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In order to study the longitudinal seismic capacity of shield tunnels, this work applies the
structural seismic vulnerability analysis, based on incremental dynamic analysis (IDA), to a
shield tunnel and explores the ground motion intensity measure suitable for the shield
tunnel in different site types. The failure probability of the structure at each earthquake
intensity is calculated by combining the probabilistic seismic demand model with the limits
on the engineering demand parameters to establish the seismic vulnerability curve of the
structure. The results indicate that the peak ground velocity (PGV) is the ground motion
intensity measure suitable for the longitudinal seismic performance of the shield tunnel. The
site type has the most profound influence on the extent of the longitudinal damage to the
shield tunnel, and site type IV is the most dangerous under an earthquake. Further, the
tunnel has stronger seismic resistance in the elastoplastic stage. The low-grade bolts
between the rings damage more severely than the high-grade bolts. A tunnel with either a
great depth of burial or a large cross section is more dangerous than the one with either a
small depth of burial or a small cross section. The risk of the axial tension-compression
failure of the shield tunnel is higher than that of the horizontal transverse shear failure.

Keywords: shield tunnel, ground motion intensity measure, longitudinal seismic performance, engineering demand
parameters, incremental dynamic analysis, fragility curves

INTRODUCTION

Tunnels are an essential component of urban lifeline engineering and public social infrastructure
and the traffic lifeline of modern metropolises. Their seismic safety and risk analysis have
become an essential research topic on urban disaster prevention and reduction. Some studies
have reported that underground structures and tunnels seriously damage under strong
earthquakes (Pitilakis and Tsinidis, 2014). In addition, the construction of tunnels is
expensive, and it is difficult to recover a damaged tunnel. Therefore, it is essential to
conduct seismic research into tunnels.

At present, the risk analysis of earthquakes is chiefly qualitative, and the quantitative evaluation of
the probability and consequences of earthquakes is not possible. The evaluation of the vulnerability
to earthquakes is to determine the probability of damage to structures at various ground motion
intensities from a macro perspective, which has become a powerful tool for evaluating the seismic
risk of structures. For the study of the fragility curve, the methods of earthquake damage
investigation and expert evaluation are primarily used in the early stages to establish the
empirical vulnerability curve through statistical regression. Chen et al. (2012) established the
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seismic risk curve of a highway bridge system in the Wenchuan
area based on the investigation of bridge damage caused by the
Wenchuan earthquake. Later, some researchers utilized
numerical simulation to analyze the structural response
statistically and used damage indicators to establish analysis
curves with clear probability significance (He et al., 2017). The
development of numerical simulation from the elastic spectrum
method to the nonlinear pseudo-static method and then to the
nonlinear time-history analysis method was substantially parallel
to the seismic response analysis. Jernigan and Hwang (2002)
employed the elastic spectrum method to obtain the bridge
fragility curves in Memphis. In another work, Hwang and Liu
(2004) used the pushover method to analyze the vulnerability of a
highway system affected by an earthquake in the eastern
United States.

The research on the vulnerability of ground structures has
lagged behind that on underground structures. So far, the
seismic vulnerability analysis of tunnels has chiefly been
based on the previous cases of damage to tunnels completed
by expert judgment or empirical fragility curves (Pitilakis and
Tsinidis, 2014). However, the analytical methods widely used in
ground structures are very limited in researching tunnel
vulnerability. Argyroudis and Pitilakis (2012) employed a
pseudo-static method to analyze the vulnerability of shield
tunnels and proposed relative bending moment performance
indicators suitable for underground structures. Huang et al.
(2017) studied the seismic vulnerability of mountain tunnels
based on Argyroudis’s research (2012). Qiu et al. (2018)
determined the seismic fragility curves based on the pseudo-
spectral acceleration (PSA) in the entire period of a circular rock
mountain tunnel and examined the effects of the rock
parameters, the depth of burial of the tunnel, the diameter of
the tunnel, and the thickness of the tunnel lining. Argyroudis
et al. (2017) considered the soil-structure interaction (SSI) and
the aging effect caused by the corrosion of the lining
reinforcement and determined the vulnerability curves of
shallowly buried tunnels through two-dimensional nonlinear
dynamic analysis. For studying the seismic vulnerability of
underground structures, a typical cross section of the
structure is generally selected for two-dimensional finite
element analysis, and the influence of the longitudinal
seismic response of underground structures such as subway
tunnels is not considered (Huang and Zhang, 2021). The
longitudinal seismic vulnerability analysis needs to be carried
out in depth for highly long linear underground structures to
reveal the longitudinal influence mechanism of underground
structures and the development law of seismic vulnerability.

The incremental dynamic analysis (IDA) has widely been used
in structural fragility analysis. Bertero (1977) first proposed the
basic idea of the IDA, and then it was widely used in seismic
fragility analysis of bridges and buildings (Zhang and Huo, 2009;
Lv et al,, 2012; Wu et al., 2012; Zhang et al., 2018). As a method
for structural seismic analysis, the IDA employs statistical
methods to analyze the results after a large number of
numerical calculations that limit the application of this
method. In this regard, many scholars have improved the
shortcomings of the IDA in the practical application of diverse
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structures (Vamvatsikos and Cornell, 2005; Yang et al., 2008;
Wang et al,, 2012; Huang et al., 2020).

The ground motion intensity measure is an essential part of
seismic fragility analysis and correlates the risk of ground motion
with the engineering demand parameters. Reasonable ground
motion intensity measures can effectively reduce the dispersion of
structural response prediction results. At present, the peak
ground acceleration (PGA) or the peak ground velocity (PGV)
is usually used as the ground motion intensity index in the seismic
vulnerability analysis of underground structures. According to
the relevant literature (Huang and Zhang, 2021), the PGA, as the
most widely employed ground motion intensity index, accounts
for 65.96%, and the PGV and the peak ground displacement
(PGD) account for 14.89 and 6.38% respectively. Other ground
motion intensity parameters are rarely used. Huang et al. (2020)
reported that for the lateral seismic analysis of tunnels shallowly
buried in soft soil, the PGA had a more significant correlation
with the structural failure index than the PGV. Thus, the PGA is
currently a more appropriate seismic intensity index in seismic
vulnerability analysis. Anastasopoulos et al. (2007) inferred from
the longitudinal seismic analysis of an immersed tunnel that the
PGV had a closer correlation with the structural failure index
than the PGA. Zhong et al. (2020) took a two-story, three-span
subway station as the research object and compared the results of
the discrete analysis of the PGA, the PGV, the PGD, and the IDA
at different depths of burial of a non-free site. They concluded
that the PGA was the seismic strength index suiting the subway
station. It can, therefore, be seen that the PGA is not the most
ideal ground motion intensity index for different underground
structure conditions.

