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Seismic analysis of tunnels close to or crossing seismogenic faults is a complex problem, which is often neglected at the design
stage for the lack of specific codes or guidelines and also because underground structures are considered less vulnerable than that
of the corresponding above-ground facilities. Near-fault ground motions are generally assumed to providing more powerful
energy to tunnel structures. )erefore, a recently developed velocity pulse equivalent model is proposed to synthesize the artificial
near-fault pulsed ground motion for the seismic response behavior of the tunnel structure. A newly proposed nonlinear dynamic
time history methodology, the incremental dynamic analysis method, is introduced into the analysis of seismic performance and
fragility for tunnel structures.)is study takes the Zheduoshan tunnel as a case study to illustrate the effects of velocity pulse on the
seismic response behavior and seismic performance. )e applicability of different seismic intensity measures is preliminarily
discussed, and the vulnerability of the tunnel structure at different characteristic locations is analyzed. Afterward, the seismic
vulnerability probabilities of the tunnel structure under the action of the near-fault pulsed ground motions and the far-field
ground motions are presented, and then, the failure probabilities of the tunnel structure under the three-level support re-
quirements are obtained. Research results provide an objective assessment of the velocity pulse effects and acts as a reference for
the likely seismic damage assessment of tunnel structures.

1. Introduction

It is a fact that underground structures are relatively less
vulnerable than that of the corresponding above-ground
facilities [1, 2]. Since the structural response is constrained
by the surrounding rock, the relative deformation of the
underground structures such as tunnels and caverns con-
cerning the surrounding rock is usually small [3–5]. Nev-
ertheless, several pieces of literature show that tunnels and
underground structures located in the seismically active
regions suffered severe damages [6–9]. )is phenomenon
has attracted widespread attention from scholars at home
and abroad. Meanwhile, it is generally difficult for some
important transportation tunnels or lifelines for water de-
livery to avoid crossing seismically active regions or even
active faults [10, 11]. )erefore, a special study on the effect
of near-fault ground motions on the tunnel structures is
required.

)e near-fault ground motion generally refers to the
ground motion where the engineering site is not more than
20 km away from the seismogenic fault [12, 13]. Because of
the focal mechanism and the attenuation characteristics of
seismic waves, the most significant difference between near-
fault ground motions and far-field ground motions is the
velocity pulse waveform generated by the directional effect
and the sliding effect. )e velocity pulse has the charac-
teristics of a simple waveform, strong action, and long
period. Shimizu et al. [14] discovered that the tunnel has the
greatest damage with magnitude 7 and epicenter distance of
10 km or magnitude 8 and epicenter distance of 20 km all
belong to the category of near-fault ground motions, based
on the statistical review of the previous major earthquakes in
Japan. Housner and Hudson [15] observed that near-fault
ground motions are still very destructive even when the
magnitude and PGA both are small. [16, 17] analyzed the
stability of the underground caverns of Baihetan
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hydropower station under the action of near-fault ground
motions by using synthetic near-fault pulsed ground mo-
tions as the incident ground motion. Song and Gao [18]
selected a large number of near-fault pulsed ground motion
from the Pacific Earthquake Engineering Research Center
Database (PEER) and analyzed the correlation between the
slope seismic displacement and the parameters of velocity-
pulsed ground motions through numerical calculation. )e
above literature review reveals that the impact and harm of
near-fault ground motions on the seismic dynamic response
of underground engineering have been researched.)ere are
some works about the velocity pulse effect of near-fault
groundmotions [19–21]. However, the impact of the velocity
pulse effect of near-fault ground motions on the seismic
performance of tunnel engineering is still not clear.

)e performance-based earthquake engineering (PBEE)
is a seismic design theory in the spotlight in the engineering
aseismic discipline, and it is regarded as the main guiding
ideology of seismic design [22, 23]. Incremental dynamic
analysis (IDA) is a newly proposed PBEE analysis method
based on nonlinear dynamic time history analysis [24–26].
)e ground motion parameters are adjusted and amplified
step by step through the intensity measure (IM) of the
ground motion to become a group of ground motions with
multiple intensities, and then, the nonlinear dynamic time
history analysis is performed under the action of these
ground motions to obtain sufficient damage measure (DM)
of engineering structures and the corresponding IM values.
)us, an IDA curve that can characterize the whole process
of engineering structure from an elastic state to a plastic state
to complete failure state under a certain ground motion is
obtained. Based on IDA curve clusters, regression fitting
analysis and data statistics methods can be employed to
conduct seismic vulnerability analysis, and finally, the limit
state of the structure at different performance levels and the
failure probability of each performance level are discovered.
Cui [27] introduced the IDA method into the field of
performance optimization and seismic dynamic stability
evaluation of large-scale underground cavern groups, pro-
viding criteria for the research of seismic dynamic cata-
strophic instability of it. Zhong [28] introduced the IDA
method into the seismic vulnerability analysis of subway
station structures and established a seismic vulnerability
curve for shallow-buried subway station structures, which
quantified the failure probability of the structure under
different performance levels.

