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Seismic damage mechanisms of fault-crossing tunnels are complex and involve the coupled effects of fault offset
and seismic ground-motion. Accurately characterizing seismic demand for such tunnels remains challenging due
to the limitations of conventional ground-motion intensity measures. In this study, a series of shaking table tests
is conducted to investigate the applicability of different ground-motion intensity measures (IMs) for evaluating
the seismic response of fault-crossing tunnels. Both absolute-motion-based and relative-motion-based IMs are
examined, and their performance is assessed in terms of response ranking consistency and correlation with tunnel
lining strain demand. The experimental results show that absolute-motion-based IMs exhibit limited capability in
consistently ranking tunnel response and correlating with lining strain demand under fault-crossing excitation.
Relative-motion-based IMs provide improved performance; however, individual relative IMs exhibit distinct
trade-offs between response ranking and correlation with response magnitude. Based on these findings, a multi
relative-motion-based IM framework is proposed by combining a ratio-type IM with displacement-related IMs to
jointly represent deformation characteristics and intensity levels. Within the scope of the present shaking table
tests, the proposed framework provides an experimentally supported and physically interpretable approach for
characterizing fault-crossing seismic demand and offers a useful reference for ground-motion selection in the
seismic analysis of fault-crossing tunnels.

structural responses has long been a central research topic in earthquake
engineering. For above-ground structures, ground-motion intensity

1. Introduction

Ground-motion intensity measures (IMs) play a crucial role in
earthquake engineering by providing a quantitative link between
seismic hazard and structural demands (Cornell 1968). The selection of
appropriate IMs directly affects the reliability of probabilistic seismic
demand models, fragility analyses, and seismic risk evaluation (Moehle
et al., 2004). For above-ground structures, decades of research have
established relatively mature IM frameworks, in which spectral accel-
eration and other scalar or vector IMs have been shown to efficiently
predict structural responses under a wide range of seismic excitations.

Accordingly, investigating the relationship between IMs and
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measures have been extensively investigated and incorporated into
relatively mature probabilistic seismic performance frameworks. Luco
et al. (Luco and Cornell, 2007) established a probabilistic framework for
structure-specific scalar intensity measures, clarifying the bridging role
of IMs in linking seismic hazard to structural demand prediction. Cornell
et al. (Cornell et al., 2002) further introduced spectral acceleration as
the primary IM into performance-based earthquake engineering,
enabling the probabilistic evaluation of structural performance by
explicitly accounting for uncertainties in ground-motion intensity,
structural demand, and structural capacity. Subsequent studies

Received 11 March 2026; Received in revised form 22 May 2026; Accepted 16 June 2026
0886-7798/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0003-3166-7644
https://orcid.org/0000-0001-9842-1409
https://orcid.org/0000-0003-3166-7644
https://orcid.org/0000-0001-9842-1409
mailto:xufei@stdu.edu.cn
www.sciencedirect.com/science/journal/08867798
https://www.elsevier.com/locate/tust
https://doi.org/10.1016/j.tust.2026.107885
https://doi.org/10.1016/j.tust.2026.107885
https://doi.org/10.1016/j.tust.2026.107885

C. Luo et al.

demonstrated that the predictive efficiency of IMs strongly depends on
the dynamic characteristics of the structure. Baker (Baker, 2007) con-
ducted a comprehensive statistical analysis of correlations among
commonly used IMs and showed that different IMs exhibit marked dif-
ferences in suitability for predicting structural and geotechnical re-
sponses. By introducing elastic spectral-shape information, Vamvatsikos
et al. (Vamvatsikos and Cornell, 2005) developed efficient scalar and
vector IMs (using two intensity measures) for predicting interstory drift
ratios, substantially reducing the dispersion of nonlinear response pre-
dictions in incremental dynamic analysis. Iervolino et al. (Iervolino and
Cornell, 2005) demonstrated the robustness of IMs as a unified scaling
basis for record selection, showing that they can streamline the ground-
motion selection procedure without reliance on specific magnitude—-
distance scenarios. It is widely recognized that spectral acceleration
offers high predictive efficiency for most building structures, whereas
velocity- and displacement-related measures tend to perform better for
long-period structures or in strongly nonlinear response regimes (Baker
and Jayaram, 2008). Overall, a relatively mature theoretical framework
for IMs has been established for above-ground structures. However,
their effectiveness relies on the fact that structural response is pre-
dominantly inertia-controlled and can be adequately characterized
using absolute ground-motion records at a single location.

For underground structures, seismic demand is governed by funda-
mentally different mechanisms from those of above-ground systems.
Early studies by Wang (Wang, 1993) and Penzien (Penzien, 2000)
indicate that damage in underground structures is predominantly
deformation-controlled, and their responses are more closely related to
free-field ground deformations rather than inertial forces. Hashash et al.
(Hashash et al., 2001) provided a systematic synthesis of seismic
response characteristics of underground structures, noting that directly
adopting IMs commonly used for above-ground structures may not
adequately represent seismic demand in underground systems. Tsinidis
(Tsinidis, 2017) reported that the seismic response of rectangular tun-
nels is primarily controlled by soil shear deformation; consequently,
tunnel internal forces and deformations exhibit weak correlation with
acceleration-based IMs such as peak ground acceleration, whereas ve-
locity- and displacement-related IMs provide more representative and
stable descriptors of underground structural response. Based on proba-
bilistic seismic demand analysis of metro-station structures, Zhang et al.
(Zhang et al., 2023) showed that conventional PGA is ineffective in
reliably predicting underground seismic demand; in contrast, spectral-
shape IMs compatible with the structural dynamic characteristics, as
well as velocity- and displacement-based IMs, achieve higher predictive
efficiency and lower dispersion in estimating internal forces and de-
formations. In the seismic performance assessment of rectangular tun-
nels by Nguyen et al. (Nguyen et al., 2023), velocity spectrum intensity
was identified as the optimal IM, exhibiting the strongest correlation
with tunnel damage, the highest efficiency, and the best overall per-
formance. These studies collectively suggest that, for underground
structures, IMs reflecting ground deformation and cumulative motion
characteristics are generally more suitable than acceleration-based
measures.

In the specific context of shield tunnels in complex soil conditions,
Shen et al. (Shen et al., 2025) conducted a scalar- and vector-valued
seismic fragility assessment of segmental shield tunnel linings in lique-
fiable soil deposits, highlighting the complexity of segmented systems.
Concurrently, Shen et al. (Shen et al., 2025) systematically evaluated 23
candidate IMs using nonlinear dynamic effective stress analyses. Their
results revealed that for shield tunnels in both liquefiable and non-
liquefiable soils, sustained maximum acceleration (SMA) and PGA are
the most proficient IMs, challenging the generalizability of earlier con-
clusions derived mainly from rectangular structures. However, most
existing investigations implicitly assume that seismic demand can be
characterized using absolute ground-motion records at a single location,
an assumption that may not hold for underground structures subjected
to spatially non-uniform ground deformation.
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In the case of underground structures crossing active seismogenic
faults, the limitations of conventional IM frameworks become even more
pronounced. Fault-crossing tunnels are subjected not only to transient
seismic shaking, but also to permanent ground deformation and differ-
ential displacement across the fault zone. The resulting structural de-
mand is therefore controlled by the relative motion between the two
sides of the fault, rather than by the absolute motion at a single point.
However, existing studies on fault-crossing underground systems remain
limited and are predominantly focused on buried pipelines. O’Rourke
et al. (O’Rourke and Liu, 2012) pointed out that conventional IMs rep-
resented by peak ground acceleration are unable to capture the effects of
permanent ground deformation caused by fault displacement. Bray et al.
(Bray and Travasarou, 2007) and Karamitros et al. (Karamitros et al.,
2007) further showed that permanent-displacement measures and
velocity-related IMs possess clearer physical relevance for character-
izing the response of fault-crossing pipelines. While these findings pro-
vide valuable insights, a systematic evaluation of IMs for fault-crossing
tunnels—particularly from an experimental perspective that explicitly
accounts for fault-side relative motion—is still lacking.

Despite the growing body of research on intensity measures for un-
derground structures, a critical gap remains in the context of tunnels
crossing active seismogenic faults. Existing studies have predominantly
focused on either underground structures subjected to uniform ground
shaking or experiencing fault rupture. For fault-crossing tunnels, the
seismic demand arises from the combined effects of transient shaking
and permanent ground deformation, resulting in highly non-uniform
ground-motion along the tunnel axis. Consequently, the applicability
of conventional IMs—Ilargely derived from absolute ground-motion re-
cords at a single location—remains unclear for fault-crossing tunnels,
where relative motion across the fault plays a critical role. Moreover,
systematic experimental investigations that explicitly incorporate fault-
side differential displacement and quantitatively evaluate the predictive
performance of different IMs are still scarce. The lack of such studies
limits the development of rational IM-based frameworks for seismic
demand assessment and ground-motion selection in the design of fault-
crossing tunnels.

This study aims to evaluate the applicability of ground-motion in-
tensity measures for tunnels crossing active seismogenic faults, with
explicit consideration of fault-induced relative motion. Using shaking
table tests of a tunnel model crossing a dual-fault system, the relation-
ships between strain demands and various intensity measures derived
from relative-motion time histories are systematically investigated. The
results of this work are expected to enhance the understanding of
seismic demand characteristics of fault-crossing tunnels and to support
more rational selection of ground motions in seismic design. By high-
lighting the importance of relative motion and displacement-related
IMs, the study provides experimental insight into the seismic perfor-
mance assessment, seismic fragility analysis and design of underground
structures subjected to fault-crossing ground motions.