Considering a typical shield tunnel as an engineering case, we
extend the structural seismic vulnerability evaluation based on
the IDA to the longitudinal seismic performance evaluation of
shield tunnels. By calculating the structural seismic response, the
standard seismic intensity indices are compared and analyzed,
and the longitudinal seismic intensity indices suitable for the
structure of shield tunnels are proposed. By comparing diverse
working conditions, the seismic vulnerability curves of shield
tunnels under various influencing factors are established, which
provides a basis for predicting damage to shield tunnels under
different ground motions.

THEORETICAL DERIVATION

Incremental Dynamic Analysis
As a parametric analysis method, IDA has commonly been used
to evaluate structural performance under the action of ground
motion in recent years. The method is to adjust the amplitude of
the ground motion records at a particular proportion, and the
ground motion intensity after the amplitude modulation is used
as the input of the structure to calculate the dynamic time history.
However, calculating the dynamic time history under
earthquakes requires considering the nonlinear effects of soil
mass and the dynamic boundary effect of the soil-structure
interaction model, which makes the convergence of the model
time-consuming and challenging. Therefore, the dynamic time-
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history method is replaced by the longitudinal response
displacement method. The response displacement method
considers that the response of underground structures during
an earthquake depends on the movement of the surrounding
strata. The relative displacement of the strata during an
earthquake is simulated in the form of a static load through a
foundation spring to determine the internal force on the
structure. The equivalent linearization is also used to consider
the soil nonlinearity, which avoids the problems of the many
nonlinear constitutive models of soil, the easy nonconvergence of
the calculations, and the dynamic boundary effect. The theory of
the reaction displacement method is mature, and its error is
controllable (Liu et al., 2019); the calculation workload and time
are significantly reduced. It can improve the efficiency and make
it possible to calculate the longitudinal seismic vulnerability of
long-line, underground structures by the IDA.

Determination of Ground Motion Intensity
Measure and Engineering Demand

Parameters

In calculating the seismic demand model and the IDA, selecting
the comprehensive ground motion intensity parameters and the
engineering demand parameters is a prerequisite, which ensures
the accuracy of the IDA results and affects the evaluation of the
ground motion intensity index.

Combined with the peak value, spectrum characteristics, and
duration of the ground motion records, six ground motion
intensity measures are selected for the ground motion
intensity parameters: the PGA, PGV, and PGD considering
the seismic peak parameters; the pseudo-spectral acceleration
considering the seismic spectral parameters; and the root-mean-
square acceleration (RMSA) and Arias intensity considering the
seismic duration parameters.

Generally, long underground structures have a large number
of longitudinal joints. The longitudinal seismic performance of
general tunnels chiefly considers the waterproofness performance
requirements of the structural joints, so the amount of the ring
joint opening and the dislocation are considered the engineering
demand parameters. The amount of the ring joint opening
primarily reflects the deformation caused by the axial tension,
compression, and bending of the shield tunnel. The dislocation
chiefly represents the deformation caused by the horizontal and
transverse shear of the shield tunnel.

Evaluation of Ground Motion Intensity

Measure

A cluster of IDA curves is obtained, and the statistical analysis of
the cluster of the IDA curves is used to derive the structural
seismic demand model. The structural seismic demand model is
then employed to further evaluate the strength and weakness of
the intensity measure (IM). The specific steps are as follows:

a) The modified IDA method is used to calculate the maximum
response measure (EDP;) of the simplified analysis model
under the ith seismic record.

Seismic Vulnerability of Shield Tunnels
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FIGURE 1 | A schematic of the structural seismic demand model.

b) n ground motion records are calculated to obtain n discrete
points. Then, the natural logarithm of these points is taken to
generate a series of data points [In(EDP;), In(IM;)]. Afterward,
the natural logarithmic points are drawn in the plane
coordinate system.

c) The model parameters are adjusted to determine the tunnel
structure under diverse site types. Steps (a) and (b) are
repeated to obtain the cluster of the IDA curves of the
tunnels for various site types.

d) The linear regression of the points on these curves is done
based on the cluster of the IDA curves. The related literature
shows that there is an exponential relationship between the
engineering demand parameter (EDP) and the ground
motion intensity measure (IM) of the structure, as
expressed in Eq. 1, which is the structural seismic
demand model (Baker and Cornell, 2008; Padgett et al.,
2008; Baker and Cornell, 2010). By taking the natural
logarithm of both sides of Eq. 1, we can transform it into
a linear relationship, as delineated in Figure 1.

EDP = «IM* 1)

where « and f3 are the regression coefficients.

The dispersion and correlation coefficients of In(EDP) and
In(IM) can be obtained from the seismic demand model of the
structure. In Figure 1 and Eq. 2 calculate the dispersion (). Eq.
2 calculate the correlation (p).

3 cov (EDP, IM)

~ \(EDP) - VDI

3" (EDP,- EDP)(IM, - TM)
/3., (EDP,~EDP)’ 5%, (IM; - 1)’

2

where cov(EDP, IM) is the covariance between EDP and IM;
D(EDP) and D(IM) indicate the standard deviation of EDP and
IM respectively; EDP and IM stand for the average of EDP and
IM respectively.
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a) Correlation (p) is calculated by Eq. 2, and its value ranges
from -1 to 1. The absolute value of p, i.e., |p|, is closer to one when
there is a stronger correlation between the engineering
requirements and the ground motion intensity measure of the
research structure.

b) Efficiency is expressed by dispersion and is the opposite of
the correlation. The ground motion intensity measure is more
effective when 6 is smaller (Giovenale et al., 2010).