)e present study considers the Zheduoshan tunnel as
the case study, aiming at analyzing the influence of the near-
fault pulsed ground motion on the seismic response of the
tunnel structure and introducing the IDA approach for the
seismic performance to compare the seismic vulnerability
probability of tunnel structure under the action of near-fault
pulsed ground motion and far-field ground motion. Ad-
ditionally, the near-fault pulsed ground motion and far-field
ground motion synthesized by the velocity pulse equivalent
model are employed. )e vulnerable area and the failure
probability of the tunnel structure are evaluated and
quantified. )is study provides an objective assessment of

the velocity pulse effects and acts as a reference for the likely
seismic damage assessment of tunnel structures.

2. Zheduoshan Tunnel of Sichuan-
Tibet Railway

2.1.Characteristicsof theTunnel. )eZheduoshan tunnel is a
key control part of the Sichuan-Tibet railway line, a national
strategic project, which is the second railway to reach the
Tibet Plateau in China. )is is a 20.89 km long tunnel with a
maximum cover of 1235m. )is tunnel is chosen as a case
study due to the crossing of many faults and the relevant
seismicity of the region, as shown in Figure 1. )e tunnel
traverses several major faults such as Zheduotang fault,
Jinglong temple-Mozigou fault, Huiyuan temple-Legip fault,
and Yulongxi fault, all with a width of several tens of meters.
Meanwhile, the South-North seismic belt, where the Zhe-
duoshan tunnel is located, is one of the most active seismic
territories in China. )is region has been struck by several
large destructive earthquakes that occurred in Kangding
1786 and 2014 (Ms � 7.5, 6.3), Ya’an 2013 (Ms � 7.0), and
Mao county 1933 (Ms � 7.5), as shown in Figure 1(a).
According to the seismic ground motion parameter zona-
tion map of China (2015), the basis seismic intensity of the
Zheduoshan tunnel site area is VIII degree and the char-
acteristic period of the ground motion response spectrum is
0.4 s. Due to the above characteristics, the Zheduoshan
tunnel is seriously threatened by near-fault earthquakes.

2.2. Setup of theNumericalModel. Based on the Zheduoshan
tunnel with a four-centered arched section, the numerical
model is established by the finite different method FLAC 3D
6.0 in this manuscript, as shown in Figure 2. )e maximum
height of the vault-arch bottom is 10.15m, while the
maximum width of the sidewalls on both sides is 11.42m
and the lining thickness is 0.7m. )e maximum grid size is
5m, which needs to meet the requirement ∆l≤ λ/10 for the
input groundmotion fidelity [29–31]. Based on the following
equations (1)–(3) and the parameters in Table 1, the max-
imum frequency which can be accurately modeled by the
model is 16.36Hz. )e Mohr–Coulomb yield criterion is set
for the model, so that the elastoplastic dynamic time history
analyses are more representative. In this study, the consti-
tutive model of the surrounding rock solid elements is set by
the strain-hardening model to simulate type IV rock, while
the Mohr–Coulomb model is to simulate C30 concrete for
the lining solid elements. In additional, the tunnel-ground
interaction relationship is neglected, so that there are no
tunnel-ground interfaces in the model. )e physical and
mechanical parameters used in the numerical simulation are
given in Table 1 [32, 33].
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Figure 1: (a) Location of the Zheduoshan tunnel along the Sichuan-Tibet railway line and the earthquake events. (b) Geological profile along
the Zheduoshan tunnel.

100m

100m

Incident wave

Mohr–Coulomb

10.15m

11.42m

0.7m

Fr
ee

 fi
el

d 
bo

un
da

ry

Fr
ee

 fi
el

d 
bo

un
da

ry

Figure 2: Calculation model of Zheduoshan tunnel.

Table 1: Physical and mechanical parameters used in the numerical simulation.

Group E (GPa) v ρ (kg·m− 3) c (MPa) ∅ (°) ft (MPa)

Rock mass 4.0 0.3 2300 0.5 33.0 4.0
Lining 30 0.3 2300 3.18 54.9 1.23
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where Gs is the shear modulus of the field, Cs is the wave
velocity in the field, f is the frequency of input motions, λ is
the wavelength corresponding to the maximum frequency,
and Δl is the maximum grid size.

To reduce the reflection of seismic waves from the model
boundary, free-field artificial boundaries are set on both
sides of the model to replace the previous displacement
constraints, after the static calculation is completed and the
model reaches equilibrium [34–36]. Meanwhile, the incident
wave is input from the bottom boundary of the model with
the stress time history curve, which is converted from the
seismic velocity time history curve. )e combined local
damping model is adopted for representing the mechanical
damping behavior. )is manuscript does not consider the
effect of the tunnel-rock interaction on the seismic response
of the lining.

3. Seismic Response of the Tunnel Subjected to
Synthetic Ground Motions

To compare the difference in the seismic response of the
tunnel structure under the excitation of the near-fault ve-
locity-pulsed ground motion and the far-field motion, these
two different ground motions were artificially synthesized,
according to the seismic and geological parameters of the
Zheduoshan tunnel site region. Afterward, the seismic re-
sponse analysis of the tunnel structure is carried out in terms
of the deformation, the principal stress, and the plastic
failure distribution.

3.1. Synthetic of Artificial Ground Motions

3.1.1. Artificial Far-Field Ground Motion. According to the
Chinese code for seismic design of railway engineering
(2006), the site design response spectrum is presented in the
form of dynamic amplification factor β, as shown in
Figure 3(a). )e response spectrum expression is

β �
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where β is the dynamic amplification factor, T is the seismic
period, and Tg is the characteristic period of the response
spectrum.

