration, displacement, additional principal stress, and
joint deformation of the segmental lining in response to the
Wenchuan earthquake are analyzed.

4.1 Ground velocity

— PointP,
—— PointP,
—— PointP,
—— Point P,

Acceleration {m/s)
o
[
i
3
2

Time (s)

(a) Acceleration

—— PointP,
—— PointP,
—— PointP,
—— PointP,

T /

Ll

Displacement {mm)

Time (s)
(b) Displacement

Fig. 10 East-west acceleration and displacement time-
history curves of analysis points P;-Ps

The east-west velocity of the analysis points were
obtained and plotted as time history curves, as shown in
Fig. 9. Analysis points A, and A4 are located at the tunnel
arch in the sand-cobble layer and mudstone layer
respectively, 10 m away from the interface between the
sand-cobble and mudstone layers, and analysis points A;
and Ajare on the surface, directly above analysis points A
and A4, respectively. As shown in the figure, at the same
time the velocity of analysis point A; is faster than that of
analysis point Az, and the velocity of analysis point A, is
faster than that of analysis point As. The velocity time-
history curves of analysis points Aj-As reached their
maximums in 13.5 s, 134 s, 13.2 s, and 13.2 s, at 285
mm/s, 108 mm/s, 139 mm/s, and 81 mm/s, respectively. The
velocity response of analysis point A» is stronger than that
of analysis point A4, which forms a difference in dynamic
response between the two sides of the interface. And the
difference in dynamic response will cause segmental joint
opening and dislocation.

4.2 Acceleration, displacement, and additional
principal stress of the segmental lining

The analysis points Pi, P2, P3, and P4 are located at the
top, left, right, and bottom of the middle section of
segmental lining ring III, respectively. The east-west
acceleration and displacement of the analysis points were
obtained and plotted as time history curves, as shown in
Fig. 10. As shown in the figure, the acceleration change
trends of the analysis points were essentially identical, as
were their displacements. The acceleration time-history
curves of analysis points Pi-P4 reached their maximums in
13.1 s, at 1.85 m/s%, 1.72 m/s?, 1.69 m/s?, and 1.59 m/s?,
respectively. Compared with the maximum east-west input
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seismic acceleration, the maximum accelerations of analysis
points P;-P4, were greater by about 1.9, 1.8, 1.8, and 1.7
times, respectively, and their displacement time-history
curves reached their maximums in 11.2s at 98.1 mm, 91.9
mm, 91.6 mm and 84.6 mm, respectively. Regarding the
displacements of the analysis points at the same moment, P,
had the maximum value, followed by P, and P, and P4 with
the minimum. These results show that the closer the point
was to the ground, the greater were its acceleration and
displacement responses.

Fig. 11 shows a plot of the additional maximum
principal stress time-history curves of analysis points A-E.
Analysis point C is located at the tunnel arch bottom at the
interface between the sand-cobble and mudstone layers.
Analysis points A and B are located at the tunnel arch
bottom in the sand-cobble layer at distances from point C of
20 m and 5 m, respectively, whereas analysis points D and
E are located at the tunnel arch bottom in the mudstone
layer at distances from point C of 5 m and 20 m,
respectively. From Fig. 10, it is evident that the maximum
value of the additional maximum principal stress of point C
was 1.51 MPa; the maximum value of the additional
maximum principal stress of points A and B were 0.91 MPa
and 1.28 MPa, respectively, and the maximum value of the
additional maximum principal stress of points D and E were
0.80 MPa and 0.23 MPa, respectively. The additional
maximum principal stress of point C at the stratigraphic
interface was found to be the largest. As the distance from
the stratigraphic interface increased, the additional
maximum principal stress of the corresponding analysis
point decreased. Furthermore, the additional maximum
principal stress of the tunnel arch bottom in the looser sand-
cobble layer was greater than that at the corresponding
position in the mudstone layer, such as at points B and D
and points A and E.

4.3 Segmental joint deformation

Shield tunnel lining is manufactured in assembly
segments with circumferential and longitudinal joints.
Openings and dislocations can occur in segmental joints
subjected to earthquake action. Fig. 12 shows a magnified
display of a segmental joint opening and dislocation
subjected to earthquake action.