¢) Practicality is expressed by the size of the regression
coefficient (b) in the structural demand model. Practicality
refers to the degree to which EDP depends on the IM. The
practicality of an intensity measure parameter is extreme, and the
variations in the engineering demand parameters depend very
much on the differences in the intensity measure (Luco and
Cornell, 2007).

d) Proficiency ({) considers a composite measure of the
effectiveness and the practicability simultaneously as given by
Eq. 3 (Shafieezadeh et al., 2012):

8D/IM

== 3)
where 8p,1pr is the standard deviation of the seismic response, and
b represents the regression coefficient obtained from modifying
the structural response data collected by the modified IDA
method and performing linear regression statistics. The
smaller the ( is, the lower the randomness and the more
reasonable the intensity measure become.

Fragility Analysis Theory

(Baker and Cornell, 2008; Baker and Cornell, 2010) pointed out
an exponential relationship between the engineering demand
parameters and the intensity measure. This paper assumes that
there is an exponential correlation between the mean of the EDP
(Sp) and the IM as well, and taking the natural logarithm of both
sides of such a relation yields the following equation:

InSp = a + blnIM (4)

where a and b are the regression coefficients that can be obtained
from the regression analysis of a large amount of data calculated
by the modified IDA. Eq. 4 is an expression with the intensity
measure as the only independent variable.

The seismic fragility curve represents the failure probability of
a structure under diverse ground motion intensities, which is the
probability that the structural response exceeds the limit value of
the structural capacity under the condition of a given earthquake
intensity index; it is a conditional probability and can be
expressed in Eq. 5:

®)

InSp—InS
pf:p(c_Dgo):(p(_M)

where Py is the surpassing probability of the structure, C denotes
the seismic capacity of the structure, and D represents the seismic
requirement of the structure; C and D are independent random
variables, and both obey a normal distribution. S¢ is the mean of
the seismic capacity of the structure. o¢ indicates the standard
deviation of the seismic capacity of the structure, and o, is the
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standard deviation of the seismic requirements of the structure.
This work only considers the randomness of the ground motion
intensity and does not take the randomness of the structure into
account; thus, o¢ is equal to zero in Eq. 5, and op is defined as a
function of IM as an independent variable. Py is given by:

bInIM — 1
P, = P[C>D|IM = X] = o] 2 2nIM ~ In(Sc) )

\/Z; (mEDP;~In (a1m®))’

n-2

where @ (X) represents the standard normal distribution
function. Eq. 6 defines the overriding probability
corresponding to various structural performance standards.
The obtained seismic fragility curve is used to evaluate the
seismic performance of the tunnel. The specific steps are
shown in Figure 2.

ESTABLISHMENT OF FINITE ELEMENT
MODEL

Calculation Model and Parameters

The shield tunnel is selected from a section of rail transit in
China. The circumferential bolt layout of the tunnel is shown in
Figure 3, and the parameters of the corresponding concrete pipe
section are presented in Table 1. The elastic modulus is
34.5 Gpa and Poisson’s ratio is 0.2 of shield tunnel segment.
According to the site type regulations described in the code for
Seismic Design of Urban Rail Transit Structures (GB50909-
2014GB50909-2014), the site is divided by the equivalent
velocity of the shear wave of the soil layer and the thickness
of the overburden layer. The thickness of the soil layer is set at
90 m, and the depth of burial of the underground structure is
considered to be 10, 20, and 36 m respectively. Site types II, III,
and IV are also selected since shield tunnels are rarely used in
site type I in practical engineering. The specific physical
parameters of the soil layer are listed in Table 1.

The equivalent linearization is used to consider the
nonlinearity of the soil according to the division of the site
type and the specific parameters of the soil layer. Figure 4
delineates the variation in the shear modulus and damping
ratio of the cohesive soil (clay), the sandy soil, and the rocky
soil with the shear strain.

Finite Element Modeling and Working

Conditions

The longitudinal response displacement method is employed to
model the tunnel, and the tunnel is assumed to be a beam
element. Because many bolts connect the shield tunnel in the
longitudinal direction, the treatment of the mechanical model of
the structural ring joints directly affects the calculation
accuracy. There are two modeling methods commonly used
for ring joints: the equivalent homogeneous beam model shown
in Figure 5B and the beam-spring model depicted in Figure 5C.
The equivalent stiffness model does not consider the influence
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FIGURE 2 | The process of the structural seismic vulnerability analysis.

/¢30Bolt hole

FIGURE 3 | (A) The layout of the circumferential bolts and (B) the ring bolt detail of the shield tunnel in an engineering section.

of ring joints. Moreover, although the model is simple, it
overestimates the stiffness of tunnel lining, which quickly
causes the results to differ from the actual situation. The

beam-spring model can more
mechanical properties of ring joints and is closer to the
structural response under actual seismic conditions. However,

accurately
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TABLE 1 | The parameters of the soil layer.

Seismic Vulnerability of Shield Tunnels

Site type Il (Site type ll)[Site type V]

Soil layer Thickness (m) Density, p Damping ratio Shear modulus, Shear wave
(g/cm®) G (kPa) velocity, V
(m/s)
Avrtificial fill 1 1.84 0.4 46,989[31,020] 160[130]
Brownish yellow-grey yellow soil 2(6)[5] 1.86 0.38 81,845(36,375] 210[140]
Grey muddy, silty clay 5(10)[5] 1.78 0.36 102,787(64,421)[37,519] 240(190)[145]
Grey mucky clay 19(15)[17] 1.73 0.35 135,908(56,166)[39,004] 280(180)[150]
Grey clay 27(26)[27] 1.79 0.3 161,523(103,375)[104,238] 300(240)[241]
Grey silt 36(32)[35] 1.83 0.32 211,004(105,137)[109,563] 340(240)[245]
Bedrock — 2.55 0.22 2,549,000 1,000
1.0 150
0.8+ 140
)
0.6 — Shear modulus / 130 -8
= and damping ratio of sandy soil K]
g Shear modulus \ ED
g 0.4+ and damping ratio of clay 120
Qo —— Shear modulus g
02l and damping ratio of rocky 110 o)
0.0 ;
1E-4 0.001 0.01 1 10 100
Shear strain (%)
FIGURE 4 | The variation in the shear modulus and damping ratio of the clay, the sandy soil, and the rocky soil with the shear strain.

the beam-spring model has high requirements for selecting the
spring parameters, and reasonable spring parameters
significantly impact on the accuracy of the results. This work
uses the beam-spring model for the calculations, and the
longitudinal length of the model is 1,080 m Atsushi (2009).
Abaqus finite element software selects the three-dimensional
linear Timoshenko beam element (B31) with an annular cross
section for the simulation. The overall model of the shield
tunnel is shown in Figure 5A.