)en, the artificial far-field groundmotion is synthesized
using the SeismoArtif software, based on the site design
response spectrum. Figure 3(c) shows the acceleration, ve-
locity, and displacement time history of the far-field ground
motion.

3.1.2. Artificial Near-Fault Velocity Pulsed Ground Motion.
)e input ground motion can be approximated by con-
sidering the only double-pulse ground motion when ana-
lyzing the impact of near-fault ground motions on structure
damage [37]. )e equivalent velocity pulsed model in terms
of Vp ,Tp, and ratio is utilized in this manuscript [37]. Based
on the equivalent velocity pulsed model, the expression of
the equivalent model is
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where Vp is the peak pulse velocity, Tp is the pulse period, t0
is the start time of velocity pulse, Vp1 and Vp2 are the
positive velocity peak and negative velocity peak of the
ground motion, respectively, and ratio is the larger value of
the ratio of the positive velocity peak and the negative ve-
locity peak to the pulse velocity peak.

For the Vp ,Tp, and ratio, the attenuation formula of the
equivalent pulsed model is

ln Tp � a1 + a2Mw, (8)

ln Vp � b1Mw + b2dr + b3, (9)

ln ratio � c1Mw + c2dr + c3, (10)

where a1, a2, b1, b2, b3, c1, c2, and c3 are the regression
coefficients related to a seismogenic fault, which are de-
termined according to Table 2, and the Mw is the moment
magnitude.

)is study optimizes the filtering range based on the
existing methods [38, 39]. )at is, the high-frequency
components of the velocity time history which are greater
than (1/Tp) Hz are obtained by limiting the Fourier spec-
trum bandwidth in the synthesis process, and the compo-
nents less than (1/Tp) Hz are obtained by derivation of the
equivalent velocity pulsed model. )e specific synthesis
process of the ground motion is

(1) For the velocity pulse components of frequency less
than (1/Tp) Hz, the Vp ,Tp, and ratio are deter-
mined by equations (8)–(10), according to the
seismic geological parameters of the specific site. So,
the velocity pulse time history is generated, and then,
the acceleration time history is obtained by deriva-
tion calculus to the velocity pulse time history.
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(2) For the high-frequency components of acceleration,
according to the seismic geological parameters of the
specific site, the artificial ground motion is synthe-
sized with the requirement that the Fourier spectrum
bandwidth is above (1/Tp) Hz.

(3) Translate the low- and high-frequency components
generated by the above method, according to certain
assumptions. And then, the high-frequency com-
ponents are amplitude-modulated, so that the total
amplitude after the addition of high- and low-fre-
quency components is equal to the amplitude of the
ground motion propagating to the site according to
the attenuation relationship when the seismogenic
fault induces a certain magnitude earthquake.

Regarding the Zheduotang fault as the seismogenic fault,
the upper limit of the moment magnitude is 7.5. When an

upper limit earthquake occurs at the potential source, the
acceleration amplitude propagated to the site of Zheduoshan
tunnel is 467 gal, considering the attenuation relationship of
ground motion propagation. )e Zheduotang fault is about
30 km long and is a left-lateral strike-slip fault. According to
the regression values of the corresponding parameters given
in Table 2 and combined with equations (5)–(10), the Vp

,Tp, and ratio are, respectively, equal to 73.70 cm/s, 6.69 s,
and 0.82. Afterward, the time history curves of the near-fault
pulsed ground motion are synthesized using the above-
mentioned synthesis method, as shown in Figure 3(b).

3.2. Comparison of Seismic Response of the Tunnel Structure
Subjected to Synthetic Ground Motions. Based on the arti-
ficially synthesized near-fault pulse ground motions and far-
field ground motions under the same geological seismic
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Figure 3: (a))e Zheduoshan tunnel site design response spectrum. (b))e time history curves of near-fault pulsed groundmotion. (c))e
time history curves of far-field ground motion.

Table 2: )e regression coefficients and the variance of Tp, Vp, and ratio for different faults.

Type
Tp Vp Ratio

a1 a2 σ1 b1 b2 b3 σ2 c1 c2 c3 σ3
All − 5.3 0.92 0.11 0.40 − 0.05 1.81 0.64 0.1344 − 0.0054 − 1.2328 0.2245
Reverse fault and mixed fault − 9.2 1.41 0.34 0.10 − 0.09 5.07 0.63 0.0007 − 0.0004 − 0.4303 0.1773
Strike-slip fault − 5.9 1.04 0.08 0.52 -0.05 0.90 0.59 0.4376 − 0.0048 − 3.1306 0.2507
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conditions, the relative deformation rate, maximum prin-
cipal stress of the structure, and the overall plastic failure of
the model are obtained with these different ground motions
excitation.

3.2.1. Relative Deformation Rate. Figure 4(a) shows the time
history records of relative deformation rate between vault
and arch bottom of tunnel structure under the near-fault
pulsed and far-field ground motions excitation. It can be
seen that under the action of the near-fault pulsed ground
motion, the relative deformation rate of the vault-arch
bottom of the tunnel structure reaches its peak at around 5th
second when the velocity pulse arrives, then it drops back,
and finally maintains a permanent displacement of
31.27mm. However, eventhough the peaks of the relative
deformation rate are almost equal in both different cases, it
remains fluctuating with the far-field ground motion, and
only a permanent deformation of 0.28mm remains at the
end, as shown in Figure 4(c).