Table 2 lists the maximum opening and dislocation of a
circumferential joint subjected to earthquake action, in
which it can be seen that the maximum opening and

Fig. 12 Magnification of an opening and dislocation in a
segmental joint
and dislocations of

Table 2 Maximum openings

circumferential joints

Maximum Maximum
opening  dislocation

Circumferential Schematic diagram

joint pl Pt
N} 10.1 5.2
J2 13.3 13.8 Soneopye SeEmenallinng fng

11T

Js 15.3 183 [ agigh !
N 8.7 86 | L H] Ii
Js 53 2.1 Cirvhoutoreatil joat
Je 2.4 0.8

dislocation of circumferential joint J3 were the largest of
circumferential ~ joints  Ji-Js, whereas  those  of
circumferential joint Js were the smallest. The relationships
between the circumferential joints in the sand-cobble layer
with respect to the maximum opening and dislocation was
J>>Ji1, whereas the relationship between those in the
mudstone layer was J5>Js>J5>Js. This can be explained by
the fact that a larger relative deformation occurred at the
interface between the soft and hard layers subjected to
earthquake action and the farther the circumferential joint
was from the interface, the smaller was its deformation.
Moreover, the openings and dislocations of the
circumferential joints in the sand-cobble layer were larger
than those in the mudstone layer subjected to earthquake
action due to the greater seismic deformation of the sand-
cobble layer.

The details of opening and dislocation of circumferential
joint J3 was analyzed further. The analysis points O;, O-,
03, and Os are located at the top, left, right, and bottom of
circumferential joint J3, respectively, at a distance of #3
from the outer surface of the segmental lining (¢ is the
segment thickness), which approximately corresponds with
the location of the elastic sealing gasket on the segmental
joint. Fig. 13 shows a plot of the joint-opening time-history
curves of analysis points O;-Os, in which it is evident that
all the curves reached their maximum in 9.0s, at 12.5 mm,
153 mm, 12.8 mm, and 10.6 mm, respectively. The
maximum opening of circumferential joint J3 occurred on
the left of the circumferential joint.

To investigate the contribution of single-directional
motion to an opening in a circumferential joint, the
numerical calculation was performed only inputting the E-
W, N-S, and U-D seismic motions. Fig. 14 shows plots of
the joint-opening time-history curves of analysis points O;-
O4 under single-directional motion. As can be seen in the
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figure, when only the seismic motion of a single direction
was input, the relative sizes of the joint J3 opening caused
by the three motion directions are as follows: N-S
motion>E-W motion>U-D motion. The contributions of the
single-direction motions along the longitudinal, horizontal,
and vertical directions of the tunnel to the opening of
circumferential joint J3 were approximately 60%, 30%, and
10%, respectively, of the combined three-directional
motion. These results indicate that the opening of
circumferential joint J3 was mainly caused by motion along
the tunnel, whereas the motions across the tunnel in both
directions contributed only slightly.

Fig. 15 shows a plot of the joint-dislocation time-history
curves of analysis points O;-O4 of the combined three-
directional motion. From the figure, it is evident that the
joint-dislocation time-history curves of analysis points O;
and O4 reached their maximum in 13.2 s, at —14.3 mm and
—12.0 mm, respectively, and those of analysis points O, and
O3 reached their maximum in 13.3 s, at 18.3 mm and 15.8
mm, respectively. The times of maximum dislocation at
four typical locations were very close. In addition, the
change trends of the dislocations of points O; and O were
essentially in agreement, as were points O, and Os. This can
be explained by the fact that the segmental lining, as a non-
rigid body, deformed to a certain extent due to earthquake
action, so the joint dislocations of points O; and O4 or

Joint dislocation (mm)

Time (s)

Fig. 15 Joint-dislocation time-history curves of analysis
points O1-Os
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Fig. 16 East-west acceleration and displacement time-
history curves of analysis points P;-Ps

points O, and O; at the same time were not exactly the
same. Also, the joint dislocations of points O, and O3 were
larger than those of points O; and Os, due to the greater
intensity of the E-W motion than the U-D motion.

There are more longitudinal joints than circumferential
joints in segmental lining rings I-V. To determine the
openings and dislocations of longitudinal joints of a
segmental lining subjected to earthquake action, the
maximum joint openings and dislocations of the
longitudinal joints of segmental lining rings -V were
obtained, as shown in Fig. 16.