Considering the influence of the joint rings of the tunnel, we
disconnect and connect each beam element by setting an
asymmetric, tension-compression, nonlinear spring; bending
the nonlinear spring; and shearing the spring. For the soil
simulation around the shield tunnel, the finite element model
of the soil of the excavated structure is established, and the axial
uniformly distributed load and the horizontal uniformly
distributed load are applied to the structure position. After
extracting the average displacement of the structure, the
corresponding coefficient of the axial foundation spring and
the coefficient of the horizontal transverse foundation spring are
determined. The width of the model is considered to be 10 times
the thickness of the soil layer Atsushi (2009) to ignore the
boundary effects on the soil response, as shown in Figure 5D.
To consider the influences of the depth of burial of the tunnel,
the dimensions of the cross section of the tunnel, and the
strength of the ring joints on the extent of the longitudinal

damage to the shield tunnel under an earthquake, Table 2
presents the structural parameters and working conditions of
the shield tunnel.

This paper selects waves according to the site type while taking
into account factors such as the peak value, the duration, and the
spectrum characteristics of the ground motion record; it also
considers the seismic response of the underground structure or
the seismic behavior of the structure to be the most unfavorable
or dangerous ground motion record (Xie and Zhai, 2003). Thirty
seismic waves are selected from the most unfavorable ground
motion database of the Pacific Earthquake Engineering Research
Center. Then, they are divided according to the site type so that
the selected seismic waves are evenly distributed in the three site
types, as shown in Figure 6; the ground motion records are also
normalized.

SELECTION OF GROUND MOTION
INTENSITY MEASURE

Statistics for Structural Seismic Demand
Model

Conditions 1-3 are calculated based on the IDA process described
in Evaluation of Ground Motion Intensity Measure. We draw the
results using logarithmic coordinates; then, the linear regression
of these discrete points (InEDP;, InIM;) is done to obtain the
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FIGURE 5 | (A) The overall model of the shield tunnel, the model of the ring joints; (B) The equivalent stiffness model; (C) The beam-spring model and (D) calculate
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TABLE 2 | The comparative working conditions of the shield tunnel.

Conditions Site External Internal Width Pipe Bolt
type diameter diameter  of ring ring diameter
(m) (m) (m) material
1 1 6 5.4 1.5 C50 M24
2 Il 6 5.4 1.5 C50 M24
3 Y 6 5.4 1.5 C50 M24
4 1l 6 5.4 1.5 C50 M24
5 Il 6 5.4 1.5 C50 M24
6 1} 15 13.7 2 C50 M24
7 1} 15 13.7 2 C50 M24
8 Il 15 13.7 2 C50 M35

seismic demand model of the structure under each working
condition, as shown in Figure 7.

Figure 7 demonstrate that the distribution of the discrete
points of the various site types (working conditions) is different,
and the fitted regression curves differ. In other words, there are
different structural seismic demand models for the various

Number Bolt Depth Purpose
of bolts strength of burial
grade of tunnel
(m)
10 5.8 10 Compare different sites
10 58 10 Compare different sites
10 5.8 10 Compare different sites
10 5.8 36 Compare depth of burial of tunnel
10 5.8 20 Compare depth of burial of tunnel
10 5.8 10 Compare dimensions of cross
section
10 8.8 10 Compare strength of ring joints
42 8.8 10 Compare strength of ring joints

ground motion intensity measures. Comparing the distribution
of the discrete points in the various site types reveals that the
points in site type II are relatively more discrete than those in site
types III and IV. However, the difference in the distribution of the
discrete points under the three working conditions is not
noticeable. The slope of the regression curves corresponds to
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FIGURE 6 | The time history of the ground motions in the different site
types. (A) Site type Il; (B) Site type lll; (C) Site type IV.

the practicability coefficient in the ground motion intensity
measure. According to the fitted regression curves in Figure 7,
the ground motion intensity measure can be preliminarily
evaluated. Site types II-IV have the same law. Taking site type
II as an example, the slope of the fitted curve drawn using the
PGV and the PGD as the ground motion intensity indicators is

Seismic Vulnerability of Shield Tunnels

steep, and the dispersion degree of each point in the
corresponding figure is small. Therefore, the PGV and PGD
are better indexed when using practicability to evaluate the
ground motion intensity measures. The amount of the ring
joint opening and the dislocation correlate closely with the
PGV and PGD.

Evaluation of Ground Motion Intensity

Measure
Figure 8 delineate the variation curves of EDP corresponding to
the shield tunnel and the ground motion intensity measures.

Figure 8A shows that the coefficient of the correlation
between the PGV and the PGD is higher than that of the
correlation between the other ground motion parameters. In
site type II, the PGD has the largest correlation coefficient of
0.9813, followed by the PGV with a correlation coefficient of
0.8590. In site type III, Arias has the highest correlation
coefficient of 0.8215, followed by the PGD with a
correlation coefficient of 0.8101. The correlation coefficient
of the PGV is 0.7702, which also has a good correlation. In site
type IV, the PGD has the highest correlation coefficient of
0.9331, followed by the PGV with a correlation coefficient of
0.9202.

Figure 8B confirms that the effectiveness coefficient of the
PGV and PGD is smaller than the other ground motion
intensity indices, so the effectiveness of the PGV and PGD
improves. The correlation coefficient of the PGV in site types
II, II1, and IV is 0.7422, 0.5426, and 0.3437 respectively. The
PGV has the lowest corresponding dispersion degree in the
three site types, and its correlation is good. The practicality
coefficient reflects the dependence of EDP on IM. The higher
the corresponding coefficient is, the higher the dependence of
EDP on IM becomes.