Figure 4(b) illustrates the time history records of relative
deformation rate between the sidewalls between both sides
of the tunnel structure under the near-fault pulsed and far-
field ground motions excitation. )e trend is similar to the
relative deformation rate between the vault and arch bottom
under the action of these two kinds of ground motions. At
the same time, under the action of the near-fault pulsed
ground motion, the permanent relative deformation of the
sidewalls between both sides is 29.04mm, while it is only
0.31mm under the action of the far-field ground motion.

3.2.2. Principal Stress and Plastic Failure. As shown in
Figure 5(a), when the model is under the action of the near-
fault pulsed ground motion, the maximum principal stress
peak at each characteristic location of the tunnel structure
increases, especially it increases significantly at the vault and
sidewalls on both sides. With the excitation of the near-fault
pulsed ground motion, it was discovered that the plastic
zone volume of the rock mass only increased by a small
amount before the arrival of the velocity pulse, and it in-
creased suddenly and sharply during 4 s to 5 s. )ere was a
small increase during the period from 5 s to 9 s and then
reached the maximum after 9 s, as shown in Figure 5(b). )e
time when the volume of the plastic zone begins to increase
sharply is the same as the arrival time of the velocity pulse.
Meanwhile, the period from 4 s to 9 s is almost equal to the
arrival time of the velocity pulse, indicating that the velocity
pulse provides the major energy in the excitation of near-
fault pulsed ground motion.

Summarily, the near-fault pulsed ground motion is more
destructive to tunnel structure than far-field ground motion,
that is, because the velocity pulse plays a significant role in
the action of near-fault pulsed ground motions and is an
influential factor that cannot be ignored.

4. Seismic Performance of Tunnel Structure
Based on the IDA Method

4.1. Analysis Process of IDA. As shown in Figure 6, the
specific analysis process of IDA is

(1) Establish a suitable elastoplastic analysis model for
the engineering background

(2) Select a series of ground motions that can reflect the
ground motion engineering characteristics, based on
the site design response spectrum of the engineering
region

(3) Determine the appropriate seismic intensity mea-
sure (IM) and structural damage measure (DM),
according to the engineering characteristics of the
engineering

(4) Draw a set of curve cluster with the IM as the or-
dinate against the DM as the abscissa, based on
numerous dynamic time history calculation analysis
results. )ese calculation results are determined by
the multiple sets of ground motion input parameters
including a wide range of intensities, which are
obtained by stepwise amplification.

(5) Draw the seismic vulnerability curve of the structure
by the regression fitting analysis and data statistics
methods, and then, the failure probability of the
structure under different performance levels is
obtained.

)is study has established the Zheduoshan tunnel model
in Section 2.2, which is available for the seismic performance
analysis of the tunnel structure with IDA. Afterward,
according to the above IDA process, the vulnerability of the
tunnel structure at different characteristic locations are
analyzed, and the seismic vulnerability of the structure
under the excitation of near-fault pulsed ground motions
and far-field ground motions are further comparative
analyzed.

4.1.1. Selection of Ground Motion Records Based on PEER
Database. )e ground motion induced by the seismic wave
is strongly random in the propagation process. Furthermore,
the different characteristics of the ground motion have a
great influence on the analysis results of the tunnel seismic
response and failure mechanism. However, 10–20 ground
motion records utilized in IDA are sufficient to eradicate the
uncertain effects of ground motion [25, 26]. In this study,
based on the site design response spectrum, epicenter dis-
tance, intensity, and whether to consider velocity pulse as
indicators, a total of 24 records of near-fault pulsed ground
motion and far-field ground motion are selected from the
Pacific Earthquake Engineering Research Center Database
(PEER) by the selection system of the Design Ground
Motion Library (DGML). Table 3 presents the specific in-
formation of the selected ground motion records. )e
moment magnitude of selected records is within the range of
3.5–8. Additionally, 12 near-fault pulsed ground motions
with an epicenter distance of 0–20 km and 12 far-field
ground motions with an epicenter distance of 20–100 km
were determined by the DGML. Figure 7(a) shows the
distribution relationship between the PGA of the selected
ground motions and the epicenter distance, which indicates
the selected ground motions can reflect the randomness of
ground motion. Meanwhile, from the comparison of the
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Figure 4: Relative deformation of the tunnel structure under different action of ground motions. (a) )e relative deformation rate of the
vault-arch bottom of the tunnel structure. (b) )e relative deformation rate of the sidewalls on both sides of the tunnel structure. (c) )e
comparison of the relative deformation of the vault-arch bottom and the sidewalls on both sides.
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Figure 5: )e comparison of the principal stress of the structure and the plastic failure zone of the model under different ground motions.
(a) )e principal stress of the tunnel structure. (b) )e plastic failure zone volume of the tunnel model.
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Table 3: )e specific information about the selected ground motion records.

