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Abstract

Relating the ground motion intensity measure (IM) and the structural engineering demand parameter is a crucial step in the
performance-based earthquake engineering framework. This study investigates the selection of IM for development of probabilistic seis-
mic demand model of urban shield tunnels subjected to earthquake ground motions in liquefiable and non-liquefiable soils. Nonlinear
dynamic effective stress analyses are conducted to develop a database of the intensity measures and structural seismic responses exposed
to ground shaking and soil liquefaction. Two advanced soil constitutive models (i.e., Pressure DependMultiYield03 and PressureInde-
pendMultiYield for liquefiable and non-liquefiable soils, respectively) are employed to capture the nonlinear behavior. A suite of 23
ground motion intensity measures is selected and assessed based on the evaluation criteria of correlation, efficiency, practicality and pro-
ficiency. Eventually, the multi-level fuzzy comprehensive evaluation method is employed to comprehensively consider the four evaluation
criteria and establish the optimal ground motion IM suitable for probabilistic seismic demand analysis of shield tunnel structures. The
obtained results show that the sustained maximum acceleration is the optimal IM for evaluating the structural seismic response, followed
by the peak ground acceleration in both liquefiable and non-liquefiable soils. Peak pseudo velocity spectrum, displacement square inte-
gral and Housner spectral intensity are found to be not suitable for the probabilistic seismic demand analysis of shield tunnel structures.

Keywords: Ground motion intensity measures; Shield tunnel; Liquefiable and non-liquefiable soils; Probabilistic seismic demand analysis; Fuzzy opti-
mization
1 Introduction

Urban underground tunnels are an important infras-
tructure to support the sustainable development of cities.
The seismic safety of underground transportation infras-
tructure structures is essential to ensure safe and uninter-
rupted urban transportation during and after earthquake
events. In addition to dynamic stresses in the tunnel asso-
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ciated with the ground shaking, soil liquefaction may occur
in saturated granular soils when they temporarily lose their
strength due to excess pore pressure buildup, resulting in
significant ground deformation and structural failure
(Bray & Dashti, 2014; Iai, 2019). Therefore, the conse-
quences of soil liquefaction on the safety and performance
of underground tunnel structures in seismic active regions
are of utmost importance to ensure the stability and resili-
ence of critical infrastructure when exposed to liquefaction-
induced seismic hazards.

Probabilistic seismic demand analysis is a crucial com-
ponent of seismic fragility analysis and seismic risk analy-
sis, and it plays a significant role in the new generation of
the performance-based earthquake engineering (PBEE)
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(FEMA-P58-1, 2018). The key aspect of probabilistic seis-
mic demand analysis is the development of a probabilistic
seismic demand model (PSDM), which establishes the rela-
tionship between the ground motion intensity measure and
the structural engineering demand parameter (Ghosh et al.,
2021). Additionally, the selection of an appropriate inten-
sity measure (IM) is essential as it connects seismic hazard
and seismic response analyses, and it greatly influences the
accuracy of the obtained results. A reasonable IM can
effectively reduce the dispersion of the structural seismic
response results, which is of great importance (Heshmati
& Jahangiri, 2021).

Optimization of seismic intensity measures for above-
ground and underground structures has been widely stud-
ied. Studies investigating aboveground structures include
buildings (Pinzón et al., 2020; Heshmati & Jahangiri,
2021; Li & Cai, 2022; Regina et al., 2023) and bridges
(Zhou et al., 2023; Wei et al., 2020; Guo et al., 2020;
Eslamnia et al., 2023), and studies investigating under-
ground structures include subway station (Nguyen et al.,
2019, 2023; Zhang et al., 2022; Chen et al., 2023; Xu
et al., 2023; Huang et al., 2024) and tunnel structures
(Chen et al., 2013; Huang et al., 2021; Sun et al., 2023).
Huang et al. (2021) developed a probabilistic seismic
demand model for tunnels located in non-liquefaction site
conditions and different burial depths, and evaluated 18
ground motion intensity measures based on the evaluation
criteria of efficiency, practicality and proficiency. The find-
ings indicated that peak ground acceleration can be consid-
ered as the most suitable intensity measure for shallow
tunnels, while peak ground velocity (PGV) can be consid-
ered as the most suitable IM for moderately deep and deep
tunnels. When predicting the liquefaction-induced settle-
ment in liquefiable soils, the optimal IM to consider is
the cumulative absolute velocity (CAV), rather than the
peak ground acceleration (PGA) (Bullock et al., 2021).
Wu et al. (2022) conducted nonlinear dynamic analyses
on the sloping ground profiles and determined the optimal
ground motion IM for the prediction of liquefaction trig-
gering and liquefaction lateral spreading of the site based
on the criteria of efficiency, sufficiency and predictability.
Hu et al. (2023) utilized the correlation, feasibility and
validity analysis methods for 32 candidate IMs considering
the uplift displacement of the subway station structure.
They found that the Arias intensity was the optimal IM
for predicting the liquefaction-induced uplift response of
the structure.

To the best knowledge of the authors, optimal ground
motion IM for urban shield tunnel structures in liquefiable
and non-liquefiable soils have not been sufficiently studied
and evaluated. The previous studies mostly used PGA to
establish the probabilistic seismic demand model and con-
struct the fragility curves. A comprehensive study of opti-
mal ground motion IM of shield tunnels in liquefiable
and non-liquefiable soils is required. Therefore, this study
aims to identify the optimal IMs for developing probabilis-
tic seismic demand models of shield tunnel structures in
both liquefiable and non-liquefiable soils. A total of 23 seis-
mic IMs are introduced to develop probabilistic seismic
demand models. The nonlinear response of the saturated
soil-shield tunnel is simulated using elastoplastic models
for soil and reinforced concrete in the OpenSees platform.
A set of 21 ground motions is utilized to perform nonlinear
incremental dynamic time history analyses. The evaluation
of the optimal IMs is based on statistical indicators of the
probabilistic seismic demand model, which include the
coefficients of correlation, dispersion, practicality, and pro-
ficiency. Finally, the fuzzy comprehensive evaluation
method is adopted to evaluate and quantify the optimal
IM.