Figure 8C reveals that the selected engineering demand
parameters are most dependent on the PGV, and the PGV is
the most practical. In site type II, the PGV has the highest
practicality coefficient of 1.1118, followed by the Arms with a
practicality  coefficient of 1.0291. The proficiency
comprehensively considers the efficiency and practicality. The
smaller the proficiency coefficient is, the lower the randomness
and the more reasonable the selected IM is.

According to Figure 8D, the PGV has the best overall
proficiency. In site type II, the PGV has the smallest
proficiency coefficient of 0.6676. In site type III, the
proficiency coefficients of the PGV, PGD, and Arias are
almost similar and close to about 0.6. In site type IV, the
PGV has the smallest proficiency coefficient of 0.3807.

When the structural engineering demand parameters are
taken as the dislocation, the change law of each ground
motion intensity measure is consistent with the amount of
the ring joint opening. The coefficient of each evaluation
index varies markedly in the different site types, so the site
type is a critical factor affecting the evaluation of the ground
motion intensity measure. In the various sites, the results of
the IM corresponding to the longitudinal engineering
demand parameters of the shield tunnel, that is, the
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amount of the ring joint opening and the dislocation, are ~ VULNERABILITY ANALYSIS OF SHIELD
similar for the various evaluation indices. According to the  TUNNEL

selected ground motion intensity measure analysis, the PGV

has a good performance by the different evaluation criteria.  Limit on Structural Performance Index
Therefore, the ground motion intensity measure PGV is ~ We select the amount of the ring joint opening, which can reflect
most suitable for checking the longitudinal seismic  the axial deformation of the structure, and the dislocation, which
calculations of shield tunnels. can represent the shear deformation of the structure, as the
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TABLE 3 | The limit on the amount of the ring joint opening and dislocation.

Performance

level

Performance description

The limit on the amount of the ring joint opening

The structure and function of the tunnel are completely normal, and the bolts connecting the rings are in an
elastic state

The essential function of the structure is normal, and the amount of the ring joint opening is within the range of
the control value for the structural waterproofness. A few bolts may yield, having a slight impact on the overall
structure

The main structure is not seriously damaged, and the amount of the ring joint opening exceeds the control
value for the structural waterproofness. The tensile side reinforcement enters the plastic stage and needs to be
repaired or reinforced before use

The structure is severely damaged, and the opening of the amount of the ring joint opening exceeds the limit on
the structural waterproofness; the corresponding waterproofness performance is completely invalid. The bolts
fully enter the plastic stage

The bolts connecting the rings reach the tensile limit, and the structure collapses

The limit on the dislocation

The essential function of the structure is normal, and the waterproofness performance of the structure is within
the range of the control value. The bolts between the rings are basically in the elastic stage

The structure is not severely damaged, and the amount of the dislocation exceeds the control value for the
structural waterproofness; the structure should be used after maintenance or reinforcement

The structure is seriously damaged, and the dislocation exceeds the waterproofness limit of the structure;
moreover, the elastic sealing gasket is sheared and torn, and the corresponding waterproofness performance
is completely invalid. The bolts are sheared and cracked

Index limit

Smaller than the elastic limit of the bolt

From the elastic limit of the bolt
to 2 mm

2-6 mm
From 6 mm to the tensile limit of the
bolt

Larger than the tensile limit of the bolt

Smaller than 4 mm
4-10 mm

Larger than 10 mm
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engineering demand parameters to determine the longitudinal
performance index of the structure. This work summarizes the
related indices of shield tunnels by combining the existing
specifications  with  the relevant literature. ~Moreover,
considering the classification of seismic performance in the
relevant code, this study presents the limit on the longitudinal
performance index of the structure of shield tunnels.

A plurality of precast segments form a pipe ring and thus a
shield tunnel through compression assembly, and a ring is
connected to another ring by a plurality of bolts. The
connection between the rings is the weak link of shield
tunnels and the most direct or potential factor in water
leakage (Zhou and Yuan, 2009). The deformation of the inter-
ring bolts is the key to the evaluation of the waterproofness of
tunnels. Regarding the works of Wang (2009a), Wang (2009b),
Zhou and Yuan (2009), and Lin et al. (2015) on the amount of the
ring joint opening and the allowable range of the dislocation and
the Technical Code for Protection Structures of Urban Rail Transit
(CJJT202-2013), this work presents the limit on the performance
index of the structure of shield tunnels, as listed in Tables 3.

Working Conditions of Vulnerability Analysis
In order to compare the two influencing factors, namely the
dimensions of the cross section of the tunnel and the strength of
the ring joints, we consider working conditions 6-8 for the huge
shield tunnels with a diameter of 15 m. Working condition 6 is
compared with working condition 2 to study the influence of the
dimensions of the cross section of the structure. Working
condition 7 changes the grade of the bolts between the rings
and maintains the number of the bolts unchanged. In working
condition eight, the grade and quantity of the actual bolts
connecting the rings of an enormous shield tunnel section are
adopted. The effect of the strength of the ring joints is also
examined by comparing working conditions 6-8. The specific
parameters and the working conditions of the shield tunnel are
summarized in Table 2. The PGV is selected as the ground
motion intensity measure, and the structural seismic demand

model is obtained by calculating working conditions 4-8, as
shown in Figure 9.

DISCUSSION AND CONCLUSION

In the fragility functions, Sc adopts the data on the structures in
different performance states in Tables 1, 2. When the amount of the
ring joint opening is used as the engineering demand parameter, the
bolt reaches the elastic limit state, and Sc is 0.946 mm; the
waterproofness design value of Sc is 2.0mm. When the
waterproofness limit value is reached, Sc is equal to 4.0 mm.
When the bolt reaches the tensile limit state, Sc equals 24.6 mm.
When the dislocation is used as the engineering demand parameter
since there is no analytical solution method for the shear spring
(Wang et al, 2019), only the design and limit values of the
waterproofness of the structural design under transverse shear are
analyzed. When the waterproofness limit value is reached, S¢ is equal
to 4.0 mm; when the waterproofness limit value is reached, S¢ equals
10.0 mm. The expressions of the seismic fragility functions are
presented in Table 4, and the corresponding fragility curves are
delineated in Figure 10.