Type ID Station Year PGA
(g)

PGV
(m/s)

PGD
(m)

Magnitude
(Mw)

Effective
duration

(s)

Tp

(s)

Epicenter
distance
(km)

Earthquake name

Near-fault
pulsed
ground
motion

1 RSN161-Brawley
Airport 1979 0.152 0.087 0.037 6.53 11.13 4.40 10.42 Imperial Valley-06

2 RSN178-El Centro
Array #3 1979 0.127 0.044 0.047 6.53 22.08 4.50 12.85 Imperial Valley-06

3 RSN179-El Centro
array #4 1979 0.269 0.167 0.115 6.53 19.43 4.79 7.05 Imperial Valley-06

4 RSN185-Holtville
Post Office 1979 0.257 0.057 0.190 6.53 9.58 4.82 7.5 Imperial Valley-06

5 RSN292-Sturno
(STN) 1980 0.225 0.199 0.071 6.9 12.108 3.27 10.84 Irpinia-Italy-01

6 RSN764-Gilroy-
Historic Bldg. 1989 0.148 0.125 0.081 6.93 11.24 1.64 10.97 Loma Prieta

7 RSN766-Gilroy
Array #2 1989 0.295 0.083 0.024 6.93 9.00 1.73 11.07 Loma Prieta

8 RSN1050-Pacoima
Dam (downstr) 1994 0.191 0.074 0.030 6.69 7.28 0.59 7.01 Northridge-01

9 RSN1052-Pacoima
Kagel Canyon 1994 0.169 0.074 0.021 6.69 11.50 0.73 7.26 Northridge-01

10 RSN1165-Izmit 1999 0.144 0.061 0.029 7.51 16.74 5.37 7.21 Kocaeli Turkey

11
RSN3746-

Centerville Beach_
Naval Fac

1992 0.121 0.085 0.022 7.01 14.22 1.97 18.31 Cape Mendocino

12 RSN4458-Ulcinj-
Hotel Olimpic 1979 0.423 0.073 0.029 7.1 9.88 1.97 5.76 Montenegro Yugoslavia
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acceleration response spectrum of the selected ground
motions with the design response target spectrum of Zhe-
duoshan site as shown in Figures 7(b) and 7(c), it can be seen
that the response spectrum of selected ground motions is fit
for the site design target spectrum, which indicates that the
selected ground motions can reflect the site ground motion
characteristics of Zheduoshan tunnel.

According to the probability of an earthquake [40],
ground motions are divided into frequent ground motions
with a 50-year exceeding probability of 63%, basis ground
motions with a 50-year exceeding probability of 10%, rare
ground motions with a 50-year exceeding probability of 2%,
and extremely rare ground motions with a 100-year ex-
ceeding probability of 1%, and their determination coeffi-
cients of corresponding ground motion parameters are
stipulated. Under the condition that the basic support in-
tensity of the engineering site is VIII degree and the PGA of
the basic ground motion is 0.4 g, the PGA of other intensity
ground motions are determined as given in Table 4.
)erefore, considering the extremely rare groundmotion, 24
ground motions are adjusted according to 0.1 g, 0.2 g–1.2 g
using the PGA as the basis for amplitude modulation. And
then, a total of 288 calculation schemes are obtained.

4.1.2. Selection of DM and IM. )e DM is an index rep-
resenting the seismic performance of the structure in the
IDA curve. )ere are many indicators for evaluating the
seismic performance of concrete structures, such as dis-
placement, strain, and cumulative damage [28, 41]. Un-
derground structures such as tunnels only need to be able to
keep the line space unobstructed in terms of function.
)erefore, many scholars have selected the interstory dis-
placement angle and diameter deformation rate as indicators
of rectangular and circular tunnel structural damage, re-
spectively, while there are few indicators for the four-cen-
tered arched tunnel. In this study, the relative deformation
rate of the line between the left foot and the right shoulder of
the tunnel is selected as DM to characterize the structural
damage of the four-centered arched tunnel [42].

ξ �

����������������������

Δh1 − Δh2



2

+ Δv1 − Δv2



2



l
, (11)

where ξ is the relative deformation rate; Δh1 and Δh2 are the
horizontal and vertical displacements of the left foot, re-
spectively; Δv1 and Δv2 are the horizontal and vertical
displacements of the right shoulder, respectively; and the l is

Table 3: Continued.

Type ID Station Year PGA
(g)

PGV
(m/s)

PGD
(m)

Magnitude
(Mw)

Effective
duration

(s)

Tp

(s)

Epicenter
distance
(km)