2 Description of the analysis

2.1 Explored ground motion intensity measures

The randomness of input ground motions greatly affects
the structural analysis results, and considering different
ground motion IMs in the analysis can lead to different
results (Nguyen et al., 2019). Thus, reasonable ground
motion IMs are an important basis for predicting the struc-
tural response and evaluating the structural function recov-
erable capability, which should accurately reflect the
structural seismic response index or damage index. The
commonly used ground motion IMs include those indepen-
dent of the structure, such as CAV, Arias intensity (AI),
root-mean-square acceleration (arms), peak ground acceler-
ation (PGA), peak ground velocity (PGV) and peak
ground displacement (PGD). Additionally, there are some
parameters related to the structure, such as acceleration
spectrum intensity (ASI), velocity spectrum intensity
(VSI) and effective peak acceleration (EPA).

In this study, Table 1 presents a suite of 23 commonly
used seismic IMs selected for the analysis. In Table 1, a
(t), v(t) and d(t) represent the acceleration, velocity and dis-
placement time histories; g is the gravitational acceleration;
Sa and Sv represent the acceleration response spectrum and
the velocity response spectrum. PSa and PSv represent the
pseudo acceleration spectrum and the pseudo velocity spec-
trum; tf is the ground motion duration, and td is the effec-
tive strong earthquake duration of ground motion, where
td = t2 � t1 (t1 = t (5%AI), t2 = t (95%AI)); n is the damp-
ing ratio.

2.2 Characteristics of optimal ground motion intensity

measure

A relationship is developed to identify the strong and
weak correlations between the seismic response of the tun-
nel structure quantified by the engineering demand param-
eter (EDP) and ground motion IM. The lognormal
distributed relationship between IM and EDP is (Cornell
et al., 2002; Lee et al., 2019; Hu et al., 2020):

lnðEDPÞ ¼ lnðaÞ þ b � lnðIMÞ: ð1Þ



Table 1
Twenty three seismic intensity measures used in this study.

No. Intensity measure (unit) Description Reference

1 Peak ground acceleration (m/s2) PGA=max|a(t)| Kramer (1996)
2 Peak ground velocity (m/s) PGV=max|v(t)| Kramer (1996)
3 Peak ground displacement (m) PGD=max|d(t)| Kramer(1996)
4 Sustained maximum acceleration (m/s2) SMA Nuttli(1979)
5 Sustained maximum velocity (m/s) SMV Nuttli (1979)
6 Arias intensity (m/s) AI ¼ p

2g

R ttot
0 aðtÞ2dt Kramer (1996)

7 Cumulative absolute velocity (m/s) CAV ¼ R ttot
0 aðtÞj jdt Kramer (1996)

8 Acceleration RMS (m/s2) arms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
td

R t95
t5

aðtÞ2dt
q

Housner and Jennings (1964)

9 Characteristic intensity (m1.5/s2.5) IC=arms
1.5 td

0.5 Park et al. (1985)

10 Specific energy density (m2/s) SED ¼ R ttot
0 vðtÞ2dt Wei et al. (2020)

11 Velocity RMS (m/s) vrms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
td

R t95
t5

vðtÞ2dt
q

Housner and Jennings (1964)

12 Compound velocity-related intensity measure (m/s3/4) IF=PGV�td
0.25 Fajfar et al. (1990)

13 Peak ground relative displacement (m) PGRD Zhuang et al. (2021)

14 Displacement RMS (m) drms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
td

R t95
t5

dðtÞ2dt
q

Housner and Jennings (1964)

15 Displacement square integral (m2/s) dsq ¼ R ttot
0 dðtÞ2dt Yang et al. (2009)

16 Compound displacement (m�s1/3) Id ¼ PGD� td
1
3 Anderson and Bertero (1987)

17 Peak pseudo acceleration spectrum (m/s2) PSA=max(PSa) Morikawa and Fujiwara (2013)
18 Peak pseudo velocity spectrum (m/s) PSV=max(PSv) Boatwright et al. (2001)

19 Acceleration spectrum intensity (m/s) ASI ¼ R 0:5
0:1 Saðn¼ 5%;T ÞdT Housner (1952)

20 Velocity spectrum intensity (m) VSI ¼ R 2:5
0:1 Svðn¼ 5%;T ÞdT Housner (1952)

21 Housner spectral intensity (m) HI ¼ R 2:5
0:1 PSvðn¼ 5%;T ÞdT Housner (1952)

22 Effective peak acceleration (m/s2) EPA ¼ meanð R 0:5
0:1 SadT=2:5Þ Yang et al. (2009)

23 Effective peak velocity (m/s) EPV ¼ meanð R 1:0
0:1 SvdT=2:5Þ Yang et al. (2009)
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Equation (1) satisfies the linear regression model, and
the least square method can be applied to regress the statis-
tics on the discrete points (EDPi, IMi) obtained from the
analysis to establish the structural probability seismic
demand model given in Eq. (1), with a and b as regression
coefficients.

The first step in establishing the structural probabilistic
seismic demand model involves determining a suitable
ground motion IM. In this study, the optimal intensity
measure for underground structures is analyzed using the
following correlation, efficiency, practicality, proficiency
and fuzzy optimization (Tang et al., 2022).
2.2.1 Correlation

The correlation criterion (Bradley, 2011) is a quantita-
tive index that represents the relationship between IM
and EDP. This correlation is measured using the correla-
tion coefficient (r), which can be calculated by

r ¼
Pn

i¼1ðxi � xÞðyi � yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðxi � xÞ2 �Pn
i¼1

ðyi � yÞ2
s ; ð2Þ

where xi and yi are the calculated sample values; x
�
and y

�
are

the mean values of the calculated samples; n is the total
number of the calculated data samples. The correlation
coefficient ranges from �1 to 1, with values closer to 1 indi-
cating a stronger correlation between the ground motion
intensity measure and the structural engineering demand
parameter.