2. Experimental program

The detailed design of the shaking table test program, including
model configuration, material selection, and construction procedures,
has been reported in a separate publication (Xu et al., 2026). The
shaking-table test program is summarized below, with emphasis on the
experimental details directly relevant to the evaluation of tunnel lining
strain response and ground-motion intensity measures.

2.1. Engineering background and fault-crossing scenario

The experimental study is motivated by a tunnel project crossing an
active seismogenic fault zone characterized by complex fault geometry
and multiple fault branches. The fault system considered in this study
consists of two major branches, denoted as F9 and F10, which intersect
the tunnel alignment at different locations, as shown in Fig. 1. Fault F9
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Fig. 1. Fault diagram(Xu et al., 2026).

has an approximate width of 10 m and a dip angle of about 83°, while
fault F10 is approximately 20 m wide with a dip angle of about 75°. The
fractured zones are predominantly composed of fault breccia and cata-
clasite and are classified as Grade V surrounding rock, and the hanging
wall and footwall mainly consist of slate and granite and are classified as
Grade IV surrounding rock. This geological setting provides a repre-
sentative scenario for investigating the seismic response of tunnels
subjected to fault-induced differential motion. This dual-fault configu-
ration allows different fault-rupture scenarios to be reproduced experi-
mentally and provides a suitable basis for examining tunnel response
under fault-induced relative motion.

2.2. Shaking table test facility

The shaking table tests were conducted on the shaking table array at
the Engineering Earthquake Resistance Research Center of Guangzhou
University. As shown in Fig. 2, the array consists of one 8 m x 10 m
shaking table (Table 1 in Fig. 2) and two 4 m x 4 m shaking tables
(Tables 2 and 3 in Fig. 2), all of which are three-directional, six-degree-
of-freedom (6-DOF) systems. The test facility is shown in Fig. 2. This
configuration enables the application of independent but synchronized
seismic inputs to different segments of the tunnel model, thereby
allowing the simulation of fault-induced relative motion across multiple
fault interfaces.

In the present study, the tunnel model was arranged longitudinally
across the three shaking tables. The interfaces between adjacent tables
were used to represent the locations of Faults F9 and F10, respectively.
By prescribing different input motions to the adjacent shaking tables,
seismic scenarios of tunnels subjected to fault-crossing ground motions
can be reproduced in a controlled manner.

The three shaking tables were driven by independent, non-uniform
seismic inputs, enabling the tunnel model to experience spatially vary-
ing ground motions associated with fault-crossing scenarios. The key
performance parameters of the shaking tables, including payload ca-
pacity, acceleration limits, and operating frequency ranges, were suffi-
cient to meet the requirements of the scaled tunnel model and the input

Fig. 2. Shaking table array(Xu et al., 2026).
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Table 1
Similarity relationship and similarity ratio.

Physical quantity Similarity relation Design similarity Actual similarity

ratio ratio
Geometric C;( basic similarity 1/50 1/50
dimensions ratio)
Time C = Cl\/m 1/5\/5 1/7
Modulus of Cg/( basic similarity ~ 0.018 0.018
elasticity ratio)
Cohesion Cc =Cg 0.018 0.0175
Angle of friction C, 1 1
Acceleration Cq( basic similarity 1 1
ratio)
Density C, = CE\/M 0.9 0.7
Frequency G =1 /Ce 7 7
Strain C, 1 1
Displacement C=G 1/50 1/50
Stress C, =Cg 0.018 0.018
Table 2
Specific physical and mechanical parameters of surrounding rock.
Material Type Density Cohesion  Angle of Modulus
p/(g-em™3)  c/kPa internal of
friction elasticity
/() E/MPa
Surrounding Prototype 2.4 650 37 6000
rock actual
value
Model 1.6 10.8 37 100
theoretical
value
model 1.68 11.4 38 108
actual
value
Fault Prototype 2.2 180 24 1100
actual
value
Model 1.46 3.0 24 18
theoretical
value
model 1.63 3.2 26 17
actual
value

ground motions considered in this study.

2.3. Similarity relationships

To ensure that the scaled tunnel model can adequately reproduce the
seismic response characteristics of the prototype tunnel, similarity re-
lationships were established based on similitude theory. Considering
that the seismic behavior of underground structures is predominantly
deformation-controlled, the geometric similarity ratio was selected as
the primary controlling parameter.

Based on the selected similarity framework, the similarity ratios of
key physical quantities, including geometric dimensions, elastic
modulus, stress, strain, and displacement, were determined. The adop-
ted similarity relationships and corresponding similarity ratios are
summarized in Table 1 and form the basis for the subsequent analysis of
tunnel lining strain response under fault-crossing ground motions.

It should be noted that Table 1 reports both the design similarity
ratios and the actual similarity ratios. The design similarity ratios are the
target values determined according to the similitude law, whereas the
actual similarity ratios were calculated from the measured properties of
the model materials. The frequency similarity ratio is 7.0 for both the
design and actual values, indicating that the frequency similitude was
maintained in the test. The difference in the cohesion similarity ratio is
small, changing from 0.018 in the design value to 0.0175 in the actual
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Table 3

Specific physical and mechanical parameters of similar materials for tunnel model.
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Type Density Modulus of elasticity E/MPa Poisson's ratio Tensile strength Compressive Strength
p/(g-cm’3) MPa MPa

Prototype actual value 2.42 34,500 0.2 2640 32,400

Model theoretical value 1.61 575 0.2 44 540

model actual value 1.50 523 0.2 41 457

value, and this minor deviation is not expected to significantly affect the
overall stress—strain similitude.

In contrast, the density similarity ratio shows a relatively larger de-
viation, with a design value of 0.9 and an actual value of 0.7. This
discrepancy may influence inertia-related quantities, dynamic stress
levels, wave impedance, and the absolute amplitude of wave propaga-
tion. Therefore, the shaking table model should be regarded as satisfying
the similitude requirements approximately rather than exactly. In the
present study, the main objective is to evaluate the relative effectiveness
of different IMs under the same model configuration and material
similitude conditions, rather than to directly reproduce a unique pro-
totype response in an absolute sense. Accordingly, although the density
discrepancy may affect the absolute response amplitude, it is expected to

F10

B5 B4 B3 B2 BI Traditional lining B6 B7 BS

have a limited influence on the relative ranking and comparative eval-
uation of different IMs. This limitation should be considered when
extending the present results to prototype-scale engineering
applications.

2.4. Similitude materials and seismic mitigation configuration

The tunnel lining model was fabricated using a composite similitude
material selected to reproduce the deformation characteristics of the
prototype lining under seismic loading. The mechanical properties of the
adopted material were designed to ensure that lining strain response
could be reliably captured under fault-crossing ground motions, which is
essential for subsequent correlation analyses between ground-motion
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Fig. 3. Shaking table test sensor layout(Xu et al., 2026).
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intensity measures and structural response. The physical and mechani-
cal parameters of the surrounding rock for both the prototype and the
model are listed in Table 2.

Two tunnel lining configurations were considered in the shaking
table tests: a conventional lining with rigid connections between seg-
ments and a seismic-mitigation lining incorporating flexible joints and
an external damping layer. The flexible joints were intended to accom-
modate fault-induced relative displacement and rotation between
adjacent lining segments, while the damping layer was introduced to
reduce localized deformation demand in the fault-crossing region. The
physical and mechanical properties of the similitude lining material are
summarized in Table 3.

The comparison between the two lining configurations under iden-
tical fault-crossing seismic inputs provides a consistent basis for evalu-
ating the influence of ground-motion intensity measures on the seismic
response of both mitigated and unmitigated tunnel systems.

2.5. Instrumentation and measurement strategy

To capture the seismic response characteristics of the tunnel lining
under fault-crossing ground motions, strain was selected as the primary
response quantity in the shaking table tests. As shown in Fig. 3, 20
monitoring sections were arranged along the longitudinal direction of
the tunnel model, denoted as A1-A10 and B1-B10. Sections A1-A10
correspond to the seismic-mitigation lining with flexible connections,
whereas Sections B1-B10 correspond to the conventional lining with
rigid connections.

Each monitoring section was instrumented with both longitudinal
and circumferential strain gauges. The green points in Fig. 3 represent
longitudinal strain gauges, which were used to measure the strain
component along the tunnel axis. The orange points represent circum-
ferential strain gauges, which were used to measure the strain compo-
nent along the circumferential direction of the lining. These gauges were
arranged at representative positions of the lining cross-section,
including the crown, spandrels, sidewalls, and invert, so that the local
deformation characteristics and strain concentration of the tunnel lining
near the fault-crossing regions could be captured.

To characterize the spatial variation of lining response associated
with fault-induced relative motion, selected monitoring sections were
located within and adjacent to the simulated fault zones. In particular,
Sections A3 and A8 were positioned across the fault interfaces to capture
strain demand in the seismic-mitigation lining, while Sections B3 and B8
served as their counterparts for the conventional lining. This arrange-
ment enables direct comparison of strain response between the two
lining configurations under identical fault-crossing seismic inputs.