Earthquake name

Far-field
ground
motion

1 RSN-787-Palo
Alto-SLAC Lab 1989 0.089 0.107 0.160 6.93 17.48 / 30.86 Loma Prieta

2 RSN-990-LA-City
Terrace 1994 0.135 0.072 0.018 6.69 15.72 / 36.62 Northridge-01

3
RSN-4455-Herceg

Novi-O.S.D.
Paviviv

1979 0.210 0.050 0.127 7.1 12.00 / 25.55 Montenegro_Yugoslavia

4
RSN-4841-Joetsu
Yasuzukaku
Yasuzuka

2007 0.050 0.057 0.038 6.8 24.86 / 25.52 Chuetsu-Oki_Japan

5
RSN-4846-Joetsu
Yanagishima
paddocks

2007 0.175 0.120 0.039 6.8 10.98 / 31.43 Chuetsu-Oki_Japan

6
RSN-4852-

Joetsu_Aramaki
district

2007 0.064 0.059 0.034 6.8 25.58 / 32.54 Chuetsu-Oki_Japan

7
RSN-4858-
Tokamachi,
Chitosecho

2007 0.069 0.094 0.056 6.8 29.76 / 30.65 Chuetsu-Oki_Japan

8 RSN-4869-
Kawaguchi 2007 0.071 0.082 0.035 6.8 27.34 / 29.25 Chuetsu-Oki_Japan

9 RSN-5775-Tamati
Ono 2008 0.138 0.081 0.037 6.9 19.08 / 28.91 Iwate_Japan

10 RSN-5778-
Matsuyama city 2008 0.084 0.060 0.038 6.9 24.08 / 40.98 Iwate_Japan

11

RSN-5804-
Yamauchi

Tsuchibuchi,
Yokote

2008 0.170 0.049 0.019 6.9 12.74 / 28.41 Iwate_Japan

12 RSN-5806-Yuzawa
town 2008 0.117 0.155 0.042 6.9 17.26 / 25.56 Iwate_Japan
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the linear distance between the left foot and the right
shoulder.

)e IM is an index representing the intensity of the
ground motion in the IDA curve, such as PGA, PGV, PGD,
and Sa (T1, 5%) [43]. To select an IM that can compre-
hensively and efficiently reflect the elastoplastic seismic time
history analysis of the tunnel structure, the most appropriate
IM is determined by comparing the dispersion of IDA re-
sults under these different IM. )ere has not been a mature

conclusion about the natural vibration period of the un-
derground tunnel engineering which is a cavern located in a
semiinfinite space. )erefore, in this study, only the PGA,
PGV, and PGD are considered as IM that affects the dis-
persion of IDA results. By linear regression of DM of the
IDA results and the logarithmic value of the corresponding
IM, the regression coefficients a and b corresponding to
different IM are, respectively, fitted to obtain the linear
relationship shown in formula (12). )en, the average

Near-fault pulsed
Far-field
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Figure 7: )e ground motions selected from the PEER. (a) )e distribution relationship between PGA and the epicentral distance of
selected seismic. (b) )e response spectrum of near-fault pulsed ground motions. (c) )e response spectrum of far-field ground motions.

Table 4: Calculation scheme of controlling variable method of different interface parameters.

Fortification intensity Frequent ground motion Basis ground motion Rare ground motion Extremely rare ground motion
VIII degree 0.13 g 0.4 g 0.746 g 1.08 g
Exceeding probability 50-year 63% 50-year 10% 50-year 2% 100-year 1%
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standard deviation S of the linear fitting is found according
to formula (13).

y � ax + b, (12)

S �

����������������������������


n
i�1 [ln(DM) − (a ln(DM) + b)]

2

n − 1



, (13)

where x and y are the different IM values and the logarithm
of their corresponding DM, respectively; a and b are linear
fitting coefficients; S is the average standard deviation of the
IDA results corresponding to different IM indicators; n is the
number of calculation for nonlinear dynamic time history
analysis, and the value is 144.

By comparing the regression fitting of different IM in-
dicators and their corresponding average standard devia-
tions (as shown in Figure 8), it can be found that the S of
PGA as the indicator is smaller than PGV and PGD. )e
smaller the S, the more suitable the corresponding parameter
is as an IM indicator. Meanwhile, PGA is utilized as an
indicator of ground motion amplitude in various codes, and
the earthquake risk analysis results of various engineering
are presented in the form of PGA. Summarily, PGA selected
as the IM in this study is the most suitable.

4.1.3. Classification of Seismic Performance Level. )e
classification result of the seismic performance level will
directly affect the trend of the seismic vulnerability curve.
)us, to obtain the correct seismic vulnerability curve, it
is necessary to determine the threshold of structural
damage state under different performance levels.
According to the code for seismic design of railway en-
gineering [44], the seismic design of railway engineering
should meet the seismic performance requirements given
in Table 5, and the support targets under the corre-
sponding support requirements are defined. )e seismic
performance level of the tunnel structure is a limit failure
state, which refers to the maximum damage degree of the
structure under the support requirement. Meanwhile, the
study [42] verified the bearing capacity and the defor-
mation of the tunnel structure under different support
requirements, and combined with the research results of
the seismic index of the rectangular section and the
circular section tunnel, the control indexes of the arch
tunnel structure damage under various performance re-
quirements are selected, and the thresholds of perfor-
mance level under the three-level support requirements
are determined, as given in Table 5.

)erefore, this study divides the seismic damage state of
the railway tunnel structure into four levels: intact, slightly
damaged, moderately damaged, and severely damaged, and
the classification standard for the seismic damage level of the
tunnel structure in terms of the relative deformation rate is
established. )at is, when ξ ≤ ξ1, the tunnel structure is in an
intact state, when ξ1 ≤ ξ ≤ ξ2, the tunnel is in a slightly
damaged state, when ξ2 ≤ ξ ≤ ξ3, the tunnel is in a moderately
damaged state, and when ξ ≥ ξ3, the tunnel is in a severely
damaged state, as given in Table 6.

4.2. Analysis on Seismic Performance of the Tunnel Structure

4.2.1. Vulnerable Area. To analyze the vulnerable area of
different characteristic locations of the tunnel section, the
IM-horizontal relative deformation rate relationship curve
of each location is established from the calculation results. It
is found that the calculation results of 24 ground motions
have a similar trend.)is study only compares the near-fault
pulsed ground motion RSN764 with a duration of 39.99 s
and a far-field ground motion RSN-990 with a duration of
40.00 s, as shown in Figure 9.