Analysis of Seismic Fragility in Various Site
Types

Figure 10A plots the variation of the exceeding probability of the
amount of the ring joint opening with the PGV when the
structure is in the different site types.

Site Type Il

When the PGV is 0.3 m/s, the exceeding probability of the ring
bolts reaching the elastic limit state exceeds 50%, while at a PGV
of 1.0 m/s, the exceeding probability of the ring bolts reaching the
elastic limit state is close to 100%. When the PGV is 1.7 m/s, the
exceeding probability of the ring bolts reaching the structural
waterproofness design value is close to 100%, while at a PGV of
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TABLE 4 | The expressions of the vulnerability functions.

Seismic Vulnerability of Shield Tunnels

Conditions EDP Fragility function
The expressions of the vulnerability functions in the different site types
1 Site type Il Amount of the ring joint opening @( 499274+1 msmm -inSc)
Dislocation pf = (%ﬁ%/ﬂﬂmc)
i ing joi i 4.98088+0.87326/IM-InS,
2 Site type Il Amount of the ring joint opening Pf = o (~98088+0.87820nM-InSc)
Dislocation @ ~5.06633+0.88583/n/M/— /nSc)
0.54576
3 Site type IV Amount of the ring joint opening  (FA72258:09027 41 InSey
Dislocation Pr=d( —4.75978+0.89269In/M/— /nSc)
= 0.34306
The expressions of the vulnerability functions at the different depths of burial of the tunnel
2 The burial depth is 10 m Amount of the ring joint opening Py = o (“-98086+08782611-In Sc
i i -5.06633+0.88583/niM-In S
Dislocation Pr=®(- +0.88585niM-In S
5 The burial depth is 20 m Amount of the ring joint opening Pr = d( 482736+ggog73/n//w /nsg)
Dislocation Ps = @(w)
4 The burial depth is 36 m Amount of the ring joint opening Pr=d(= 465288605%52988//7/1\4 InSC)
Dislocation Pr=d( 472504+o 97984/n/M “nSc)
The expressions of the vulnerability functions under different working conditions
6 The low-stiffness ring connection Amount of the ring joint opening Py = @ (466404+0.88073niM-In Sc.

Dislocation

7 The medium-stiffness ring connection.

Amount of the ring joint opening

Dislocation

8 The high-stiffness ring connection.

Amount of the ring joint opening

Dislocation

0.5636105
—4.72973+0.90099/n/M—In S¢
0.5640274

—4.70812+0.87827IniM-In Sc
0.548769

0.538985
-5.11485+0.85367/niM-In Sc

0.5680324
—5.17734+0.90133In/M—In Sc

( )
( )
( )
P, = ( (F72001:082891NM-inS)
( )
( 0.5697624 )

The expressions of the vulnerability functions at the different cross section sizes

2 A shield tunnel with a small diameter.

5 A shield tunnel with a large diameter.

Amount of the ring joint opening Py = @ (=% 9808850587326/n/M ISe)
Dislocation P = 506633505i8255£;af‘3/n/M InSg)
Amount of the ring joint opening Pr=d( 466404505%86%35/n//w InSe)
Dislocation P = & 4729735053%02%%‘//7/M InSC)

2.0 m/s, the exceeding probability of the ring bolts reaching the
structural waterproofness limit is 88.5%. At this time, the
exceeding probability of the ring bolts reaching the tensile
limit is about 10%.

Site Type llI

When the PGV is 0.2 m/s, the exceeding probability of the ring
bolts reaching the elastic limit state exceeds 50%, while at a PGV
of 0.8 m/s, the exceeding probability of the ring bolts reaching the
elastic limit state is close to 100%. When the PGV is 1.1 m/s, the
exceeding probability of the ring bolts reaching the structural
waterproofness design value is close to 100%, while at a PGV of
2.0 m/s, the exceeding probability of the ring bolts reaching the
structural waterproofness limit is 91.3%. At this time, the
exceeding probability of the ring bolts reaching the tensile
limit is about 14.1%.

Site Type IV

When the PGV is 0.08 m/s, the exceeding probability of the ring
bolts reaching the elastic limit state exceeds 50%, while at a PGV
of 0.21 m/s, the probability of the ring bolts reaching the elastic
limit state is close to 100%. When the PGV is 0.6 m/s, the
exceeding probability of the ring bolts reaching the structural

waterproofness design value is close to 100%, while at a PGV of
1.6 m/s, the exceeding probability of the ring bolts reaching the
structural waterproofness limit value is 100%. At a PGV of 2.0 m/
s, the exceeding probability of the ring bolts reaching the tensile
limit is about 24.3%.

It can be seen that under the tension and compression state,
the ring bolts easily enter the elastic-plastic stage. Comparing the
different site types reveals that the probability of the
circumferential joint opening exceeding the different stages is
higher in the order site type IV > site type III > site type IL

Figure 10B plots the variation of the exceeding probability of
the dislocation with the PGV when the structure is in the different
site types.

Site Type I

The exceeding probability of the dislocation height platform
reaching the waterproofness design value is about 50% at a
PGV of 0.7m/s, while when the PGV equals 2.0 m/s, the
exceeding probability of the dislocation height platform
reaching the waterproofness design value is close to 95%. At
this time, the exceeding probability of the dislocation height
platform reaching the waterproofness design value is close
to 61%.
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Site Type lll

When the PGV is 0.6 m/s, the exceeding probability of the
dislocation  height between the rings reaching the
waterproofness design value is about 50%, while at a PGV of
2.0m/s, the exceeding probability of the dislocation height
between the rings reaching the waterproofness limit value is
close to 97%. At this time, the exceeding probability of the
dislocation  height between the rings reaching the
waterproofness limit value is close to 66%.

Site Type IV

When the PGV equals 0.4 m/s, the exceeding probability of the
dislocation height between the rings reaching the waterproofness
design value is about 50%, while at a PGV of 2.0 m/s, the
exceeding probability of the dislocation height between the
rings reaching the waterproofness limit value is close to 100%.
At this time, the exceeding probability of the dislocation height
between the rings reaching the waterproofness limit value is close
to 91%.