Fig. 16(a) shows the maximum joint openings of the
longitudinal joints of segmental lining rings [-V. From the
figure, it is evident that a maximum joint opening of 3.5
mm occurred at longitudinal joint (2 of segmental lining
ring I, and that the relationship of the maximum openings
of the longitudinal joints in the sand-cobble layer was 1I>1
and in the mudstone layer was III>IV>V. Fig. 16(b) shows
the maximum joint dislocations of the longitudinal joints in
segmental lining rings I-V. As shown in the figure, a
maximum joint dislocation of 6.1 mm occurred at
longitudinal joint 3 of segmental lining ring II, and the



Dynamic response and waterproof property of tunnel segmental lining subjected to earthquake action 419

“ YTPDM rubber
scaling gasket

a
a
b ¢ a
a -
4 25
v e s
Coa »
a a aq g

[l 7 3|7 [3] 7 [3]
33

(a) Joint waterproof
structure

(b) Cross-section schematic of
EPDM sealing gasket (mm)
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maximum dislocations of the other longitudinal joints were
less than 4 mm. The distribution of the maximum openings
of the longitudinal joints was basically consistent with that
of the maximum joint dislocation of the segmental lining
rings I-V.

As determined by the above analysis, the joint openings
and dislocations of circumferential joints are much larger
than those of longitudinal joints. As such, the
circumferential joint is considered to be the control joint for
structurally waterproofing shield tunnels subjected to
earthquake action. The analysis results indicate that the
least favorable situations with respect to segmental joint
deformation in this section of the shield tunnel subjected to
the Wenchuan earthquake are as follows: joint opening of
15.3 mm and joint dislocation of 6.6 mm (at point O,); joint
opening of 6.4 mm and joint dislocation of 18.3 mm (at
point ). Therefore, it is necessary to analyze the
waterproof property of the elastic sealing gasket in this
section of the shield tunnel and determine its waterproof
effectiveness in these unfavorable situations.

5. Verification of segmental
property after joint deformation

lining waterproof

Existing research indicates that the opening and
dislocation deformation of segmental joints can alter the
waterproofing property. In this study, both numerical
simulation and laboratory tests were used to analyze the
waterproof property in the above unfavorable situations.
Focusing on the elastic sealing gasket in the shield tunnel of
Line 1 of the Chengdu Metro, a numerical analysis of the
contact pressure along the seepage path was conducted and
the waterproof property of the elastic sealing gasket under
different joint openings and dislocations investigated. In
Line 1 of the Chengdu Metro, EPDM sealing gaskets are
installed in the segmental sealing groove on circumferential
and longitudinal joints to realize a waterproof segmental
lining joint, as shown in Fig. 17. The caulking grooves of
China’s urban metro tunnels are not generally filled, the
effect of filler in the caulking groove were not considered in
our analysis of waterproof property.

5.1 Numerical model for waterproof property
As EPDM is

hyperelastic, the Mooney-Rivlin

Fig. 18 Numerical model for waterproof property

constitutive model is often adopted in its numerical
simulation. The strain-energy density function W of this
model can be expressed as follows

W = Cio(ly = 3) + Co1(I; = 3) (13)

where W is the strain-energy density function; /; and I, are
the first and second Green strain invariants, respectively;
and Cjp and Co; are the material constants of the Mooney-
Rivlin model.

Due to the incompressibility of rubber (Poisson’s ratio
v=0.5), the relationship of the shear modulus G, elastic
modulus E, Co, and Co; is as follows

G =507 =5 = 2(Cio + Cor) (14)

Gent (2001) suggested that a Cyi/C10=0.25 was
reasonable in the Mooney-Rivlin model. Substituting this
value into Formula (14), the Formula (15) is obtained

E = 6(610 + 0.25C10) (15)

According to rubber test data, the following relationship
between the rubber hardness H and the elastic modulus E is
obtained (Gent 2001)

E = 15.72+2.15H (16)

100—-H

In this paper, the rubber hardness H of the elastic sealing
gasket is 50. The material constant Cio and Cp were
calculated to be 0.329 MPa and 0.082 MPa, respectively. As
the cross-sectional size of the elastic sealing gasket is much
smaller than its longitudinal size, a plane strain model was
developed for the waterproof analysis, as shown in Fig. 18.
Four-node plane strain quadrilateral elements (CPE4) were
used to simulate the elastic sealing gaskets and segmental
lining. There were 9,770 elements in the numerical model.
The Mooney-Rivlin constitutive model was considered for
the elastic sealing gaskets, while the elastic constitutive
model was adopted for the segmental lining. Fixed
boundaries were set at the bottom of the model. Friction
contact was applied between the elastic sealing gaskets and
between the elastic sealing gaskets and segmental sealing
groove, and self-contact was applied on the surfaces of the
internal holes of the elastic sealing gaskets.