2.2.2 Efficiency

The efficiency criterion (Giovenale, 2010) quantifies the
relationship between the ground motion intensity measure
and the structural engineering demand parameter. This is
expressed through the dispersion degree (rEDP|IM), which
is determined by the regression analysis of ln(IM) and ln
(EDP), i.e.,

rEDPjIM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

lnðEDPÞ � lnða � IMbÞ� �2
n� 2

s
: ð3Þ

A smaller rEDP|IM indicates a more efficient ground
motion intensity measure.

2.2.3 Practicality

The practicality criterion (Luo & Cornell, 2007) refers to
the sensitivity of the correlation between the ground
motion IM and the structural seismic response, which
can be expressed by the regression coefficient b in the prob-
abilistic seismic demand model, as indicated in Eq. (1). The
regression coefficient represents the degree of dependence
of the EDP on the IM. A value of b close to 0 indicates that
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there is essentially no correlation between IM and EDP. A
larger b value indicates a more practical IM.

2.2.4 Proficiency

The proficiency criterion (Shafieezadeh et al., 2012) is a
composite indicator that comprehensively considers efficiency
and practicality. It serves as a balance between efficiency and
practicality, denoted by f, and can be calculated by

f ¼ rEDP IMj
b

: ð4Þ

A lower f value indicates a more proficient IM.

2.2.5 Fuzzy optimization

The fuzzy comprehensive evaluation method is devel-
oped on the basis of fuzzy mathematics. It utilizes fuzzy
operators to combine the weight vectors and the member-
ship degree matrix of each evaluation factor. This method
enables the conversion of qualitative analyses into quanti-
tative results, expanding the scope of applicability of the
fuzzy comprehensive evaluation method, which is particu-
larly advantageous in multi-factor and complex situations.
This method has been applied to the fields of seismic lique-
faction potential and seismic risk assessment (Xue & Yang,
2014; Ba et al., 2021; Javidan & Kim, 2022). This study
adopts a multilevel fuzzy comprehensive evaluation
method to comprehensively consider the aforementioned
evaluation criteria. The aim is to comprehensively consider
the aforementioned four criteria and evaluate the optimal
IM for the probabilistic seismic demand analysis of shield
tunnel structures in liquefiable soil grounds.

The fuzzy comprehensive evaluation method is per-
formed through different main steps, as explained below.

(1) Determine the factor set. To assess the performance
of the optimal ground motion intensity measure, a
comprehensive judgment is required considering sev-
eral aspects including correlation, efficiency, suffi-
ciency and other different evaluation indicators.
These indicators collectively form a systematic evalu-
ation factor set, which is denoted by U:

U ¼ fU 1;U 2; � � � ;Umg: ð5Þ
(2) Construct the evaluation set. Due to the different val-
ues of each evaluation indicator, different grades are
often formed. For instance, there are excellent, good,
fair and poor for grades. The collection of different
grades is referred to as the evaluation set, which is
denoted by V:

V ¼ fV 1; V 2; � � � ; V mg: ð6Þ
(3) Establish the fuzzy comprehensive evaluation matrix.
To determine the corresponding membership degree
(rij) of each evaluation factor (Ui), this study estab-
lishes the fuzzy comprehensive judgment matrix (R)
between the factor set and the evaluation set. The
matrix and the membership degree are expressed as
follows:

R ¼

R1

R2

..

.

Rm

2
66664

3
77775 ¼

r11 r12 � � � r1n
r21 r22 � � � r2n

..

. ..
. ..

. ..
.

rm1 rm2 � � � rmn

2
66664

3
77775; ð7Þ

rij ¼ xijPn
j¼1xij

; ð8Þ

where xij is the calculated value based on the different eval-
uation criteria.

(4) Determine the weight vector. In the comprehensive
evaluation, the factors in the factor sets have distinct
roles. The evaluation results are not only related to
the evaluation of the factors, but also depend greatly
on how these factors contribute to the overall evalu-
ation. This necessitates the weight distribution among
the evaluation factors, where the more significant fac-
tors are assigned higher weight proportions, denoted
as W:

W ¼ ½w1;w2; � � �;wm�; ð9Þ
where wi is the weight ratio of the i-th evaluation factor
(i = 1, 2, 3,���, m).

(5) Comprehensive evaluation analysis. The comprehen-
sive evaluation result can be calculated by performing
a complex fuzzy operation between the weight vector
W and the fuzzy matrix R, which is denoted by C:

C ¼ W � R ¼ ½w1;w2; � � � ;wm� �

r11 r12 � � � r1n
r21 r22 � � � r2n

..

. ..
. ..
. ..
.

rm1 rm2 � � � rmn

2
66664

3
77775

¼ ½c1; c2; � � � ; cm�;

ð10Þ

where ci is the membership degree value of each evaluation
criterion; � is the fuzzy operator symbol.

The evaluation results are determined based on the max-
imum membership degree law, denoted by cmax:

cmax ¼ maxfc1; c2; � � �; cmg: ð11Þ
3 Numerical calculation modeling

3.1 Computational model

The study was conducted through a two-dimensional
dynamic effective stress analysis of the integral soil-shield
tunnel system in the open-source finite element computa-
tional platform OpenSees (Mazzoni et al., 2006). The
detailed geometry of the numerical model is presented in



Fig. 2. Schematics of soil layer conditions. (a) Case Liq., (b) Case M-liq.,
and (c) Case Non-liq.
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Fig. 1. The groundwater table is located at the ground sur-
face. Figure 2 presents the selected three typical soil profile
conditions in this study. This study considers three different
soil profile conditions: Case Liq., which consists of a 30-m-
thick liquefiable soil layer overlying a non-liquefiable layer;
Case M-liq., which involves a 7-m-thick sandwiched lique-
fiable soil layer at a depth of 10–17 m between two liquefi-
able soil layers; and Case Non-liq., which features a
homogeneous non-liquefiable soil layer. The length and
height of the model are 100 and 50 m, respectively. The
burial depth of the shield tunnel is 10 m. The outer and
inner diameters of the tunnel lining are 7.0 and 6.3 m,
respectively. The segmental width is 1.5 m. The lining ring
consists of six segments with corresponding central angles
of 22.5� and 67.5�, respectively. The structure is discretized
by solid elements in the numerical simulation. All the solid
elements used to simulate the structure are impermeable
models. The concrete strength grade of the segment is
C50. The elastic modulus, Poisson’s ratio and the density
of the tunnel structure are 34.5 MPa, 0.2 and 2500 kg/
m3, respectively. The segmental structure in this study is
simulated using the Drucker Prager model with the asso-
ciative flow rule, where the shear dilation angle (W) is
equivalent to the friction angle (b). The joints are critical
in correctly describing the mechanical properties of the pre-
cast lining structure (Do et al., 2013, 2014). The simulation
of joints in this study is based on the study of Shen et al.
(2022). The joint bolts used are high-strength bolts of grade
8.8, with a yield strength of 640 MPa and an ultimate
strength of 800 MPa. The effect of the pretension force of
bolts is not considered in this study (Su et al., 2022).