At each monitoring section, strain gauges were installed to measure
both circumferential and longitudinal strain components. Circumferen-
tial strain was recorded at representative locations including the crown,
shoulders, springlines, and invert, while longitudinal strain was
measured at the crown, haunches, and invert. This instrumentation
strategy enables the dominant strain components and their spatial dis-
tribution along the lining to be captured, providing a consistent basis for
evaluating peak strain demand under different ground-motion intensity
levels.

The recorded strain time histories were subsequently processed to
extract peak strain responses at each monitoring location, which were
used as the structural response metrics in the correlation and regression
analyses with ground-motion intensity measures presented in Section 3.

3. Selection of input ground motions
3.1. Fault-rupture scenarios and input strategy
To investigate the seismic response of tunnels subjected to fault-

crossing ground motions, a set of fault-rupture scenarios was defined
based on the dual-fault configuration described in Section 2. Two fault
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branches, denoted as F9 and F10, intersect the tunnel alignment at
different locations, allowing both single-fault and multi-fault rupture
conditions to be considered.

In the shaking table tests, the tunnel model was arranged longitu-
dinally across a three-table shaking table array. The interfaces between
adjacent shaking tables were used to represent the locations of Faults F9
and F10, respectively. Specifically, the interface between Tables 1 and 2
corresponds to Fault F9, while the interface between Tables 2 and 3
represents Fault F10. This physical mapping enables fault-induced
relative motion to be introduced at prescribed locations along the tun-
nel model.

Based on this configuration, three representative fault-rupture sce-
narios were considered: (i) rupture of Fault F9 only, (ii) rupture of Fault
F10 only, and (iii) simultaneous rupture of both faults. The fault pa-
rameters for the single-rupture scenarios of F9 and F10 are summarized
in Table 4. The rupture length and rupture width listed in Table 4 were
estimated from the target moment magnitude using the empirical
magnitude-rupture scaling relationships proposed by Wells and
Coppersmith (1994). (Wells and Coppersmith, 1994) By prescribing
independent, non-uniform seismic inputs to the three shaking tables,
these scenarios can be reproduced in a controlled manner, allowing the
tunnel model to experience fault-crossing ground motions characterized
by differential displacement across one or multiple fault interfaces. In
addition to the simulated ground motions for the above fault-rupture
scenarios, two sets of recorded across-fault ground motions were also
selected to represent realistic fault-crossing seismic excitations.
Together, the simulated and recorded motions constitute five ground-
motion cases used in the shaking table tests.

The defined input strategy provides a consistent framework for
examining how tunnel lining response varies with the location and
extent of fault-induced relative motion, which forms the basis for the
subsequent selection and evaluation of ground-motion intensity
measures.

3.2. Ground-motion sets and data sources

A total of five ground-motion cases were adopted in the shaking table
tests, comprising three sets of simulated fault-rupture ground motions
and two sets of recorded near-fault ground motions. The combined use
of simulated and recorded motions enables both controlled representa-
tion of specific fault-rupture scenarios and incorporation of realistic
characteristics observed in actual earthquakes.

3.2.1. Simulated fault-rupture ground motions

The simulated ground motions were obtained using deterministic
and physics-based broadband ground-motion simulation methods to
numerically realize the fault-rupture scenarios defined in Section 2.1
(Luo and Cao, 2024; Petrone et al., 2021; Pitarka et al., 2020; Rodgers
et al., 2020). Unlike recorded ground motions, which represent specific
realizations of actual earthquakes and inherently include the combined
effects of source rupture, propagation path, local site conditions, and
recording-site characteristics, simulated motions are scenario-oriented
numerical realizations generated from prescribed source, path, and
site models. Therefore, they are not intended to reproduce a particular
observed record point by point, but to provide physically constrained
three-component time histories that are consistent with the target fault-
rupture scenarios and can cover cases for which suitable recordings are
unavailable. The reliability of this type of broadband simulation has
been supported by the Graves-Pitarka (GP) validation studies. Graves
and Pitarka demonstrated that the hybrid broadband simulation
framework, which combines deterministic low-frequency wave propa-
gation with semi-stochastic high-frequency radiation, can reproduce the
main characteristics of recorded strong motions from the Imperial Val-
ley, Loma Prieta, Landers, and Northridge earthquakes, including PGA,
PGV, spectral acceleration, duration, and near-fault directivity effects
(Graves and Pitarka, 2010). Subsequent refinements implemented in
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Table 4

Parameters of Faults F9 and F10.
Fault Focal Depth Rupture Length Rupture Width Magnitude Strike Dip Rake
F9 4.8 km 24.5 km 9.3 km M,,6.79 306.3° 78° 0°
F10 4.6 km 24.5 km 9.3 km M,6.79 126.3° 80° 180°

GP14.3 improved the transition between the low- and high-frequency
components and reduced the previously identified overprediction of
long-period motions, especially in the 2-5 s period range (Graves and
Pitarka, 2015). More recently, Graves further validated the GP method
through a grid-search analysis of 12 California and Baja California
earthquakes, with 240 rupture realizations generated for each event and
evaluated against near-fault strong-motion records using pseudo-
spectral acceleration goodness-of-fit metrics (Graves, 2022). On this
basis, the simulated motions used in this study can be regarded as
observation-tested and physically constrained artificial ground motions
rather than direct substitutes for individual real earthquake records. For
each scenario, three-component ground-motion time histories were
generated at the tunnel site and applied to the corresponding shaking
tables according to the fault-table mapping.

3.2.2. Recorded across-fault ground motions

In addition to the simulated fault-rupture ground motions, two sets
of recorded across-fault ground motions were selected from the 1999
Chi-Chi earthquake and the 1979 Imperial Valley earthquake. These two
events were adopted because they provide representative real-
earthquake records associated with different faulting mechanisms. The
Chi-Chi earthquake is characterized by thrust faulting, whereas the
Imperial Valley earthquake is dominated by strike-slip faulting. There-
fore, the use of these two events allows the experimental input motions
to cover typical fault-crossing excitation characteristics produced by
different seismogenic fault mechanisms, rather than relying solely on
numerically simulated scenarios.

The recorded across-fault motions were selected according to the
following principles. First, the selected records were required to be ob-
tained from stations located on opposite sides of the causative fault, so
that the differential motion across the fault could be explicitly repre-
sented. Second, the records were required to contain clear displacement-
related characteristics, including relative displacement or permanent
displacement components, because the seismic demand of fault-crossing
tunnels is mainly governed by the relative motion between the two sides
of the fault rather than by the absolute motion at a single station.

For each event, ground-motion records obtained from stations
located on opposite sides of the causative fault were employed as inputs
to adjacent shaking tables, enabling across-fault ground-motion input
conditions to be reproduced.

Fig. 4 illustrates the displacement time histories of the five ground-
motion cases applied to the three shaking tables, highlighting the dif-
ferences in relative displacement characteristics associated with the
various fault-rupture scenarios and recorded across-fault motions.

To characterize fault-crossing seismic excitation, the relative motion
across a fault interface is defined as the difference between the
displacement time histories applied to the two shaking tables on either
side of that interface. Accordingly, the relative displacement time his-
tories across Faults F9 and F10 were obtained from the displacement
records of shaking tables 1-2 and shaking tables 2-3, respectively.

For each ground-motion case, the relative displacement time history
is computed for both fault interfaces, and its peak value can be used to
quantify the magnitude of fault-induced differential motion. This defi-
nition allows the contribution of fault-crossing effects to be isolated from
absolute ground-motion at a single table. Based on the magnitude of
relative displacement across the two interfaces, the causative fault for a
given input case was identified as the fault exhibiting the larger relative
displacement. This criterion provides a consistent basis for distinguish-
ing whether tunnel response is primarily governed by motion across

Fault F9, Fault F10, or both faults acting simultaneously.

To illustrate the identification procedure, the low-intensity excita-
tion level was used as a representative example. The maximum relative
displacements across Faults F9 and F10 for the five ground-motion cases
are summarized in Table 5. For cases in which significant relative
displacement occurred across both interfaces, the corresponding exci-
tation was classified as a multi-fault rupture scenario, whereas cases
dominated by relative motion across a single interface were classified as
single-fault rupture scenarios.

In this study, two types of ground-motion time histories are distin-
guished: absolute ground motions and relative ground motions. Abso-
lute ground motions refer to the acceleration, velocity, or displacement
time histories directly imposed on an individual shaking table. They
represent the seismic input at a single location or on one side of the fault.
Accordingly, absolute-motion-based IMs are calculated from the
ground-motion record of a single table and describe the intensity level of
the local input motion.

Relative ground motions, in contrast, are defined as the differential
motion between the two sides of a fault interface. For the present three-
table shaking table system, the relative motion across Fault F9 is ob-
tained from the difference between the input motions of Tables 1 and 2,
whereas the relative motion across Fault F10 is obtained from the dif-
ference between the input motions of Tables 2 and 3.

In the calculation of IMs in this study, the relative motion is evalu-
ated component by component in the same coordinate system. That is,
the displacement, velocity, and acceleration histories in the same di-
rection on the two sides of the fault are subtracted at each time step. It is
obtained from the time-history difference of corresponding directional
components across the fault interface.