5.2 Numerical analysis of waterproof property
Fig. 19 shows plots of the von Mises stress of the elastic

sealing gasket under different joint openings for a joint
dislocation of 0 mm. From this figure, it is evident that
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Fig. 19 Von Mises stress of elastic sealing gaskets with different joint openings for a joint dislocation of 0 mm
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Fig. 20 Seepage paths of the elastic sealing gasket

when the joint opening was 0 mm, the segmental sealing
groove well was filled by the elastic sealing gasket and the
entire elastic sealing gasket had a large deformation. When
the joint openings were 0 mm, 4 mm, 8 mm, 12 mm, and 16
mm, the maximum von Mises stress of the elastic sealing
gaskets were 2.11 MPa, 1.64 MPa, 1.19 MPa, 0.98 MPa,
and 0.24 MPa, respectively. This shows that with the
increasing joint openings, holes in the elastic sealing
gaskets gradually opened and the maximum von Mises
stress gradually decreased. Note that all the maximum von
Mises stresses occurred around the holes of the elastic
sealing gaskets. This can be explained by the fact that the
parts of the elastic sealing gasket that can undergo a large
deformation are primarily the holes in the confined space of
the segmental sealing groove.

Regardless of the destruction and deterioration of the
elastic sealing gasket, the water enters the tunnel only along
the contact surfaces between the elastic sealing gaskets or
between elastic sealing gasket and the segmental sealing
groove, as shown in Fig. 20. The contact pressure between
elastic sealing gaskets, and between elastic sealing gasket
and the segmental sealing groove can determine the
waterproof property of the elastic sealing gasket. The
seepage path, along which the maximum contact pressure is
minimum among three seepage paths, is regarded as the
control path. The maximum water pressure that the elastic
sealing gasket can withstand is the maximum contact
pressure along the control path. Once the external water
pressure is greater than the maximum contact pressure
along the control path, the elastic sealing gasket can no
longer prevent water from seeping in.

Fig. 21 shows plots of the contact pressures along three
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Fig. 21 Contact pressure along three seepage paths when
joint opening is 14 m and dislocation is 0 m

seepage paths for a joint opening of 14 mm and a
dislocation of 0 mm. As shown in the figure, the
distributions of the contact pressure along seepage paths 1
and 3 are basically symmetrical. In addition, the contact
pressure in contact areas C and D was the greatest, that in
contact areas B and E was next, and that in contact areas A
and F was the least. The contact pressure in the areas
corresponding to the holes was 0 MPa. The peak of the
contact pressure along seepage path 1 was 0.0995 MPa,
which occurred in contact area D;, whereas that along
seepage path 3 was 0.0992 MPa, which occurred in contact
area Cs. Note that the contact-pressure peaks along seepage
paths 1 and 3 differ slightly. It is speculated that this slight
difference is due to calculation error. Along seepage path 2,
the contact pressure presents a “W” distribution. Contact
areas A, and B,, in which the contact pressures were
relatively small, were located between two semicircular
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Fig. 22 Change curves of maximum contact pressures along
three seepage paths with different size joint openings when
dislocation is 0 mm

holes in the middle of the upper and lower elastic sealing
gaskets. This can be explained by the fact that when the
elastic sealing gasket was greatly deformed, the holes
closed and absorbed much of the deformation energy, which
caused the contact pressure between the two semicircular
holes to decrease. The contact-pressure peak along seepage
path 2 was 0.1891 MPa. Neglecting calculation error, the
contact pressure along seepage paths 1 and 3 was the least.
Therefore, seepage paths 1 and 3 were the control paths.
This analysis reveals that the waterproof property of the
elastic sealing gasket was 0.0992 MPa when the joint
opening was 14 mm and dislocation was 0 mm.

Fig. 22 shows plots of the curves of the maximum
contact pressures of three seepage paths with different joint
openings for a dislocation of 0 mm. From the figure, it is
evident that the maximum contact pressures on the three
seepage paths decreased with increases in the joint opening.
The maximum-contact-pressure-joint-opening relationship
can be divided into two phases. In phase I, the joint
openings range in size from approximately 0 mm to 6 mm,
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28 —a— Joint dislocation=10 mm
261 —— Joint dislocation=15 mm
24% —e— Joint dislocation=20 mm

Maximum contact pressure alang the control seepage
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Joint opening (mm)