The soil domains are discretized by using the solid–fluid
coupled quadrilateral u-p elements. The seismic response of
the tunnel structure is primarily influenced by the nonlinear
behavior of the soil domain. Herein, the Pres-
sureDependMultiYield03 (PDMY03) (Khosravifar et al.,
Fig. 1. Finite element model of th
2018) and PressureIndependMultiYield (PIMY) (Yang
et al., 2008) elastoplastic hysteretic constitutive models
are utilized to simulate the soil nonlinear behavior of the
cohesionless soil and the cohesive soil under cyclic loading.
The analyses are conducted in OpenSees using an implicit
direct time integration algorithm. The two chosen constitu-
tive soil models are capable of capturing soil behavior in a
large range of loading paths, thereby enhancing the accu-
racy of soil behavior prediction. The PDMY03 model
can reproduce the characteristics of dilatancy, cyclic mobil-
ity and associated post-liquefaction shear strain accumula-
tion and development deformation of the liquefiable
cohesionless soil under dynamic loading. The PIMY model
simulates the nonlinear hysteretic response of the non-
e saturated soil-shield tunnel.



Table 2
PDMY03 and PIMY constitutive model parameters for the saturated soil layer.

Parameter Relative
density, Dr

(%)

Soil
density, q
(t/m3)

Reference
confining
pressure, pr (kPa)

Reference shear
modulus, Gr

(MPa)

Friction angle at
peak shear strength,
/f (�)

Peak
shear
strain,
cmax

Pressure
dependent
coefficient, dp

Phase
transformation
angle, /pt (�)

Loose sand 33 1.94 101 46.9 25.4 0.1 0.5 20.4
Clay – 1.60 101 50.0 20.0 0.1 0 –
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liquefiable cohesive soil. Table 2 lists the soil parameters
used in the numerical model (Shen et al., 2023).

Firstly, a static analysis is conducted to determine the
initial stress state of the soil-structure integral system. Sub-
sequently, a dynamic time history analysis is performed by
applying uniform ground motion excitation at the base of
the soil domain. The periodic boundary condition is
applied to simulate the lateral free field boundary condi-
tions. Because the bottom of the model is a flexible founda-
tion, the direct application of velocity or acceleration
directly at the bottom interface can result in seismic wave
loss. To prevent this, the base nodes are fixed vertically,
and the horizontal acceleration is converted to stress given
by

rs ¼ 2qCsvs; ð12Þ
where rs is the horizontal stress; q, Cs and vs are the density
of the soil, shear wave velocity and horizontal velocity
components, respectively.

The thin-layer interface element with a thickness of
0.1 m integrates Rayleigh damping to simulate the soil-
structure interface during dynamic loading. The shear
and normal stiffness and the shear parameter of the inter-
face elements are reduced by a recommended factor of
0.70, as suggested in relevant studies (Shen et al., 2024).
According to the study of Kuhlemeyer and Lysmer
(1973), the size of the soil element should be less than
1/10 to 1/8 of the wavelength corresponding to the highest
frequency of the input motion. As a result, the soil domain
is divided into spatially discretized elements measuring 1 m
by 1 m. Additionally, to consider energy dissipation during
the seismic excitation, Rayleigh damping with an initial
damping ratio of 3%, mass damping coefficient
a = 0.6583, and stiffness coefficient b = 0.0037 are used
to simulate the integral system’s damping.

3.2 Input ground motions

As listed in Table A1 of Appendix A, an ensemble of 21
outcrop bedrock ground motions is selected from the
NGA-west2 database (https://ngawest2.berkeley.edu/)
(Pacific Earthquake Engineering Research Center, 2005).
These ground motions encompass a wide range of earth-
quake magnitudes, epicentral distances and significant
durations. The selected earthquake magnitudes (Mw) and
epicenter distances (Rrup) are in the range of 6.0–7.6 and
10–60 km, respectively. Figures 3 and 4 present the acceler-
ation response spectra with 5% damping ratio and the
PGA-Moment magnitude (Mw)-Rupture distance (Rrup)
distribution of the selected earthquake records.

3.3 Engineering demand parameter

The EDP should represent the structural seismic
response characteristics. A reasonable structural seismic
response indicator can accurately reflect the structural
damage stateunder seismic action. For instance, in above-
ground frame structures and underground subway station
structures, the maximum inter-story drift ratio (hmax) is
often used as the EDP to reflect the degree of structural
damage (Du et al., 2021).

This study employed the bending moment ratio as the
seismic response indicator for the tunnel structure. The
bending moment ratio is defined as the ratio of the actual
bending moment (M) to the capacity bending moment
(MRd) of the cross-section (Argyroudis & Pitilakis, 2012).
The actual bending moment (M) is calculated under static
and ground motion loadings. The capacity bending
moment (MRd) of the tunnel cross-section is determined
through the cross-section limit state analysis, which
accounts for the lining cross-section, material properties
and seismic axial forces (MOHURD, 2010). Figure 5
shows the ultimate bearing capacity curve of the segment
normal section.