Under the action of these two ground motions, the
horizontal relative deformation of the tunnel structure is
symmetrically distributed along the central axis of the tunnel
section. Afterward, the deformation of the tunnel structure
at the sidewalls on both sides is the most serious, which is the
vulnerable area of the tunnel. And the second is the
shoulders and foot on both sides. )e least serious is the
vault and arch bottom, and there is almost no deformation in
the horizontal direction. Comparing these curves under
these different kinds of ground motions, it can be discovered
that with the PGA changing, the tunnel structure under the
action of the near-fault ground motion is more severely
damaged than that of the far-field ground motion under the
condition of the same PGA.)is indicates that the near-fault
pulsed ground motion is more destructive to the tunnel
structure than the far-field ground motion.

4.2.2. Seismic Fragility. Figure 10 shows the IM-DM rela-
tionship under the action of near-fault pulsed ground
motions and far-field ground motions which are IDA curve
clusters. It can be observed from the IDA curve clusters that
the curves are dense in the initial stage. Afterward, with the
earthquake intensity increases, the dispersion of the results
gradually increases, indicating that the seismic response of
the tunnel structure is closely related to the incident ground
motion characteristics. By comparing the IDA curve clusters
under the action of near-fault pulsed ground motions and
far-field ground motions, it can be found that (1) under the
action of the near-fault pulsed ground motions, when the
PGA<0.1 g∼0.2 g, the relative deformation of the tunnel
structure is almost equal to zero because the structure is in
an elastic state without damage. Under the action of far-field
ground motions, when PGA<0.2 g∼0.3 g, the relative de-
formation of the tunnel structure is almost equal to zero. It
can be concluded that compared with far-field ground
motions, near-fault groundmotions can cause damage to the
tunnel structure at relatively slight ground motion intensity.
(2) From the average curve, as shown in Figure 10, when
PGA reaches 1.2 g, the mean DM under the action of near-
fault pulsed ground motions is 0.083, while the mean DM
under the action of far-field ground motions is 0.059. At the
same time, under the same IM conditions, the mean DM
values of the near-fault ground motions are greater than
those of far-field groundmotions.)erefore, under the same
PGA conditions, near-fault pulsed ground motions have
relatively stronger damage to tunnel structures than far-field
ground motions.
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Fit each IDA curve separately to obtain the IM value
corresponding to the structural damage performance
index threshold under the three-level support require-
ment. It is assumed that these IM values obey the

lognormal distribution [45]. And then, the mean and
standard deviation of the logarithmic values of these IM
values are obtained, so that the probability distribution
functions under the support requirements at all levels are
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Figure 8: )e regression fitting of different IM indicators: (a) PGA; (b) PGV; (c) PGD.

Table 5: )ree-level fortification requirements and its control index thresholds.

Fortification
requirement Fortification target Performance level )reshold

I After the earthquake, the tunnel is not damaged or slightly damaged and can
maintain its normal service function Normal service ξ1 � 0.6%

II )e tunnel may be damaged after the earthquake. After repairing, its normal
service function can be restored in a short time

Available after
repairing ξ2 � 2.5%

III After the earthquake, the tunnel may occur major damage but does not collapse
and can be opened to traffic at a speed limit after emergency repairing Life threatened ξ3 � 4%

Table 6: Seismic failure grades of tunnel structure based on relative deformation ratio.

Damage level Intact Slightly damaged Moderately damaged Severely damaged
Relative deformation ratio ξ <0.6% 0.6% ∼ 2.5% 2.5%∼4% >4%
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calculated and the corresponding probability values are
found. Finally, the seismic vulnerability curve can be
drawn by taking the probability value as the ordinate and
the corresponding IM value as the abscissa, as shown in
Figure 11.

)e same trend of the seismic vulnerability curve of the
tunnel structure is observed under the action of these dif-
ferent ground motions because it is assumed that these IM
values obey the lognormal distribution. Meanwhile, there is
only a certain difference in the probability value, indicating
that the destructive capacity of these two kinds of ground
motions on the tunnel structure has a certain difference.
)en, the probabilities of exceeding each seismic

performance level under the action of different ground
motions are obtained, as given in Table 7.

Take the highest probability of earthquake occurrence
(the VIII frequent ground motion exceeding 63% in
50 years) and the highest earthquake intensity (the VIII
extremely rare ground motion exceeding 1% in 100 years) as
examples, respectively. Under the action of the near-fault
pulsed ground motions at the level of VIII frequent, the
probability of the tunnel structural damage exceeding the
level of normal service is 55.01%, the probability of ex-
ceeding the level of available after repairing is 9.12%, and the
probability of exceeding the level of life threatened is 5.59%.
However, under the same level of far-field ground motions,
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Figure 9: )e vulnerable area of different characteristic locations of the tunnel section under action of different ground motions: (a) near-
fault pulsed; (b) far-field.
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Figure 10: )e IDA curve clusters under the action of different ground motions: (a) near-fault pulsed; (b) far-field.
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the probability of the tunnel structural damage exceeding the
level of normal service is 34.96%, the probability of ex-
ceeding the level of available after repairing is 1.60%, and the
probability of exceeding the level of life threatened is only
0.34%. Under the action of the near-fault pulsed ground
motions and far-field ground motions at the level of VIII

extremely rare, the probabilities of tunnel structural damage
exceeding the level of normal service both are 100%. As for
the probability of exceeding the level of life threatened and
available after repairing, the ground motions of near-fault
pulsed are larger than the far-field ground motions, of which
98.24% and 97.62% are under the near-fault pulsed ground
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Figure 11:)e seismic vulnerability curve of the tunnel structure under the action of different groundmotions: (a) near-fault pulsed; (b) far-
field.