The above characterization establishes a clear link between the
applied ground motions and the locations of fault-induced relative
displacement along the tunnel model, thereby providing the physical
basis for subsequent evaluation of ground-motion intensity measures
and tunnel lining strain response.

In summary, five ground-motion cases, including three simulated
fault-rupture motions and two recorded across-fault motions, were
applied to the three shaking tables to reproduce fault-crossing seismic
excitation. The defined input motions provide the basis for examining
the seismic response of the tunnel lining and for evaluating the appli-
cability of different ground-motion intensity measures in the following
sections.

4. Experimental results and analysis

This section presents the experimental results and analysis of the
seismic response of the fault-crossing tunnel model. The spatial char-
acteristics of lining strain response are first examined to identify the
dominant deformation patterns induced by fault-crossing ground mo-
tions. Subsequently, the applicability of different ground-motion in-
tensity measures is evaluated by comparing their ability to characterize
tunnel lining strain demand under both simulated and recorded fault-
crossing excitations.

4.1. Spatial distribution of lining strain response

Based on the shaking table model test results, Fig. 5 presents the
spatial distribution of peak lining strain along the longitudinal direction
of the tunnel for the low-intensity excitation cases. For all excitation
cases, the lining strain exhibits a strongly non-uniform distribution, with
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Fig. 4. Displacement time histories of seismic ground motions applied to the three shaking tables under different input cases.
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Table 5 pronounced strain concentration occurring in the vicinity of the simu-
Maximum relative displacement (mm) of five types of earthquakes on two faults. lated fault zones. Such localized concentration of deformation demand
Fault F9-F10 F9 F10 Chi-Chi Imperial Valley near fault crossings is consistent with observations reported in previous
studies on fault-affected underground structures (Bray and Travasarou,
1-2 Table 2.093 3.124 0.052 0.479 2.502 ) .
2-3 Table 1.050 0.034 3117 3.284 3.064 2007; Karamitros et al., 2007).
1-3 Table 3.143 2.903 2.785 3.2 3.197 For ground-motion cases dominated by a single fault rupture, the
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Fig. 5. (continued).

fault interface, while strain levels away from the fault zone decrease
rapidly along the tunnel axis. This spatial pattern indicates that tunnel
response is governed by localized deformation induced by fault-crossing
relative motion rather than by uniform shaking along the tunnel length.

In contrast, for cases involving simultaneous rupture of both faults or
across-fault recorded ground motions, elevated strain demand is
observed near both fault interfaces. The presence of multiple strain
concentration zones reflects the superposition of relative motion effects
across multiple fault crossings, resulting in a more complex spatial
response pattern along the tunnel lining.

Comparison between the conventional lining and the seismic-
mitigation lining shows that, although the overall spatial distribution
pattern of strain remains similar, the peak strain values near fault in-
terfaces are generally reduced in the mitigation configuration. This
observation suggests that the mitigation measures primarily influence
the magnitude of localized deformation demand, while the spatial lo-
cations of strain concentration are controlled by fault-induced relative
motion.

4.2. Limitations of absolute-motion-based intensity measures

This section first considers a comprehensive set of ground-motion
intensity measures (IMs) as possible. By comparing, across different
input-motion cases, the consistency between the amplitude rankings of
IMs and those of the measured lining strain responses, the capability of
different IMs to reflect the seismic response of fault-crossing structures is
examined.

IMs are key parameters for quantifying ground-motion severity and
provide a comparable and practical basis for seismic analysis and design.
In this study, the applicability of different IMs is examined through
subsequent ranking comparisons and correlation analyses between input
motions and structural responses. Four categories of IMs—acceleration-
based, velocity-based, displacement-based, and composite
measures—are considered, as listed in Table 6. In addition, in view of
the characteristic damage mechanisms of fault-crossing underground
structures, three composite IMs (Nos. 16, 18, 19) are proposed and
included for further examination.

In Table 6, u(t) denotes the displacement time history, and tr denotes
the total duration of the ground-motion. S4(T), S,(T), and S4(T) represent
the 5 %-damped acceleration, velocity, and displacement response
spectra at period T, respectively.

4.2.1. Ranking performance of absolute-motion-based intensity measures
Based on the intensity measures defined in Table 6, the ranking
performance of absolute-motion-based intensity measures is first

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 176 (2026) 107885

Table 6
Ground-motion intensity measures.
Number  Type Intensity Measures Formula
1 Acceleration Peak Ground Acceleration PGA = max|ti(t) |
2 type Squared Drift(Nau and Hall, Ay = O‘f 2 (t)dt
1984)
3 Arias Intensity(Arias, 1970) Ia =
Tt 2
2% Jo' @ (t)dt
4 Average Acceleration Saave =
Spectrum(Xu et al., 2022) f05 Sa(T)dT
5
5 Velocity type Peak Ground Velocity PGV = max|u(t) |
6 Effective Velocity(Trifunac and Ve =
Brady, 1975) 1
T ' a(t)2dt
7 Cumulative Absolute Velocity (  CAV =
Mackie, 2004) '(;' [u(t) |dt
8 Squared Velocity(Nau and Vi = (;‘ a?(t)dt
Hall, 1984)
9 Velocity Intensity(Mackie, I, =
2004) 1 4.2
pgydo U (t)dt
10 Average Velocity Spectrum(Xu Svave =
et al., 2022) f(‘f S,(T)dT
5
11 Displacement Peak ground Displacement PGD = max|u(t) |
12 type Cumulative Absolute CAD =
Displacement(Mackie, 2004) féf [u(t) |dt
13 Effective Displacement D. =
1 t 2
= t)°dt
Tl u®
14 Drift Intensity(Mackie, 2004) Ip =
1 2
pGp o U (t)dt
15 Average Drift Spectrum(Xu Sdave =
et al., 2022) 105 S4(T)dT
5
16 Combination Ratio of PGD to PGV PGD/PGV
17 type Ratio of PGD to PGA (Gehl PGD/PGA
et al., 2013)
18 Ratio of CAD to CAV CAD/CAV
19 Ratio of D, to Ve De/Ve
20 Hadiani Intensity(Hadiani Iya = /PGV-Ayq

et al., 2013)

examined. For each input-motion case, the values of individual absolute
IMs are calculated from the ground-motion record at a single location
and ranked according to their magnitude. The resulting ordering is then
compared with the ranking of the measured peak lining strain responses
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obtained from the shaking table tests.

For the ranking analysis, lining strain responses at selected locations
were considered. Since fault-induced deformation mainly affects the
transverse response of the tunnel, strain measurements at the crown and
invert were not included in the ranking comparison. Instead, responses
at the shoulder, haunch, and springline, which are more sensitive to
fault-crossing deformation, were used.

Accordingly, the monitoring sections A7, A8, and A9 located in the
vicinity of Fault F9 were selected for analysis, together with three
seismic hazard levels corresponding to frequent, rare, and extremely
rare earthquakes.

Fig. 6 illustrates representative comparisons between the rankings of
absolute-motion-based IMs and the corresponding rankings of peak
lining strain demand across different ground-motion cases. From a
ranking-consistency perspective, an IM is considered to perform satis-
factorily if its relative magnitude ordering agrees with that of the
observed structural response.

Here, the percentage of cases with full ranking consistency is defined
as the proportion of comparison cases in which the ranking order of a
given IM is exactly the same as that of the measured peak lining strain
responses. A value of 0 % indicates that no examined case achieved
complete ranking agreement, rather than missing data or zero structural
response.

The results show that most absolute-motion-based IMs exhibit poor
ranking consistency with the measured lining strain demand. Ground
motions producing relatively large values of peak acceleration, velocity,
or displacement at a single location do not necessarily correspond to
higher strain responses in the tunnel lining. Conversely, some ground
motions associated with lower absolute IM values induce more severe
lining deformation.

This inconsistency is observed across different types of absolute IMs,
including acceleration-based, velocity-based, and displacement-based
measures. The inability of these IMs to reproduce the observed
response ordering indicates that single-point absolute ground-motion is
inadequate to capture the dominant factors governing the seismic
response of fault-crossing tunnels.

4.2.2. Ranking performance of relative-motion-based intensity measures
Following the observed inconsistency of absolute-motion-based in-
tensity measures in reproducing the response ranking of fault-crossing
tunnels, it is necessary to examine whether intensity measures incor-
porating fault-induced relative motion can better reflect the severity
ordering of structural response. This subsection focuses on the ranking
performance of relative-motion-based IMs defined in Table 6, while
maintaining the same ranking-consistency -criterion adopted for
absolute-motion-based measures. In this analysis, relative-motion-based
IMs are derived from the displacement and velocity differences across
the identified fault interface. For each ground-motion case, the values of
these IMs are calculated and ranked according to their magnitude, and
the resulting ordering is compared with the ranking of the measured

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 176 (2026) 107885

peak lining strain responses obtained from the shaking table tests. An IM
is considered to perform well in a ranking sense if the ordering of its
values is consistent with the observed ordering of lining strain demand.

Fig. 7 shows that the introduction of relative motion substantially
improves the ranking performance compared with absolute-motion-
based measures. However, the effectiveness varies among different
relative-motion-based intensity measures. The highest level of ranking
consistency is achieved by ratio-type relative IMs, such as the ratio be-
tween peak relative displacement and peak relative velocity (PGD/
PGV), indicating their superior ability to reproduce the severity ordering
of tunnel lining strain demand.