4 Selection of optimal ground motion intensity measure

The incremental dynamic analysis (IDA) method is used
for the seismic demand analysis, in which the amplitude of
the selected ground motions is scaled from 0.1g to 1.0g. In
total, 630 nonlinear dynamic time history analyses are per-
formed for soil-shield tunnel integral systems in liquefiable
and non-liquefiable soils. A reasonable IM should accu-
rately capture the relationship between the ground motion
and the structural response in order to minimize the disper-
sion in structural responses observed under the action of
the different ground motions. This section explores the
optimal IMs versus the bending moment ratio in proba-
bilistic seismic demand models. The correlation, efficiency,
practicality, proficiency and fuzzy optimization are evalu-
ated and discussed to select the optimal IM.

4.1 Correlation

The correlation between different IMs and EDP is deter-
mined by performing the linear regression analysis on the

https://ngawest2.berkeley.edu/


Fig. 3. Acceleration response spectra.

Fig. 4. PGA-Mw-Rrup distribution of input ground motions.

•

Fig. 5. Ultimate bearing capacity curve of the segment normal section.
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PSDM in the logarithmic space. Figure 6 summarizes the
correlation coefficients of all the selected IMs in different
cases. As shown in Fig. 6, for Case Liq., the top eight
IMs are PGA, SMA, AI, IC, PGRD, CAV, SED and
EPV, respectively. For Case M-liq., the top eight IMs are
SMA, PGA, EPA, IC, arms, AI, PSA and PGRD, respec-
tively. For Case Non-liq., the top eight IMs are SMA,
IC, PGRD, AI, arms, PGA, EPV, and CAV, respectively.
It can be seen thatfor the different cases, acceleration-
related IMs have relatively good correlation among all
the selected IMs andfor liquefiable and non-liquefiable
soils, PGRDis also relatively good correlation
(r = 0.796).This is because the seismic response of the tun-
nel structure is primarily influenced by the horizontal
deformation of the surrounding soil (Wang, 1993;
Hashash et al., 2001). In contrast, the correlation of PSV,
Housner spectral intensity (HI) and VSI is worse. Espe-
cially, PSV shows the worst correlation in three different
cases,corresponding to the correlation coefficients of
0.406, 0.335 and 0.430, respectively.

4.2 Efficiency

Figures 7–9 depict the logarithmiclinear regression
schematics of the bending moment ratio M/MRd with the
PGA and PGD. These schematics visually represent the
dispersion of the structural EDPand the ground motion
IMs. Blue dots in these figures represent the numerical
results of the calculated ln(M/MRd) and the representative
ln(IM) derived from the ground surface responses. Red
lines in these figures represent the fitted logarithmic linear
regression correlations between M/MRd and the different
IMs.The linear regression coefficients and the standard
deviation (rEDP|IM) are estimated from the corresponding
different seismic intensity measures and the structural
response.

It can be observed from Figs. 7–9 that lnPGA–
ln(M/MRd) curve exhibits the smallest dispersion, suggest-
ing that PGA has higher efficiency compared to PGD,
which has lower efficiency. This is because the ground
surface absolute displacement value does not accurately
represent the relative displacement of the soil layer at the
location of the tunnel crown and tunnel invert. Addition-
ally, the soil-underground structure interaction system
can be considered as a generalized structure. For a cross-
section of this generalized structure, the peak acceleration
shows a noticeable correlation with the stress level of the
structure (Zhong et al., 2020). Consequently, the results
obtained from PGA exhibit lowerefficiency.

Figure 10 illustrates the conditional logarithmic stan-
dard deviation of various ground motion IMs using Eq.
(3). The statistical results indicate that for Cases Liq. and
Non-liq., PGRD (rEDP|IM=0.232 and 0.279) is the most
efficient IM for the seismic response of the tunnel structure
and for Case M�liq., SMA (rEDP|IM=0.309) is the most
efficient IM for the structural response. SMA (rEDP|

IM=0.291) and PGA (rEDP|IM=0.293) in Case Liq. provide
relatively efficient IMs followed by PGRD. PGA (rEDP|



Fig. 6. Correlation coefficient of all the selected IMs.

Fig. 7. Comparison of the efficiency of different IMs in Case Liq. (a) lnPGA–ln(M/MRd), and (b) lnPGD–ln(M/MRd).

Fig. 8. Comparison of the efficiency of different IMs in Case M-liq. (a) lnPGA–ln(M/MRd), and (b) lnPGD–ln(M/MRd).
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IM=0.327) and PGRD (rEDP|IM=0.362) in Case M�liq.
provide relatively efficient IMs followed by SMA. SMA
(rEDP|IM=0.319) and IC (rEDP|IM=0.328) in Case Non-liq.
provide relatively efficient IMs followed by PGRD. In con-
trast, PSV (rEDP|IM=0.363 and 0.488) in Cases Liq. and M-
liq. and PGV (rEDP|IM=0.530) in Case Liq. are the least
efficient IM for the three cases. As mentioned above,
acceleration- and displacement-related IMs, such as
SMA, PGA and PGRD, are appropriate for predicting
the seismic response of shield tunnel structures in both liq-
uefiable and non-liquefiable soils. However, structure-
specific IMs such as PSV, ASI and EPA, are not suitable
for predicting the seismic response of structures in three
soil types.

4.3 Practicality

Figure 11 shows the practicalities of the different IMs. It
is noted that EPV or SMA achieves the highest b values
(b = 0.656, 0.907 and 0.802) and are the most practical



Fig. 9. Comparison of the efficiency of different IMs in Case Non-liq. (a) lnPGA–ln(M/MRd), and (b) lnPGD–ln(M/MRd).

Fig. 10. Standard deviation of all the selected IMs.

Fig. 11. Regression coefficient of all the selected IMs.
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IMs in different cases. Moreover, in homogenous liquefi-
able soil deposit, the top eight IMs of practicality are
EPV, PSA, SMA, PGRD, PGA, EPA, arms and ASI,
respectively; in sandwiched liquefiable soil deposit, the
top eight IMs of practicality are SMA, PGA, EPV, EPA,
PSA, arms, ASI and IC, respectively; in non-liquefiable soil
deposit, the top eight IMs of practicality are SMA, arms,
PGA, PSA, EPV, EPA, ASI and IC, respectively.