Fig. 23 Maximum contact pressure along the control
seepage path under different joint openings and dislocations

and the observed maximum contact pressure decreases
rapidly as the joint opening increases in size. In phase 11,
the joint openings range in size from 6 mm to 16 mm, and
the maximum contact pressure decreases slowly as the size
of the joint opening increases. This can be explained by the
fact that when the joint opening is small, there is an obvious
rebound deformation of the elastic sealing gasket as the
joint opens. However, once the joint has opened to a certain
extent, this rebound deformation of the elastic sealing
gasket is no longer evident as the joint opening size
continues to increase. Of the three seepage paths, the
maximum contact stress along the seepage path 2 is the
highest and those of seepage paths 1 and 3 were basically
the same. These results show that when the joint dislocation
was 0 mm, seepage paths 1 and 3 were the control paths no
matter how large the joint opening becomes, and the
maximum waterproof property of the elastic sealing gasket
is determined by the maximum contact pressures of seepage
paths 1 and 3.

Fig. 23 shows the maximum contact pressure along the
control seepage path under different joint openings and
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dislocations. As shown in this figure, the maximum contact
pressure along the control seepage path decreased as the
size of the joint opening increased when the joint
dislocation did not change. When the joint opening was less
than 10 mm, the maximum contact pressure along the
control seepage path decreased as the joint dislocation
increased. However, the joint dislocation had little influence
on the maximum contact pressure along the control seepage
path when the joint opening was larger than 10 mm. In
actual projects, the cork gasket is often set on the segmental
joint to prevent extrusion of the segmental joint surface.
Therefore, a joint opening of approximately 2-3 mm always
remains after the normal assembly of segments. As such, a
joint opening of 0 mm is simply an ideal state. In actual
projects, the maximum water property of a shield tunnel is
often not more than about 1.6 MPa.

Based on the shield tunnel passing through soft-hard
inhomogeneous layers on Line 1 of the Chengdu Metro, the
water leakages in the least favorable situations of segmental
joint deformation subjected to earthquake action (joint
opening of 15.3 mm and joint dislocation of 6.6 mm; joint
opening of 6.4 mm and joint dislocation of 18.3 mm) were
analyzed. Given a water head of 10 m, water leakage will
appear in the former scenario but not in the latter. The
analysis results indicate that water leakage appeared at the
left of the circumferential joint in the section of the shield
tunnel passing through the interface between the sand-
cobble and mudstone layers, which was consistent with the
observed earthquake damage.

5.3 Test verification of waterproof property

Using the segmental joint deformation obtained from
numerical analysis of the seismic response, a waterproof
test of the elastic sealing gasket was conducted to verify the
occurrence of water leakage in the most unfavorable
segmental joint deformations in the shield tunnel. Fig. 24
shows the test device and the principles of the waterproof
test.

The waterproof test device mainly comprised steel
templates, a hydraulic pump, pressure gauges, valves, and
steel bolts, as shown in Fig. 25. The steel templates
consisted of a steel plate and two steel angle plates, with the
dimensions 800 mmx600 mm and 600 mmXx400 mmx400
mm, respectively. The thickness of the steel templates is 36
mm. Three sealing grooves were machined in every steel
template corresponding to the three different cross-sectional
elastic sealing gaskets. Then, three holes were drilled on the
steel plate as exhaust-vent and pressure measurement holes
and three holes on the steel angle plate as water inlets.

The joint opening of the test device was controlled by
adding shims of different thicknesses between the steel
plate and steel angle plate, and the degree of joint
dislocation was modified by moving the steel plate. Bolts
were used to fix the device, thereby preventing any change
in the joint opening and dislocation during the test. At the
beginning of the test, the hydraulic pump and pressure
gauges were connected to the device and then water was
poured into the test device until it flowed out of the exhaust
vent, indicating that there was no longer air in the device.
Then, close the exhaust vent valve and keep the water
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Fig. 26 Water pressure that elastic sealing gasket can
withstand under different joint openings and dislocations

pressure stable at an initial small water pressure of 0.04
MPa for 20 minutes. Then the water pressure was increased
in 0.02 MPa increments. After every addition, this water
pressure was maintained for 10 minutes. If there was no
leakage, the pressure continued to be increased. If leakage
occurred, the elastic sealing gasket was considered to be no
longer waterproof at this water pressure and the effective
waterproof property of the elastic sealing gasket were the
water pressures before this water pressure was increased
0.02 MPa.