It can be seen that the exceeding probability of the dislocation
height caused by the shear of the bolts corresponding to the
structural waterproofness design value and limit value is smaller
than that caused by the tension and compression of the bolts.
Thus, the axial direction of the shield tunnel is more dangerous
than its horizontal direction under an earthquake. Comparing the
different site types demonstrates that the probability of the
dislocation height exceeding the different stages is higher in
the order site type IV > site type III > site type II.

Under the influence of an earthquake, the bolts between the
rings of the shield tunnel are easy to enter the elastic-plastic
working stage under the action of tension and compression. The
axial strength of the shield tunnel damages more easily than its
horizontal and transverse strength, so the axial rings of the tunnel
should be strengthened in the design stage. Comparing the
longitudinal seismic fragility curves of the underground shield
tunnels in site types II-IV reveals that the degree of risk is higher
in the order site type IV > site type III > site type IL

Analysis of Seismic Fragility at Various

Depths of Burial of Tunnel
The seismic fragility of the shield tunnels with a depth of burial of
10, 20, and 36 m is examined in site type IIL

Figure 10C plots the variation of the exceeding probability of
the amount of the ring joint opening with the PGV at the various
depths of burial of the shield tunnel. When the amount of the
ring joint opening is taken as the engineering demand
parameter, the exceeding probability at each damage level
rises with the depth of burial of the shield tunnel. When the
PGV reaches 0.1 m/s, the probability of exceeding the elastic
limit of the bolts at a depth of burial of the tunnel equal to 10, 20,
and 36 m is 47, 54, and 58% respectively. At this time, the
difference in the exceeding probability is the largest, reaching
11%. Moreover, when the probability of exceeding the elastic
limit of the bolts is close to 100%, the PGV corresponding to a
depth of burial of the tunnel equal to 10, 20, and 36 m is 0.8, 0.7,
and 0.4 m/s respectively.

Seismic Vulnerability of Shield Tunnels

At a PGV of 0.3 m/s, the exceeding probability of the bolts
reaching the waterproofness design value is 63, 71, and 79% at a
depth of burial of the tunnel equal to 10, 20, and 36 m
respectively. At this time, the difference in the exceeding
probability is the most significant, reaching 16%. Further,
when the exceeding probability is close to 100%, the PGV
corresponding to a depth of burial of the tunnel equal to 10,
20, and 36 m is 1.1, 0.9, and 0.7 m/s respectively.

When the PGV equals 0.9 m/s, the probability of exceeding the
waterproofness limit value of the bolts at a depth of burial of the
tunnel equal to 10, 20, and 36 m is 53, 64, and 76% respectively.
At this time, the difference in the exceeding probability is as high
as 23%. In addition, when the PGV reaches 2.0m/s, the
probability that the bolts reach the waterproofness limit value
is 91, 95, and 98% at a depth of burial of the tunnel equal to 10, 20,
and 36 m respectively. When the PGV equals 2.0 m/s, the
exceeding probability of the bolts reaching the tensile limit at
a depth of burial of the tunnel equal to 10, 20, and 36 m is 10, 18,
and 29% respectively.

Figure 10D demonstrates the variation of the exceeding
probability of the dislocation with the PGV at the various
depths of burial of the shield tunnel. When the dislocation is
taken as the engineering demand parameter, the exceeding
probability at each damage level increases with the depth of
burial of the shield tunnel. When the PGV reaches 0.6 m/s, the
exceeding probability that the dislocation reaches the
waterproofness design value is 50, 62, and 72% at a depth of
burial of the shield tunnel equal to 10, 20, 36 m respectively. At
this time, the difference in the exceeding probability is the largest,
reaching 22%.

At a PGV of 2.0m/s, the exceeding probability that the
dislocation reaches the waterproofness design value is 97% at
a depth of burial of the shield tunnel equal to 10 m, while it is
close to 100% at a depth of burial of the shield tunnel equal to 20
and 36 m. When the PGV reaches 2.0m/s, the exceeding
probability of the staggered platform height reaching the
waterproofness limit value is 61, 74, and 87% at a depth of
burial of the shield tunnel equal to 10, 20, 36 m respectively.

Observing the trend of the fragility curves demonstrates that
the bolts can quickly enter the plastic stage and reach the
waterproofness design value. The probability of reaching the
waterproofness limit follows a relatively flat trend, and there is
a faint possibility of reaching the tensile limit of the bolts. The
probability of the horizontal and transverse dislocation reaching
the corresponding damage degree is lower than that of the axial,
circumferential seam opening. The extent of longitudinal damage
to the structure increases with the depth of burial of the shield
tunnel.

Analysis of Seismic Fragility at Various Ring
Spring Stiffnesses

The shield tunnel has a large cross section. Ten and forty-two
bolts with respective strength grades 5.5 and 8.8 are used to
connect the rings. Working conditions 6, 7, and 8 define the low-
stiffness ring connection, the medium-stiffness ring connection,
and the high-stiffness ring connection respectively.
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Figure 10E plots the variation of the exceeding probability of
the amount of the ring joint opening with the PGV at the various
ring spring stiffnesses. When the amount of the ring joint opening
is taken as the engineering demand parameter, the exceeding
probability at each damage level declines as the ring spring
stiffness increases. When the PGV reaches 0.1m/s, the
exceeding probability of reaching the elastic limit of the bolts
under the conditions of the high-stiffness ring connection, the
medium-stiffness ring connection, and the low-stiffness ring
connection is close to 6, 33, and 69% respectively. At this
time, the difference in the exceeding probability is the most
noticeable, reaching 63%. When the probability of exceeding
the elastic limit of the bolt is close to 100%, the PGV
corresponding to the conditions of the high-stiffness ring
connection, the medium-stiffness ring connection, and the
low-stiffness ring connection is 1.4, 0.6, and 0.4 m/s respectively.

Ata PGV of 0.3 m/s, the exceeding probability of reaching the
waterproofness design value under the conditions of the high-
stiffness ring connection, the medium-stiffness ring connection,
and the low-stiffness ring connection is 45, 79, and 82%
respectively. At this time, the difference in the exceeding
probability is the largest, about 37%. When the probability of
exceeding the elastic limit of the bolt is close to 100%, the PGV
corresponding to the conditions of the high-stiffness ring
connection, the medium-stiffness ring connection, and the
low-stiffness ring connection is 1.6, 0.8, and 0.7 m/s respectively.