Relative-motion-based intensity measures that primarily charac-
terize the amplitude of fault-crossing relative displacement, such as CAD
and D,, also demonstrate improved ranking consistency compared with
absolute-motion-based IMs, but their performance is more moderate.
This suggests that while these measures effectively capture the overall
intensity of relative deformation, they are less sensitive to differences in
the temporal characteristics of relative motion.

Other relative-motion-based IMs exhibit limited ranking consistency,
indicating that the inclusion of relative motion is a necessary but not
sufficient condition for reliable response ranking. The results highlight
that relative-motion-based IMs must be carefully formulated to directly
reflect both the dominant deformation scale and the associated motion
characteristics governing the seismic response of fault-crossing tunnels.

To further quantify the ranking consistency between the candidate
IMs and the measured tunnel lining strain responses, Kendall’s tau co-
efficient was calculated. Kendall’s tau is a non-parametric rank corre-
lation coefficient that evaluates the degree of concordance between two
ranking sequences. Its value ranges from — 1 to 1. A positive value in-
dicates that the IM ranking is generally consistent with the response
ranking, a value close to zero indicates weak ranking agreement, and a
negative value suggests an opposite ranking tendency. In this analysis,
all candidate IMs were calculated from relative ground-motion time
histories to ensure a consistent comparison basis.

As shown in Table 7, the calculated Kendall’s tau values further
confirm that the ranking performance varies significantly among
different IMs. Several IMs, including PGA, Agg, Ia, Sgave, and Sgaye
exhibit negative Kendall’s tau values of approximately — 0.241, indi-
cating poor consistency with the measured lining strain ranking. Some
IMs show positive ranking consistency to varying degrees. For example,
PGD, CAD/CAV, and D,./V, have Kendall’s tau values of 0.226, 0.241,
and 0.381, respectively. Among all examined IMs, PGD/PGV achieves
the highest Kendall’s tau value of 0.471, demonstrating the best capa-
bility to preserve the severity ordering of the measured lining strain
responses in the present dataset.

4.3. Correlation analysis between intensity measures and lining strain
response

To quantitatively evaluate the relationship between seismic intensity
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Fig. 6. Comparison results of intensity measures and strain under absolute earthquake ground-motion time history.
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Table 7
Kendall’s tau coefficients between relative-motion-based IMs and tunnel lining strain responses.

M PGA Asq In Saave PGV Ve CAV Vsq I, Sv.ave
Kendall's tau —0.241 —0.241 —0.241 —0.241 0.159 —0.041 -0.174 —0.041 -0.174 —0.231
M PGD CAD De Ip Sdave PGD/PGV PGD/PGA CAD/CAV De/Ve Tva
Kendall's tau 0.226 —0.025 —0.225 —0.025 —0.241 0.471 0.041 0.241 0.381 —0.031

measures and tunnel lining strain response, correlation analysis is con-
ducted for selected intensity measures. Prior to regression analysis,
logarithmic transformations were applied to both the IM values and the
measured peak lining strain responses. This treatment was adopted for
two reasons. First, both the considered IMs and the strain responses are
positive quantities and may vary over a relatively wide range under
different fault-crossing ground-motion inputs. Second, logarithmic
transformation can reduce scale effects and alleviate potential hetero-
scedasticity in regression analysis.

In the following, correlation analyses are performed for different
categories of intensity measures under fault-crossing excitation, with
consistent preprocessing and evaluation criteria adopted throughout.

4.3.1. Single-IM prediction based on absolute ground-motion time histories

Based on the intensity measures defined in Table 6, correlation
analysis is first performed using single absolute-motion-based intensity
measures. Representative acceleration-, velocity-, and displacement-
based IMs are individually correlated with the measured peak lining
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Fig. 8. Single-index prediction under absolute ground-motion time histories.
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strain responses obtained from the shaking table tests. To examine the
influence of seismic mitigation, the analysis is conducted separately for
the unmitigated tunnel structure and the mitigated tunnel structure, as
illustrated in Fig. 8(a) and Fig. 8(b), respectively.

For the unmitigated structure (Fig. 8(a)), absolute-motion-based IMs
exhibit generally low correlation with lining strain demand. Most IMs
show coefficient of determination, R? below approximately 25 %, with
substantial scatter observed across different ground-motion cases.
Among the considered measures, PGA and spectral acceleration-based
IMs demonstrate limited correlation, while velocity- and displacement-
based absolute IMs do not provide consistent improvement. These re-
sults indicate that the amplitude of ground-motion recorded at a single
location is inadequate to characterize the deformation demand imposed
on the unmitigated fault-crossing tunnel.

For the mitigated structure (Fig. 8(b)), a similar trend is observed.
Although the application of seismic mitigation alters the overall
response level of the tunnel lining, the correlation between single
absolute-motion-based IMs and lining strain demand remains weak.
Some IMs exhibit slightly higher coefficient of determination, R?
compared with the unmitigated case; however, the overall correlation
levels remain low, and no absolute-motion-based IM demonstrates
robust and stable correlation across all ground-motion cases and hazard
levels.

Although these two cases provide the best-performing regressions
among the absolute-motion-based IMs (Fig. 9), the coefficients of
determination remain below 0.35, implying considerable dispersion and
demonstrating that IMs derived solely from absolute displacement re-
cords are inadequate to reliably explain or predict the strain response of
fault-crossing tunnel linings.

The comparison between unmitigated and mitigated structures in-
dicates that seismic mitigation does not fundamentally improve the
capability of absolute-motion-based IMs to characterize tunnel lining
strain response under fault-crossing excitation. The observed limitations
are therefore attributed to the inherent inability of single-point absolute
ground-motion intensity to capture fault-induced relative deformation,
rather than to the absence or presence of mitigation measures. This
observation motivates the subsequent examination of correlation per-
formance using relative-motion-based intensity measures.

4.3.2. Correlation analysis using single relative-motion-based intensity
measures

Correlation analysis is performed using single relative-motion-based
intensity measures to further quantify their ability to characterize tunnel
lining strain response. The analysis is conducted separately for the un-
mitigated and mitigated tunnel structures, and the coefficient of deter-
mination R? obtained from logarithmically transformed data is used as
the evaluation metric. Fig. 10 presents the correlation results, in terms of
the coefficient of determination R% between single relative-motion-

9 = 0.9262x — 0.9782

R% =34.0% o®
)
°
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based intensity measures and peak lining strain response for the un-
mitigated and mitigated tunnel structures, respectively.

For the unmitigated tunnel structure (Fig. 10(a)), relative-motion-
based intensity measures exhibit a pronounced improvement in corre-
lation with peak lining strain demand compared with absolute-motion-
based IMs. Relative displacement-related measures, such as PGD, CAD,
and D,, achieve the highest correlation levels, with R? values generally
in the range of approximately 30 %-40 %. This indicates that fault-
induced relative displacement plays a dominant role in governing the
lining deformation response under fault-crossing excitation.

In contrast, certain relative-motion-based IMs exhibit limited corre-
lation performance. Notably, the ratio-type intensity measure PGD/
PGV, which demonstrated excellent performance in the ranking-
consistency analysis, shows very low R? values in the correlation anal-
ysis. This behavior reflects the intrinsic characteristics of ratio-type
relative intensity measures: their values are insensitive to amplitude
scaling of ground-motion records. As a result, although PGD/PGV is
effective in distinguishing the relative severity ordering of different
ground-motion cases, it does not capture variations in response magni-
tude required for regression-based correlation analysis.

For the mitigated tunnel structure (Fig. 10(b)), similar trends are
observed. Relative displacement-based IMs continue to exhibit the
strongest correlation with lining strain response, with R? values reach-
ing approximately 40 %-45 %, indicating that relative displacement
remains the primary factor controlling deformation demand even when
seismic mitigation measures are applied.

As shown in Fig. 11, although the fitting performance is improved
compared with the single-IM results based on absolute ground-motion,
the coefficients of determination remain below 0.50, suggesting
considerable dispersion and indicating that a single intensity measure is
still inadequate to capture the coupled effects of fault-induced differ-
ential displacement.

As in the unmitigated case, the ratio-type IM PGD/PGV shows weak
correlation performance for the mitigated structure. The persistence of
this behavior confirms that the observed limitation is associated with the
intrinsic properties of ratio-type intensity measures, rather than the
presence or absence of mitigation measures.

Overall, the correlation results demonstrate that while single
relative-motion-based IMs significantly outperform absolute-motion-
based measures, no individual relative-motion-based IM is capable of
simultaneously achieving robust ranking consistency and strong corre-
lation with lining strain response. Ratio-type IMs are effective for
ranking but inadequate for amplitude-based correlation, whereas
displacement-based IMs exhibit improved correlation but limited ability
to capture all aspects of response variability. This observation provides a
clear motivation for the subsequent development of a multi relative-
motion-based intensity measure framework.