Fig. 26 shows the water pressure that elastic sealing
gasket can withstand under different joint openings and
dislocations. From the figure, it is evident that when the
joint dislocation remained unchanged, the water pressure
that elastic sealing gasket can withstand decreased as the
joint opening increased and the decrement decreased as the
joint opening increased. When the joint opening was less
than 10 mm, the water pressure that elastic sealing gasket
can withstand obviously decreased as the joint dislocation
increased. However, joint dislocation had little effect on the
water pressure that elastic sealing gasket can withstand
when the joint opening was larger than 10 mm. This test
result basically accords with our numerical simulation
result.

The waterproof test results indicate that, given a water
head of 10 m, water leakage will occur with a joint opening
of 15.3 mm and a joint dislocation of 6.6 mm, but no water
leakage will occur when the joint opening is 6.4 mm and
joint dislocation is 18.3 mm. This waterproof test result
basically agrees with our numerical simulation result,
therefore verifying again the actual water leakage due to
damage from the Wenchuan earthquake to the shield tunnel
in Line 1 of the Chengdu Metro. This shows that the
influences of joint opening and dislocation caused by
earthquake action on the waterproof property of elastic
sealing gaskets should be fully considered in the aseismic
design of shield tunnels.

6. Conclusions

Based on the section of the shield tunnel in Line 1 of the
Chengdu Metro that passes through the interface between
sand-cobble and mudstone layers, a 3D model of a shield
tunnel with an assembled segmental lining was built for the
purpose of analyzing the dynamic response of the segmental
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lining and the deformation of the segmental joints.
Numerical simulations and laboratory tests were conducted
to analyze the waterproof property of the elastic sealing
gasket used in the shield tunnel. The following are the main
conclusions obtained from the research:

* Compared with the conventional seismic-motion input
method that inputs acceleration, the node-stress input
method has good adaptability to seismic analysis. This
method considers the seismic motion of the lateral
boundary nodes and the reflection of seismic wave on
the free surface and fits well with the viscous-spring
artificial boundary.
* The contact surface and a spring were used to simulate
the segmental joint surface and joint bolt. Respectively,
the tensile, compressive, shear, and flexural resistances
of the segmental joint were obtained. While reducing the
required computing power, the structural analysis model
of the shield tunnel developed by combining a partially
refined model of the assembled segmental lining with a
model of its structural equivalent flexural rigidity, also
has good adaptability for analyzing the dynamic
response of the shield tunnel, especially with respect to
joint openings and dislocations.
» For shield tunnels passing through the interface of
soft-hard inhomogeneous strata, the acceleration,
displacement and joint deformation of segmental linings
are subject to significant earthquake action. As the
distance from the interface increases, the structural
dynamic response decreases. Compared with the looser
sand-cobble layer, there is a smaller structural dynamic
response of the shield tunnel in the corresponding
position in the mudstone layer.
» For shield tunnels passing through the interface of
soft-hard inhomogeneous strata, the joint openings and
dislocations of circumferential joints are always much
greater than those of longitudinal joints. The opening of
circumferential joints is mainly caused by motion along
the tunnel, but motion along the tunnel cross section in
the horizontal and vertical directions contributes only
slightly.
* Joint openings and dislocations both affect the
waterproof property of the elastic sealing gasket. For the
shield tunnel on Line 1 of the Chengdu Metro, when the
joint dislocation remains unchanged, the waterproof
property of the elastic sealing gasket decreases rapidly
as the joint opening increases until the joint opening
reaches 6 mm, after which its waterproof property
decreases slowly as the joint opening increases. When
the joint opening is less than 10 mm, the waterproof
property of the elastic sealing gasket obviously
decreases as the joint dislocation increases. When the
joint opening is larger than 10 mm, joint dislocation has
little influence on the waterproof property.

In this paper, based on the analysis of joint deformation
in the shield tunnel on Line 1 of the Chengdu Metro
subjected to earthquake action and an investigation of the
waterproof property of the elastic sealing gasket, the
inevitability of water leakage at the arches of
circumferential joints in the shield tunnel passing through
the interface between sand-cobble and mudstone layers

during the 2008 Wenchuan earthquake was verified. There
were a number of deficiencies in this study that should be
noted, as follows: (1) The influence of bolt fracture on the
joint openings was not taken into account. (2) Only the joint
openings and dislocations caused by earthquake action were
considered, and any initial deformations of segmental joints
caused by assembly error were neglected. (3) In the analysis
of the waterproof property of the elastic sealing gasket, the
deformation of the joint opening were considered to be
uniform and any differences in the joint opening on the
outside and inside of segments with respect to segmental
thickness were ignored.
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