Meanwhile, dsq has the least practicality (b = 0.0553,
0.0643 and 0.0696) in different cases. In homogenous
liquefiable soil, the least practical five IMs are dsq,
SED, drms, Id and PGD, respectively; in sandwiched liq-
uefiable soil, the least practical five IMs are dsq, SED,
PSV, Id and drms, respectively; in non-liquefiable soil,
the least practical five IMs are dsq, Id, drms, PGD and
SED, respectively.

The results indicate that both acceleration-related IMs
represented by SMA and displacement-related IMs
represented by PGRD are suitable for predicting the seis-
mic response of shield tunnel structures. Furthermore,



Fig. 12. Proficiency of all the selected IMs.

Table 3
Membership degree of all the selected IMs in Case Liq.

No. IM Correlation Efficiency Practicality Proficiency

1 PGA 0.0551 0.0438 0.0984 0.0449
2 PGV 0.0413 0.0434 0.0383 0.0436
3 PGD 0.0407 0.0434 0.0213 0.0445
4 SMA 0.0551 0.0438 0.1119 0.0450
5 SMV 0.0413 0.0434 0.0382 0.0436
6 AI 0.0500 0.0436 0.0280 0.0432
7 CAV 0.0481 0.0436 0.0439 0.0434
8 arms 0.0444 0.0435 0.0532 0.0442
9 IC 0.0489 0.0436 0.0379 0.0438
10 SED 0.0473 0.0436 0.0188 0.0420
11 vrms 0.0449 0.0435 0.0383 0.0437
12 IF 0.0426 0.0434 0.0374 0.0436
13 PGRD 0.0481 0.0436 0.0778 0.0448
14 drms 0.0420 0.0434 0.0199 0.0420
15 dsq 0.0429 0.0434 0.0094 0.0416
16 Id 0.0411 0.0434 0.0203 0.0420
17 PSA 0.0458 0.0435 0.0740 0.0446
18 PSV 0.0297 0.0432 0.0219 0.0419
19 ASI 0.0369 0.0433 0.0447 0.0438
20 VSI 0.0338 0.0432 0.0254 0.0425
21 HI 0.0323 0.0432 0.0221 0.0420
22 EPA 0.0405 0.0434 0.0549 0.0442
23 EPV 0.0471 0.0436 0.0639 0.0444

Table 4
Membership degree of all the selected IMs in Case M-liq.

No. IM Correlation Efficiency Practicality Proficiency

1 PGA 0.0623 0.0440 0.0961 0.0450
2 PGV 0.0408 0.0434 0.0340 0.0436
3 PGD 0.0415 0.0434 0.0182 0.0439
4 SMA 0.0646 0.0441 0.1071 0.0451
5 SMV 0.0407 0.0434 0.0337 0.0436
6 AI 0.0481 0.0436 0.0323 0.0437
7 CAV 0.0383 0.0433 0.0378 0.0437
8 arms 0.0486 0.0436 0.0743 0.0447
9 IC 0.0498 0.0436 0.0480 0.0442
10 SED 0.0434 0.0434 0.0153 0.0414
11 vrms 0.0447 0.0435 0.0341 0.0437
12 IF 0.0397 0.0434 0.0309 0.0434
13 PGRD 0.0457 0.0435 0.0195 0.0444
14 drms 0.0424 0.0434 0.0172 0.0418
15 dsq 0.0400 0.0434 0.0076 0.0415
16 Id 0.0405 0.0434 0.0169 0.0417
17 PSA 0.0463 0.0435 0.0791 0.0447
18 PSV 0.0256 0.0432 0.0168 0.0413
19 ASI 0.0427 0.0434 0.0724 0.0446
20 VSI 0.0297 0.0432 0.0246 0.0426
21 HI 0.0279 0.0432 0.0200 0.0419
22 EPA 0.0523 0.0437 0.0817 0.0448
23 EPV 0.0437 0.0434 0.0824 0.0447
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the study suggests that changes in these IMs have a rela-
tively small impact on the seismic response of the
structures.

4.4 Proficiency

The proficiencies of the selected IMs are presented in
Fig. 12. It is evident that SMA achieves the lowest f value
(f = 0.221, 0.170 and 0.199) and is the most proficient IM
in different cases. In addition, in homogenous liquefiable
soil, the top eight IMs with the best proficiency are
SMA, PGA, PGRD, PSA, PGD, EPV, arms and EPA,
respectively; in sandwiched liquefiable soil, the top eight
IMs with the best proficiency are SMA, PGA, EPA,
EPV, PSA, arms, ASI and PGRD, respectively; in non-
liquefiable soil, the top eight IMs with the best proficiency
are SMA, PGA, arms, PSA, EPV, EPA, ASI and PGRD,
respectively.

Meanwhile, dsq, PSV or Id possess the least proficiency
(f = 1.727, 1.910 and 1.556) in Cases Liq., M-liq., and
Non-liq., respectively, indicating that they are not suitable
for predicting the seismic response of the tunnel structure.
In homogenous liquefiable soil, the least proficient five IMs
are dsq, PSV, drms, Id and HI, respectively; in sandwiched
liquefiable soil, the least proficient five IMs are PSV,
SED, dsq, Id and drms, respectively; in non-liquefiable soil,
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the least proficient five IMs are Id, drms, PSV, HI and SED,
respectively. It can be concluded that acceleration-related
IMs represented by SMA and PGA are suitable for predict-
ing the seismic response of shield tunnel structures.

In view of the above, it is concluded that there is no seis-
mic IM uniformly correlated with the seismic response of
the tunnel structure in both liquefiable and non-
liquefiable soils under different evaluation criteria. There-
fore, the following section adopts the fuzzy comprehensive
evaluation method to consider the aforementioned evalua-
tion criteria in different cases.

4.5 Results of fuzzy comprehensive evaluation

This section conducts the fuzzy conversion on the data
samples based on the above four IM evaluation criteria.
Evaluation sets are not currently utilized as the study
mainly focuses on determining the relative rankings among
different IMs without the need for classification. The corre-
sponding membership degree of each evaluation criterion is
Table 5
Membership degree of all the selected IMs in Case Non-liq.