To further examine whether the difference in correlation perfor-
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Fig. 11. The best-fit result in Fig. 10.

mance between the unmitigated and mitigated tunnel structures is sta-
tistically significant, Fisher’s z-transformation was used to compare the
IM-response correlation coefficients obtained for the two structural
configurations. The analysis was conducted separately for the absolute-
motion-based IMs and the relative-motion-based IMs, corresponding to
Fig. 8 and Fig. 10, respectively. For each candidate IM, the coefficient of
determination R? was first converted to the corresponding correlation

magnitude using r = VR2, because the fitted IM-response trends
considered here were positive. Fisher’s z-transformation was then
applied to the two correlation coefficients obtained from the unmiti-
gated and mitigated structures. The null hypothesis assumes that, for a
given IM, the correlation coefficient between the IM and the measured
peak lining strain response is not significantly different between the two
structural configurations.
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For the absolute-motion-based IMs shown in Fig. 8, none of the
examined IMs exhibits a statistically significant difference between the
unmitigated and mitigated structures at the 0.05 significance level. The
minimum p-value among all absolute-motion-based IMs is 0.6878,
which is still much larger than 0.05. Similarly, for the relative-motion-
based IMs shown in Fig. 10, all calculated p-values are greater than
0.05, with the minimum p-value being 0.8069. These results indicate
that the apparent differences in R? values between the two structural
configurations are not statistically significant within the present test
dataset. Therefore, although the mitigation measures change the
response amplitude of the tunnel lining, they do not fundamentally alter
the correlation relationship between the selected IMs and the measured
strain response. This result further supports the interpretation that the
dominant IM-response relationship is mainly governed by fault-induced
relative deformation rather than by the presence or absence of
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mitigation measures.

4.3.3. Correlation analysis using multi relative-motion-based intensity
measures

The preceding analyses demonstrate that single relative-motion-
based intensity measures emphasize different aspects of fault-crossing
ground-motion and exhibit complementary performance in terms of
ranking consistency and correlation with lining strain response. In
particular, ratio-type IMs such as PGD/PGV provide robust response
ranking but poor amplitude-based correlation, whereas displacement-
related relative IMs exhibit improved correlation but limited ability to
distinguish response severity ordering. This complementary behavior
motivates the development of a multi relative-motion-based intensity
measure framework, in which different descriptors of fault-induced
deformation are jointly considered.

Based on the results obtained for single-IM analyses, PGD/PGV is
selected as a core component of the multi-IM framework. As demon-
strated in the preceding sections, PGD/PGV provides the most stable
response ranking among all considered IMs, reflecting its effectiveness
in distinguishing the relative severity of different fault-crossing ground-
motion cases. At the same time, PGD/PGV is inherently insensitive to
amplitude scaling of ground-motion records and therefore cannot cap-
ture variations in response magnitude. Consequently, PGD/PGV is
combined with displacement-related relative IMs that are sensitive to
deformation amplitude, including Ip, CAD, and D,, so as to jointly
represent both response ordering and magnitude characteristics.

It is noted that multi-absolute-motion-based intensity measures are
not further considered. Results from both ranking and correlation ana-
lyses have consistently shown that absolute-motion-based IMs are
inadequate to capture the dominant fault-induced deformation mecha-
nism governing tunnel response. Since all absolute IMs describe ground-
motion intensity at a single location and lack information on relative
deformation across the fault interface, combining multiple absolute IMs
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does not introduce fundamentally new information relevant to the
problem considered.

Fig. 12 compares the correlation performance of different multi
relative-motion-based intensity measure combinations in terms of the
coefficient of determination R?, with (a) and (b) corresponding to the
unmitigated and mitigated tunnel structures, respectively. The results
indicate that multi-IM formulations lead to a substantial enhancement in
correlation performance compared with single-IM analyses for both
structural configurations.

For the unmitigated structure, most multi-relative-IM combinations
achieve R? values exceeding 70 %, with several combinations reaching
values above 80 %. Similar trends are observed for the mitigated
structure, where correlation levels are further enhanced and several
combinations approach or exceed 90 %. These results demonstrate that
jointly considering complementary relative-motion descriptors signifi-
cantly strengthens the IM-response relationship, regardless of the
presence of seismic mitigation measures.

Based on the overall comparison presented in Fig. 12, combinations
involving PGD/PGV paired with Ip, CAD, and D, consistently exhibit the
highest correlation levels for both unmitigated and mitigated tunnel
structures. These combinations are therefore selected for further
detailed examination.

Fig. 13 illustrates the three-dimensional correlation surfaces be-
tween peak lining strain response and the selected multi relative-
motion-based intensity measure combinations, in which PGD/PGV is
paired with Ip, CAD, D, and PGD. Fig. 13(a), (c), (e), (g) correspond to
the unmitigated tunnel structure, while Fig. 13(b), (d), (f), (h) corre-
spond to the mitigated structure. For the multi-IM regression analysis, a
second-order polynomial surface was adopted to fit the relationship
between the logarithmically transformed peak lining strain response and
the selected pairs of relative-motion-based Ims.

For both structural configurations, the fitted response surfaces
exhibit smooth and monotonic trends, indicating a stable relationship
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Fig. 12. Multi-IM prediction based on relative ground-motion time histories.
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CAD,

Ip,

3

procedures and may not be routinely considered in standard ground-
motion selection. Therefore, the PGD/PGV-PGD combination can be
regarded as a more convenient but slightly less accurate alternative for

Although the present study focuses on a perpendicular fault-crossing

are commonly available in ground-motion records and numerical sim-
engineering implementation.

be directly derived from displacement and velocity time histories, which
ulations. In contrast

has better practical applicability because both PGD/PGV and PGD can
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n response

. 13.

e)
Fig
despite differences

(

igated structure,
It should be noted that the PGD/PGV-PGD combination does not

overall patterns observed for the mitigated structure are consistent with
magnitude due to seismic mitigation. These results suggest that the
selected multi-relative-IM combinations provide a consistent description
of the IM-response relationship across different structural conditions.

outperform the PGD/PGV-Ip, PGD/PGV-CAD, and PGD/PGV-D, com-
binations in terms of fitting accuracy. Nevertheless, this combination

between the combined intensity measures and lining strain demand. The
those of the unmit
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tunnel, the proposed IM framework is not inherently limited to this
configuration. The controlling mechanism of the selected IMs is the
relative movement between the two sides of the fault, rather than the
geometric intersection angle itself. When the tunnel crosses the fault
obliquely, the fault-induced relative displacement and velocity can be
projected onto the local longitudinal, transverse, and vertical directions
of the tunnel. In this case, the same relative-motion-based IMs can still
be used to characterize the deformation demand acting on the tunnel.
Therefore, the intersection angle is not expected to change the basic
applicability of the proposed IMs. However, it may change the dominant
response component and the fitted coefficients of the IM-response
relationship. Further validation using oblique fault-crossing configura-
tions is still needed to quantify this influence.

To further examine whether the fitted relationships are statistically
reasonable, residual analysis was conducted for the selected multi-IM
regression models. The residual was defined as the difference between
the logarithmically transformed measured strain response and the cor-
responding fitted value. The standardized residuals were then plotted
against the fitted values to examine whether the residuals were
randomly distributed around zero and whether obvious hetero-
scedasticity or systematic bias existed.

As shown in Fig. 14, the standardized residuals are generally
distributed around zero without an obvious trend with the fitted values.
No clear funnel-shaped pattern is observed, suggesting that the fitted
models do not exhibit evident heteroscedasticity. Most standardized
residuals are located within the range of — 2 to 2, indicating that no
severe outliers are present. In addition, the normal Q-Q plots show that
the residual points are mostly distributed along the reference line, sug-
gesting that the residuals approximately follow a normal distribution.
Although slight tail deviations are observed for some models, these
deviations are acceptable considering the limited number of experi-
mental data points. Therefore, the residual diagnostics support the sta-
tistical reasonableness of the logarithmically transformed regression
models within the scope of the present test data.

To further examine the predictive capability of the fitted multi-IM
models and reduce the potential concern of overfitting, an indepen-
dent validation analysis was conducted. In the multi-IM regression
analysis, the second-order polynomial surfaces shown in Fig. 13(a)-(h)
were fitted using the strain response data and corresponding IM values
from the frequent, rare, and extremely rare earthquake levels. The data
from the moderate earthquake level were not used in the fitting process
and were reserved as an independent validation dataset.

The eight fitted models, corresponding to four IM combinations for
the unmitigated and mitigated tunnel structures, were then used to
predict the peak lining strain responses under the moderate earthquake
cases. The predicted strain responses were compared with the measured
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values, and the validation performance was evaluated using the coeffi-
cient of determination RZ, root-mean-square error (RMSE), and mean
absolute error (MAE). This validation procedure provides an additional
assessment of whether the fitted surfaces can retain predictive capability
for data that were not involved in model calibration. The independent
validation results are summarized in Table 8.

As shown in Table 8, the independent validation results indicate that
the fitted multi-IM models retain reasonable predictive capability for the
moderate earthquake cases that were not used for model calibration. In
this validation, R? was used to evaluate the ability of the fitted models to
explain the variation of the measured strain response, whereas RMSE
and MAE were used to quantify the prediction errors. A higher R? in-
dicates better agreement between the predicted and measured strain
responses, while lower RMSE and MAE values indicate smaller predic-
tion errors. It should be noted that RMSE and MAE were calculated in
the same scale as the regression output.