When the PGV equals 1.3 m/s, the probability of exceeding the
waterproofness limit value under the conditions of the high-
stiffness ring connection, the medium-stiffness ring connection,
and the low-stiffness ring connection is 65, 87, and 91%
respectively. At this time, the difference in the exceeding
probability is the most noticeable, reaching 26%.

At a PGV of 2.0m/s, the probability of exceeding the
waterproofness limit value under the conditions of the high-
stiffness ring connection, the medium-stiffness ring connection,
and the low-stiffness ring connection is 85, 96, and 97%
respectively. Furthermore, when the PGV is 2.0m/s, the
exceeding probability of reaching the tensile limit of the bolts
under the conditions of the high-stiffness ring connection, the
medium-stiffness ring connection, and the low-stiffness ring
connection is 0.1, 7, and 26% respectively.

Figure 10F depicts the variation of the exceeding probability
of the dislocation with the PGV at the various ring spring
stiffnesses. When the dislocation is taken as the engineering
demand parameter, the exceeding probability at each damage
level decreases as the ring spring stiffness increases. When the
PGV equals 1.0 m/s, the probability of the dislocation height
reaching the waterproofness design value under the conditions of
the high-stiffness ring connection, the medium-stiffness ring
connection, and the low-stiffness ring connection is 72, 91,
and 93% respectively. At this time, the difference in the
exceeding probability is the most remarkable, reaching 21%.

At a PGV of 2.0 m/s, the probability of the dislocation height
reaching the waterproofness limit value under the conditions of
the high-stiffness ring connection, the medium-stiffness ring
connection, and the low-stiffness ring connection is 53, 77,
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and 82% respectively. At this time, the difference in the
exceeding probability is the most significant, reaching 29%.

For the shield tunnel with a huge diameter, when the number
of bolts between the rings is the same, a higher bolt grade leads to
a lower probability of exceeding the limit on the performance
index. Nonetheless, the gap is not remarkable, and the fragility
curves are close to each other. The fragility curves change
dramatically when the number of bolts between the rings
increases while the bolt grade is the same. A higher number of
bolts between the rings result in a lower probability of exceeding
the limit on the structural performance index and thus a safer
structure.

Analysis of Seismic Fragility at Various

Dimensions of Cross Section of Tunnel
Figure 10G plots the variation of the exceeding probability of the
amount of the ring joint opening with the PGV at the various
cross section sizes. When the amount of the ring joint opening is
taken as the engineering demand parameter, the exceeding
probability at each damage level increases as the dimensions
of the cross section of the tunnel enlarge. When the PGV reaches
0.1 m/s, the exceeding probability of reaching the elastic limit of
the bolts is close to 69 and 33% for the tunnels with large and
small diameters respectively. At this time, the difference in the
exceeding probability is the largest, reaching 36%. When the
probability of exceeding the elastic limit of the bolt is close to
100%, the PGV corresponding to the tunnels with large and small
cross sections is 0.3 and 0.8 m/s respectively.

When the PGV is 0.3m/s, the exceeding probability of
reaching the waterproofness design value is 82 and 63% for
the tunnels with large and small cross sections respectively. At
this time, the difference in the exceeding probability is the most
apparent, about 19%. When the exceeding probability of reaching
the waterproofness design value is close to 100%, the PGV
corresponding to the tunnels with large and small diameters is
0.7 and 1.1 m/s respectively.

At a PGV of 0.8m/s, the probability of exceeding the
waterproofness limit value is 68 and 46% for the tunnels with
large and small diameters respectively. At this time, the difference
in the exceeding probability is the most noticeable, reaching 22%.

When the PGV equals 2.0 m/s, the probability of exceeding the
waterproofness limit value is 97 and 91% for the tunnels with
large and small diameters respectively. Moreover, when the PGV
reaches 2.0 m/s, the exceeding probability of reaching the tensile
limit of the bolts is 26 and 14% for the tunnels with large and
small diameters respectively.

Figure 10H portrays the variation of the exceeding probability
of the dislocation with the PGV at the various cross section sizes
of the shield tunnel. When the dislocation is considered the
engineering demand parameter, the exceeding probability at each
damage level increases as the dimensions of the cross section of
the tunnel enlarge; however, the gap is not evident. When the
PGV reaches 0.8m/s, the exceeding probability that the
dislocation height reaches the waterproofness design value is
86 and 68% for the tunnels with large and small diameters
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respectively. At this time, the difference in the exceeding
probability is the most remarkable, reaching 18%.

At a PGV of 2.0m/s, the exceeding probability that the
dislocation height reaches the waterproofness limit value is 82
and 66% for the tunnels with large and small cross sections
respectively. At this time, the difference in the exceeding
probability is as high as 21%.

The different dimensions of the cross section of the shield
tunnel have an apparent effect on the extent of longitudinal
damage to it. The shield tunnels with a large cross section are
more dangerous than those with a small cross section; thus,
reinforcement measures should be taken in the seismic design of
the shield tunnels.

CONCLUSION

A shield tunnel is selected as the analysis object, and a large
number of numerical simulations are performed using the IDA
based on the longitudinal response displacement method. We
selected six earthquake ground motion intensity measures and
determined the optimal ground motion intensity parameters
according to the four evaluation criteria. This work also
analyzes the structural seismic vulnerability curves under
different influencing factors to evaluate the longitudinal
seismic performance of the shield tunnel. The following
conclusions can be drawn from the findings of this work:

The site type significantly affects the ground motion intensity
measure, and the IDA curves obtained from the various ground
motion intensity measures are entirely discrete. The PGV is a
seismic intensity index suitable for the longitudinal seismic
analysis of the shield tunnel and is more effective in the
longitudinal IDA of the shield tunnel.

The impact of the various factors on the extent of damage to
the shield tunnel is higher in the order the site type > the depth of
burial of the tunnel > the dimensions of the cross section of the
tunnel > the ring spring stiffness. The influence of the various site
types on the extent of longitudinal seismic damage to the shield
tunnel is more substantial in the order site type IV > site type III >
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