No. IM Correlation Efficiency Practicality Proficiency

1 PGA 0.0505 0.0438 0.0870 0.0448
2 PGV 0.0416 0.0429 0.0409 0.0433
3 PGD 0.0360 0.0432 0.0190 0.0437
4 SMA 0.0530 0.0439 0.1005 0.0449
5 SMV 0.0415 0.0434 0.0407 0.0437
6 AI 0.0515 0.0438 0.0314 0.0436
7 CAV 0.0471 0.0436 0.0450 0.0440
8 arms 0.0515 0.0438 0.0740 0.0447
9 IC 0.0522 0.0439 0.0453 0.0442
10 SED 0.0462 0.0436 0.0192 0.0421
11 vrms 0.0454 0.0435 0.0417 0.0439
12 IF 0.0416 0.0434 0.0382 0.0436
13 PGRD 0.0520 0.0436 0.0305 0.0443
14 drms 0.0382 0.0433 0.0184 0.0414
15 dsq 0.0387 0.0433 0.0087 0.0423
16 Id 0.0364 0.0433 0.0183 0.0413
17 PSA 0.0464 0.0436 0.0728 0.0446
18 PSV 0.0281 0.0430 0.0222 0.0417
19 ASI 0.0449 0.0435 0.0622 0.0444
20 VSI 0.0330 0.0432 0.0272 0.0425
21 HI 0.0310 0.0431 0.0229 0.0419
22 EPA 0.0456 0.0436 0.0641 0.0444
23 EPV 0.0477 0.0437 0.0699 0.0446

Table 6
Comprehensive evaluation results ci in Case Liq.

No. IM ci No. IM ci No. IM ci

1 PGA 0.0605 9 IC 0.0435 17 PSA 0.0520
2 PGV 0.0417 10 SED 0.0379 18 PSV 0.0342
3 PGD 0.0375 11 vrms 0.0426 19 ASI 0.0422
4 SMA 0.0639 12 IF 0.0418 20 VSI 0.0362
5 SMV 0.0416 13 PGRD 0.0536 21 HI 0.0349
6 AI 0.0412 14 drms 0.0368 22 EPA 0.0457
7 CAV 0.0449 15 dsq 0.0343 23 EPV 0.0497
8 arms 0.0463 16 Id 0.0367
calculated by Eq. (8) to establish the fuzzy comprehensive
matrix R.

Among the four evaluation criteria, smaller values of
efficiency and proficiency indicate a better selected IM.
However, in fuzzy comprehensive matrix, the membership
degree belongs to the field of fuzzy mathematics. It refers to
the degree of belonging of an element to a set, and it ranges
between 0 and 1. A higher membership degree, closer to 1,
indicates a stronger degree of belonging to the set. Con-
versely, a lower membership degree signifies a weaker
degree of belonging. Therefore, the membership degrees
corresponding to efficiency and proficiency are processed
by the complement operation in the fuzzy set. The process-
ing method is as follows:

Rc ¼
Xn

i¼1

1 �RðuiÞ
ui

; ð13Þ

where Rc and R(ui) represent the fuzzy matrices and single
factor and processed by the complement operation method,
respectively. Through Eqs. (8) and (13), the corresponding
membership degree is established for each evaluation crite-
rion in the fuzzy comprehensive matrix R. Tables 3–5 show
the membership degrees in fuzzy comprehensive matrix
correlated with the seismic response (M/MRd) of the tunnel
structure, respectively.

The weight vector can characterize the degree of impor-
tance of each evaluation criterion. In this study, because
the important degrees of the correlation, efficiency, practi-
cality and proficiency are equal, the weight vector is set to
W=[0.25, 0.25, 0.25, 0.25]. This study utilizes the M(�,�)
fuzzy operator to perform the fuzzy conversion operation
in Eq. (10). The M(�,�) operator comprehensively consid-
Table 7
Comprehensive evaluation results ci in Case M-liq.

No. IM ci No. IM ci No. IM ci

1 PGA 0.0620 9 IC 0.0465 17 PSA 0.0534
2 PGV 0.0404 10 SED 0.0359 18 PSV 0.0317
3 PGD 0.0368 11 vrms 0.0415 19 ASI 0.0508
4 SMA 0.0652 12 IF 0.0393 20 VSI 0.0350
5 SMV 0.0403 13 PGRD 0.0382 21 HI 0.0332
6 AI 0.0419 14 drms 0.0362 22 EPA 0.0556
7 CAV 0.0408 15 dsq 0.0331 23 EPV 0.0536
8 arms 0.0528 16 Id 0.0356

Table 8
Comprehensive evaluation results ci in Case Non-liq.

No. IM ci No. IM ci No. IM ci

1 PGA 0.0565 9 IC 0.0464 17 PSA 0.0519
2 PGV 0.0422 10 SED 0.0378 18 PSV 0.0338
3 PGD 0.0355 11 vrms 0.0436 19 ASI 0.0487
4 SMA 0.0606 12 IF 0.0417 20 VSI 0.0365
5 SMV 0.0423 13 PGRD 0.0426 21 HI 0.0347
6 AI 0.0426 14 drms 0.0353 22 EPA 0.0494
7 CAV 0.0450 15 dsq 0.0333 23 EPV 0.0514
8 arms 0.0535 16 Id 0.0348
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Fig. 13. Evaluation results based on the fuzzy comprehensive evaluation method.
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ers all the criteria of the evaluation research object and bal-
ances the factors based on the weight values (Tang et al.,
2022). Tables 6–8 present the comprehensive evaluation
results of 23 ground motion intensity measures according
to Eq. (10). Finally, based on the maximum membership
degree law, the optimal IM is determined.