For the unmitigated structure, the PGD/PGV-Ip model provides the
best validation performance among the four IM combinations, with the
highest R? value of 0.7476 and the lowest RMSE and MAE values of
0.8974 and 0.7476, respectively. The PGD/PGV-CAD and PGD/PGV-D,
models also show acceptable validation performance, with R? values of
0.6981 and 0.6493, respectively. Their RMSE and MAE values are
slightly larger than those of PGD/PGV-Ip, indicating a moderate in-
crease in prediction error. In contrast, the PGD/PGV-PGD model gives
the lowest R? value of 0.6195 and the largest RMSE and MAE values
among the four combinations, suggesting relatively weaker prediction
accuracy.

For the mitigated structure, a similar trend can be observed. The
PGD/PGV-Ip model again achieves the best validation performance,
with the highest R? value of 0.7779 and the lowest RMSE and MAE
values of 0.6249 and 0.5856, respectively. The PGD/PGV-CAD and
PGD/PGV-D, models maintain relatively stable predictive capability,
with R? values of 0.7127 and 0.6776, respectively. Their RMSE and MAE
values are also close to those of the PGD/PGV-Ip model, indicating that
these two combinations can still provide reasonable prediction accu-
racy. The PGD/PGV-PGD model shows the lowest validation perfor-
mance for the mitigated structure, with an R? value of 0.5440 and the
largest RMSE and MAE values, indicating that its predictive accuracy is
relatively limited.

After back-transformation to the original microstrain scale, the fitted
models still show moderate to strong correlation with the measured
strain responses. The original-scale squared correlation coefficients are
0.647, 0.596, 0.578, and 0.491 for the mitigated structure, and 0.853,
0.726, 0.721, and 0.439 for the unmitigated structure. This indicates
that the logarithmic-domain regression does not merely improve the
apparent fitting performance in the transformed scale, but also preserves
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Fig. 14. Residual diagnostics of the selected multi-IM regression models: standardized residuals versus fitted values and normal Q-Q plots.

meaningful predictive consistency in the original strain scale.
Overall, the validation results are consistent with the fitting results
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shown in Fig. 13. Among the examined IM combinations, PGD/PGV-Ip
provides the best overall performance in terms of both explanatory
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Fig. 14. (continued).

Table 8
Independent validation results of the fitted multi-IM models under moderate
earthquake cases.

PGD/PGV-Ip PGD/PGV-CAD PGD/PGV-D, PGD/PGV-PGD

Unmitigated structure

R? 0.7476 0.6981 0.6493 0.6195

RMSE 0.8974 0.9814 1.0578 1.1019

MAE 0.7476 0.8083 0.8747 0.9522
Mitigated structure

R? 0.7779 0.7127 0.6776 0.5440

RMSE 0.6249 0.7107 0.7529 0.8954

MAE 0.5856 0.6862 0.7291 0.8801

capability and prediction error. PGD/PGV-CAD and PGD/PGV-D, also
show reasonable validation performance, confirming that displacement-
related relative IMs can effectively complement PGD/PGV in charac-
terizing tunnel lining strain response. Although the PGD/PGV-PGD
combination exhibits lower prediction accuracy, it still has practical
value because PGD is more readily obtainable in engineering applica-
tions. These results indicate that the improved performance of the multi
relative-motion-based IM framework is not solely caused by in-sample
fitting, but is also supported by its predictive capability for the moder-
ate earthquake cases that were not included in the regression calibra-
tion. Nevertheless, because the validation data were still obtained from
the same shaking table test program, the results should be interpreted as
internal validation evidence within the present experimental conditions
rather than proof of universal applicability.
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5. Discussion on the selection of intensity measures for fault-
crossing tunnels

5.1. Interpretation of intensity-measure performance

The results demonstrate that no single intensity measure can simul-
taneously achieve stable response ranking and strong correlation with
tunnel lining strain demand under fault-crossing seismic excitation. This
limitation reflects the multidimensional nature of fault-induced defor-
mation, which cannot be adequately represented by a single descriptor
of ground-motion.

Absolute-motion-based intensity measures consistently exhibit poor
ranking consistency and weak correlation for both unmitigated and
mitigated tunnel structures, indicating that inertial demand alone is
inadequate to characterize fault-crossing tunnel response. In contrast,
relative-motion-based intensity measures introduce essential informa-
tion associated with fault-induced deformation and therefore exhibit
improved performance. However, distinct trade-offs are observed
among different relative IMs: ratio-type measures such as PGD/PGV
provide stable response ranking but are insensitive to amplitude scaling,
whereas displacement-related relative IMs capture response magnitude
more effectively but offer limited capability in distinguishing response
severity ordering. These observations indicate that the performance of
different intensity measures is governed by the physical characteristics
they represent, rather than by statistical form alone.

The different performances of ratio-type and displacement-type
relative IMs can be explained from their physical meanings. PGD/PGV
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is a ratio between the peak relative displacement and the peak relative
velocity. It reflects the deformation characteristic of the relative motion
rather than its absolute amplitude. A relatively large PGD/PGV value
indicates that the input motion contains a stronger permanent or quasi-
permanent displacement component, whereas a smaller value implies
that transient vibration is more dominant. Therefore, PGD/PGV is more
suitable for distinguishing different fault-crossing deformation mecha-
nisms and preserving the severity ordering of tunnel responses. How-
ever, because PGD/PGV is a normalized ratio, it is relatively insensitive
to amplitude scaling and cannot directly quantify the absolute level of
deformation demand. This explains why it performs well in ranking
analysis but shows limited correlation with the magnitude of peak lining
strain.

In contrast, displacement-type relative IMs, such as PGD, CAD, and
D, directly describe the amplitude, cumulative effect, or effective level
of relative displacement across the fault interface. Since the seismic
response of a fault-crossing tunnel is primarily deformation-controlled,
these IMs are more directly related to the strain demand of the tunnel
lining and therefore show stronger correlation with peak lining strain
response. Nevertheless, displacement-type IMs mainly quantify the in-
tensity level of relative deformation and may not fully distinguish
whether the response is governed by permanent fault offset or transient
vibration. As a result, their ranking consistency may be weaker than that
of PGD/PGV when different ground-motion cases have similar
displacement amplitudes but different deformation characteristics.

Accordingly, the combination of PGD/PGV and displacement-related
relative IMs is physically meaningful because it simultaneously accounts
for the deformation mechanism and the deformation intensity of fault-
crossing ground motions.

A comparison with existing IM evaluation studies further highlights
the particularity of fault-crossing tunnel response. For conventional
underground structures or shield tunnels subjected to spatially uniform
or site-response-dominated ground shaking, previous studies have re-
ported that acceleration-, velocity-, or spectrum-related IMs may show
good predictive performance. For example, PGA, SMA, VSI, or spectral-
shape-based IMs have been identified as efficient IMs in some studies on
subway stations, rectangular tunnels, or shield tunnels in liquefiable and
non-liquefiable soils. These findings are mainly associated with soil—
structure interaction, site response, and deformation demand under
conventional seismic excitation.

In contrast, the present results show that absolute-motion-based IMs
are inadequate for fault-crossing tunnels because they do not contain
information on differential movement across the fault. In the present
tests, the coefficients of determination of absolute-motion-based IMs are
generally lower than 0.35, whereas single relative displacement-related
IMs increase the R? values to approximately 0.30-0.45. More impor-
tantly, the multi-relative-motion-based IM combinations, such as PGD/
PGV-ID, PGD/PGV-CAD, and PGD/PGV-D,, generally achieve R? values
greater than 0.70, with some cases approaching or exceeding 0.90. This
improvement indicates that the proposed dual-IM framework provides a
more effective description of the fault-crossing demand mechanism by
combining a mechanism-oriented descriptor and an amplitude-oriented
descriptor.

Nevertheless, the comparison should be interpreted within the dif-
ferences in structural type, ground-motion input, response quantity, and
evaluation method among different studies. The present results do not
imply that the proposed IMs are universally superior for all underground
structures. Rather, they indicate that relative-motion-based IMs are
more appropriate for fault-crossing tunnel problems, where the struc-
tural response is primarily governed by fault-induced differential
deformation.

5.2. Necessity of a multi relative-motion-based IM framework

The complementary behavior observed among single relative-
motion-based intensity measures provides a clear rationale for
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adopting a multi-IM framework. Fault-crossing tunnel response is gov-
erned by both the scale of relative deformation and the manner in which
this deformation develops and accumulates during seismic loading.
Capturing these characteristics simultaneously requires the joint
consideration of multiple descriptors.

In this study, PGD/PGV serves as a ranking-oriented descriptor that
effectively distinguishes the relative severity of different ground-motion
cases, while displacement-related relative IMs (Ip, CAD, and D,) capture
amplitude-dependent deformation demand and cumulative displace-
ment effects. Their combined use overcomes the intrinsic limitations of
single-IM formulations and provides a more robust characterization of
tunnel lining strain response. The consistent performance of the pro-
posed multi-relative-IM framework for both unmitigated and mitigated
tunnel structures further indicates that seismic mitigation modifies
response levels but does not alter the fundamental deformation mech-
anisms governed by fault-induced relative motion.