Table 7: Exceeding probabilities under fortification standards responding to different ground motions.

Ground motions Fortification
standards

Normal
service

Exceed probability/% available after
repairing Life threatened

Near-fault pulsed ground
motions

VIII frequent 55.01 9.12 5.59
VIII basis 98.93 65.68 57.70
VIII rare 99.98 91.87 88.77

VIII extremely rare 100.00 98.24 97.62

Far-field ground motions

VIII frequent 34.96 1.60 0.34
VIII basis 98.79 54.39 41.32
VIII rare 99.99 91.91 88.54

VIII extremely rare 100.00 97.38 96.19

Table 8: Failure probabilities under fortification standards responding to different ground motions.

Ground motions Fortification standards
Failure probability (%)

Intact Slightly damaged Moderately damaged Severely damaged

Near-fault pulsed ground motions

VIII frequent 44.99 45.89 3.53 5.59
VIII basis 1.07 33.25 7.98 57.70
VIII rare 0.02 8.11 3.10 88.77

VIII extremely rare 0.00 1.76 0.62 97.62

Far-field ground motions

VIII frequent 65.04 33.36 1.26 0.34
VIII basis 1.21 44.40 13.07 41.32
VIII rare 0.01 8.08 3.37 88.54

VIII extremely rare 0.00 2.62 1.19 96.19
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motions, while 97.38% and 96.19% are under the far-field
ground motions.

5. Discussion

Combined with the classification of the seismic performance
level in Table 6, the failure probabilities of these two kinds of
ground motions causing different degrees of damage to the
tunnel structure under the action of earthquakes with dif-
ferent exceed probabilities is given in Table 8. Under the
action of far-field ground motions at the level of frequent
earthquakes, the probability that the tunnel structure is
slightly damaged or even remains intact is 98.40%, while the
probability of the same level of structural damage under the
near-fault pulsed ground motions is only 90.88%. Under the
action of near-fault pulsed ground motions at the extremely
rare level, the probability of severely damaged to the tunnel
structure is 97.62%, which is greater than the probability
under the action of the same intensity of far-field ground
motions that is 96.19%. Figure 12 shows the probability of
different degrees of damage to the tunnel structure. At the
same time, the trend in the probability of severely damaged
on the tunnel structure under the action of earthquakes with
different exceeding probability is observed, as shown in
Figure 13. With the intensity of the ground motions in-
creases, the tunnel structure is more likely to suffer more
serious damage. Meanwhile, under the action of ground
motions with the same support level, the near-fault pulsed
ground motions are more likely to cause more serious

damage to the tunnel structure.)at is to say, compared with
the far-field ground motions, the near-fault pulsed ground
motions have a stronger destructive ability on the tunnel
structure, which could be attributed to the more powerful
energy provided by the velocity pulses of near-fault pulsed
ground motions. )is statement is consistent with the
opinion of Somerville [46].
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6. Conclusions

In this study, the effects of velocity pulses on the seismic
response and seismic performance of the tunnel structure
are determined. )e IDA method is introduced to the re-
search field of seismic performance on railway tunnel en-
gineering. )e following conclusions are drawn:

(1) A recently developed velocity pulse equivalent
model is proposed to synthesize the artificial near-
fault pulsed ground motion, which is combined with
the specific site attenuation characteristics of ground
motions.

(2) )e three-level support performance requirements
suitable to railway tunnels are divided, and the PGA
for the different intensity earthquakes is determined.
)rough regression fitting of different IM indicators
and corresponding results, the effect of different IM
indicators on the dispersion of IDA results is dis-
cussed, so that PGA is selected as the IM indicator.

(3) )e near-fault pulsed ground motion is more de-
structive to the tunnel structure than the far-field
ground motion under the same earthquake intensity,
which is associated with the energy provided by the
velocity pulse. Meanwhile, under the action of
ground motions with the same support level, the
near-fault pulsed ground motion is more likely to
cause more serious damage to the tunnel structure.
)erefore, in the seismic design of tunnel engi-
neering, the impact of the velocity pulse effect of
near-fault pulsed ground motion on the seismic
performance of tunnel structures cannot be ignored.

(4) )e lining deformation on the sidewalls on both
sides of the tunnel is the most serious, which is the
vulnerable area under a ground motion excitation
and can be regarded as a weak part of the tunnel
structure for the seismic design.

(5) In current manuscript, the influence of the quantity
of ground motions to the selection of the IM is
neglected in IDA analysis, which will be noted in the
future work. In additional, the concrete damage
model will be considered for the lining that will lead
to some more interesting conclusions.
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ρ: Density
∅: Friction angle
Δh1: Horizontal displacement of the left foot
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