Figure 13 displays the schematic of the comprehensive
evaluation results for different cases. For Case Liq. with
the fully liquefiable soil layer, the ranking of the top six
IMs is SMA, PGA, PGRD, PSA, EPV and arms. For Case
M�liq. with the sandwiched liquefiable soil layer, the rank-
ing of the top six IMs is SMA, PGA, EPA, EPV, PSA and
arms. For Case Non-liq. with the non-liquefiable soil layer,
the ranking of the top six IMs is SMA, PGA, arms, PSA,
EPV and EPA. From the above results, the acceleration-
and structure-specific related IMs have strong correlation
with the seismic response (M/MRd) of the tunnel structure
in liquefiable and non-liquefiable soils. In contrast, for
Case Liq., the worst three IMs are PSV, dsq and HI, respec-
tively. For Case M-liq., the worst three IMs are PSV, dsq
and HI, respectively. For Case Non-liq., the worst three
IMs are dsq, PSV and HI, respectively. Therefore, dsq,
PSV and HI for the different cases are the least suitable
for predicting the seismic response (M/MRd) of the tunnel
structure in liquefiable and non-liquefiable soils.

5 Summary and conclusions

This study established an overall analysis model of soil-
shield tunnel structure interaction considering the effect of
soil liquefaction. The focus is on determining the optimal
ground motion IM for the probabilistic seismic demand
analysis of the shield tunnel structure. The IDA method
is adopted to evaluate the dynamic response of under-
ground tunnel structures, and 21 outcrop bedrock seismic
records are used for nonlinear dynamic time history analy-
sis to obtain the dynamic response of the integral system
under different intensities of ground shaking. A compre-
hensive quantitative analysis and evaluation of 23 ground
motion IMs is carried out based on five aspects—correla-
tion, efficiency, practicality, proficiency and fuzzy opti-
mization. The following findings can be summarized:

(1) In liquefiable and non-liquefiable soils, from the per-
spective of the correlation, the acceleration-related
IMs (i.e., SMA and PGA) have the best predictive
ability for the seismic response of the tunnel struc-
ture. Conversely, structure-specific IMs (i.e., PSV,
VSI and HI) show poor correlation with the seismic
response of the tunnel structure.

(2) For efficiency, the acceleration- and displacement-
related IMs (i.e., PGRD and SMA) are observed as
better efficient IMs. The velocity-related and
structure-specific IMs (i.e., PGV and PSV) have
worse efficiency and higher dispersion.

(3) For practicality, the acceleration-related IMs (i.e.,
SMA and PGA) have the strongest practicality and
displacement-related IMs (i.e., dsq, drms and Id) have
the least practicality.

(4) For proficiency, it is important to note that SMA and
PGA have the lowest f value and are suitable for pre-
dicting the seismic response of shield tunnel
structures.

(5) Based on the fuzzy comprehensive evaluation
method, it is shown that SMA and PGA are the most
appropriate measures for the probabilistic seismic
demand analyses on shield tunnel structures in both
liquefiable and non-liquefiable soil deposits. On the
other hand, PSV, dsq and HI are not suitable for pre-
dicting the seismic response of the tunnel structure.

The research results in this study can provide a reference
for the numerical analysis of shield tunnel structures in liq-
uefiable and non-liquefiable soils, which can further
enhance the reliability of quantitative risk analysis of
ground motion intensity measures. These findings also
serve as a scientific research basis for the performance-
based seismic design of shield tunnels in liquefiable
grounds. It is worth noting that the selection of the optimal
seismic IM is influenced by other factors such as soil prop-
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erties, structural parameters, burial depths, higher earth-
quake magnitude and structural seismic response indica-
tors. Future research should focus on discussing these
other influencing factors to obtain a universal and optimal
ground motion intensity measure.
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Appendix A

Table A1
Selected original ground motion records used in this study.

No. Event Station

1 San Fernando, the U. S. Santa Anita Dam
2 Irpinia, Italy-01 Bagnoli Irpinio
3 Coalinga, the U. S. -01 Slack Canyon
4 Morgan Hill, the U. S. Gilroy Array #6
5 Loma Prieta, the U. S. Gilroy-Gavilan Coll.
6 Loma Prieta, the U. S. San Jose-Santa Teresa Hills
7 Loma Prieta, the U. S. So. San Francisco-Sierra Pt.
8 Northridge, the U. S.-01 LA-Wonderland Ave
9 Northridge, the U. S.-01 LA 00
10 Northridge, the U. S.-01 Lake Hughes #9
11 Northridge, the U. S.-01 Santa Susana Ground
12 Kobe, Japan Nishi-Akashi
13 Chi-Chi, Taiwan, China CHY086
14 Chi-Chi, Taiwan, China TCU045
15 Chi-Chi, Taiwan, China TCU076
16 Chi-Chi, Taiwan, China TCU088
17 Hector Mine, the U. S. Hector
18 Loma Prieta, the U. S. Los Gatos � Lexington Dam
19 Tottori, Japan OKYH07
20 Parkfield-02, CA,

the U. S.
Parkfield-Turkey
Flat #1 (0 M)

21 San Fernando, the U. S. Fairmont Dam
* vS30 represents the average shear wave velocity of top 30 m of the site.
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Year Mw Rrup (km) PGA (g) PGV
(cm/s)

vS30*
(m/s)

1971 6.61 30.70 0.22 5.32 667.13
1980 6.90 8.18 0.19 34.69 649.67
1983 6.36 27.46 0.17 16.21 648.09
1984 6.19 9.87 0.29 36.47 663.31
1989 6.93 9.96 0.36 31.07 729.65
1989 6.93 14.69 0.28 28.22 671.77
1989 6.93 63.15 0.11 8.31 1020.62
1994 6.69 20.29 0.16 14.63 1222.52
1994 6.69 19.07 0.38 37.92 706.22
1994 6.69 25.36 0.22 9.81 670.84
1994 6.69 16.74 0.29 16.89 715.12
1995 6.90 7.08 0.48 46.80 609.00
1999 7.62 28.42 0.26 17.95 665.20
1999 7.62 26.00 0.51 46.35 704.64
1999 7.62 2.74 0.43 59.73 614.98
1999 7.62 18.16 0.53 34.77 665.20
1999 7.13 11.66 0.33 44.75 726.00
1989 6.93 5.02 0.44 85.65 1070.34
2000 6.61 15.23 0.18 8.54 940.20
2004 6.00 5.29 0.25 14.60 906.96

1971 6.61 30.19 0.15 6.27 634.33
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