5.3. Implications for ground-motion selection in fault-crossing design

The proposed multi relative-motion-based IM framework can be
further used to guide ground-motion selection for fault-crossing tunnel
analysis. Different from conventional record selection procedures that
mainly match absolute ground-motion intensity at a single station, the
selection of fault-crossing ground motions should simultaneously
consider two aspects: the deformation mechanism of the input motion
and the intensity level of fault-induced relative displacement. In the
proposed framework, PGD/PGV is used as a mechanism-oriented
descriptor, whereas displacement-related relative IMs, such as Ip, CAD,
and D, are used as amplitude-oriented descriptors. Therefore, ground-
motion selection can be performed in a two-step manner: first identi-
fying the dominant deformation mechanism using PGD/PGV, and then
selecting records with appropriate relative-displacement intensity levels
using displacement-based IMs.

For a candidate across-fault ground-motion pair, the relative
displacement time history should first be obtained by subtracting the
displacement histories on the two sides of the fault interface. The cor-
responding relative velocity history can be calculated by differentiating
the relative displacement history. The relative PGD, PGV, Ip, CAD, and
D, are then calculated from the relative-motion time histories.

As shown in Table 9, PGD/PGV reflects the relative contribution of
peak relative displacement and peak relative velocity and can therefore
be used as a mechanism-oriented descriptor for candidate fault-crossing
ground motions. In the present dataset, a transition around PGD/PGV =
0.146 was observed. Motions with relatively smaller PGD/PGV values
tend to exhibit stronger transient vibration characteristics, whereas
motions with relatively larger PGD/PGV values tend to contain more
pronounced quasi-permanent or long-period relative displacement
components. Therefore, this value is used only as a dataset-specific
empirical reference for interpreting the deformation characteristics of
the input motions considered in this study. It should not be regarded as a
statistically established or universally applicable threshold. For other
fault-crossing scenarios, tunnel configurations, fault geometries, or
input-motion datasets, the transition range of PGD/PGV should be
recalibrated using additional experimental, numerical, or field data.

After the deformation mechanism is identified, displacement-related
relative IMs should be used to control the intensity level of selected
ground motions. For a given seismic hazard level or design scenario, the
selected records should have relative Ip, CAD, or D, values close to the
target intensity level. Among these measures, CAD and D, are

Table 9
PGD/PGV of different earthquakes.

PGD/PGV F9 F10 F9-F10 Chi-Chi Imperial Valley
F9 fault 0.176 0.128 0.174 0.154 0.109
F10 fault 0.163 0.148 0.146 0.242 0.084
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particularly useful because they reflect not only the peak relative
displacement but also the cumulative or effective deformation demand
during the entire excitation process. In this way, PGD/PGV controls the
type of fault-crossing excitation, while displacement-based relative IMs
control the severity of the excitation.

5.4. Applicability and limitations of the proposed dual-IM framework

The proposed dual-IM framework was developed and evaluated
using fault-crossing tunnel models in the present shaking table test.
Therefore, the specific regression coefficients, ranking results, recom-
mended IM combinations, and empirical threshold values should be
interpreted within the scope of the tested tunnel configuration, input
ground motions, fault geometry, and response indicator adopted in this
study. The framework should be regarded as a relative-motion-based
evaluation concept rather than a universal empirical formula for all
fault-crossing tunnel conditions.

The physical basis of the proposed framework is the relative move-
ment between the two sides of a fault, which represents a key defor-
mation demand for engineering structures crossing active faults. In this
sense, the concept is not inherently restricted to tunnels. Other fault-
crossing structures, such as underground pipelines, utility tunnels,
buried box structures, and bridge foundations crossing fault zones, may
also be influenced by relative displacement and velocity demands across
the fault interface. However, different structural systems may exhibit
distinct stiffness characteristics, boundary conditions, deformation
mechanisms, and dominant damage indicators. Therefore, the IM-res-
ponse relationship and the corresponding regression coefficients should
be recalibrated using structure-specific numerical simulations, physical
model tests, or field observations before the proposed framework is
applied to other types of structures.

It should also be noted that the effects of tunnel burial depth and
surrounding-medium conditions were not explicitly investigated in the
present study. In the shaking table tests, the ground motions were
directly prescribed through the shaking tables, and the evaluated IMs
were calculated from the input motions of individual tables or from the
relative motions between adjacent tables. Therefore, tunnel burial depth
and surrounding-medium conditions were not independent variables in
the IM calculation, and they are not expected to directly change the
relative comparison of different IMs within the present experimental
setup. However, this does not mean that tunnel depth and surrounding-
medium properties are negligible in prototype engineering applications.
In real sites, burial depth and soil or rock properties may influence site
response, wave propagation, soil-structure interaction, and the
confinement condition of the tunnel lining. These factors may further
modify the structural response and the fitted IM-response relationship.
Accordingly, when the proposed framework is applied to tunnels with
different burial depths or surrounding-medium conditions, the regres-
sion coefficients and recommended IM combinations should be further
validated and recalibrated.

Compared with tunnel burial depth and surrounding-medium con-
ditions in the present prescribed-input test, fault geometry may have a
more direct influence on the applicability of the proposed framework. In
particular, a change in fault dip angle may modify the projection of
fault-induced relative displacement and velocity onto the local tunnel
coordinate system, the spatial extent of the fault-crossing zone, and the
dominant deformation component of the tunnel lining. Similarly, the
tunnel-fault intersection angle may affect the relative contributions of
longitudinal, transverse, and vertical deformation components. There-
fore, although the relative-motion-based IM concept remains physically
applicable, the fitted coefficients, empirical PGD/PGV threshold, and
dominant response component may vary with fault geometry. Further
validation considering different fault dip angles and oblique fault-
crossing configurations is required before generalizing the proposed
framework to broader fault-crossing tunnel scenarios.

Another limitation is related to the selection of the structural
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response metric. In this study, peak lining strain was adopted as the
primary response quantity because it was directly measured at multiple
monitoring sections and can effectively characterize the local defor-
mation demand of the tunnel lining near the fault-crossing zones. In
addition, the shaking table input motions did not include an axial
seismic excitation component along the tunnel axis. Therefore, complex
coupled deformation modes involving both bending and axial defor-
mation were not the focus of the present experimental program.
Nevertheless, the effectiveness of different IMs may depend on the
selected response quantity. Other response metrics, such as curvature,
joint opening, joint rotation, differential settlement, acceleration
response, or localized cracking, may be governed by different defor-
mation mechanisms and may exhibit different correlations with the
proposed relative-motion-based IMs. Therefore, the conclusions ob-
tained from peak lining strain should be interpreted within the scope of
the present response metric, and further studies are needed to examine
whether the proposed IM framework remains applicable when other
damage or performance indicators are considered.

The sequential multi-level loading protocol adopted in the shaking
table tests is another source of uncertainty. To monitor the structural
state during the loading sequence, white-noise sweep tests were con-
ducted before each seismic intensity level to identify the dynamic
characteristics of the integrated tunnel-surrounding rock model. The
results showed that the natural frequency did not exhibit a continuous or
significant decrease after the lower-intensity excitation levels, indi-
cating that no obvious irreversible stiffness degradation occurred during
the early low-level loading stages.

In addition, after each graded seismic loading level was completed,
high-definition cameras installed inside the model were used to inspect
critical regions of the tunnel lining, including the crown, spandrels,
sidewalls, and flexible joints. No visible cracking, surface spalling, joint
dislocation, interface debonding, or other obvious damage was observed
after the low-intensity earthquake level. These observations suggest that
the lower-level excitations did not significantly compromise the struc-
tural integrity of the model before subsequent higher-level loading tests.

Nevertheless, minor internal micro-damage or material property
evolution under repeated seismic loading cannot be completely
excluded. Since peak lining strain is sensitive to stiffness degradation
and local damage, possible cumulative damage may slightly amplify the
strain response under subsequent higher-level excitations and influence
the fitted IM-response relationships. Therefore, the correlation results
obtained in this study should be interpreted within the context of the
adopted sequential multi-level loading protocol, rather than as the
response of a completely undamaged specimen subjected to a single
independent excitation. Future studies should consider refined numer-
ical simulations or independent specimens under single-level loading to
further quantify the influence of damage accumulation.

Finally, although an internal validation analysis was conducted using
moderate-earthquake data that were not involved in the fitting of the
multi-IM regression surfaces, all validation data were still obtained from
the same shaking table test program. Therefore, the validation results
provide evidence for the predictive capability of the proposed frame-
work within the present experimental conditions, but they should not be
interpreted as external validation for all fault-crossing tunnel scenarios.
No independent numerical simulation was conducted in the present
study to externally validate the fitted IM-response relationships;
therefore, further numerical validation is required before extending the
proposed framework to other tunnel configurations.

6. Conclusions
Based on the shaking table test results and the systematic evaluation

of ground-motion intensity measures for fault-crossing tunnels, the
following conclusions are drawn:
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1. Fault-crossing tunnel response is governed by fault-induced relative
deformation rather than by inertial demand alone. Absolute-motion-
based intensity measures are inadequate for providing stable
response ranking or strong correlation with tunnel lining strain de-
mand, regardless of whether seismic mitigation measures are
applied.

2. Relative-motion-based intensity measures are essential for charac-
terizing seismic demand in fault-crossing tunnels, but no single
measure is sufficient. Ratio-type relative IMs such as PGD/PGV
effectively distinguish the relative severity of different ground-
motion cases, whereas displacement-based relative IMs better cap-
ture response magnitude, revealing an inherent trade-off when using
a single descriptor.

3. Within the range of the present shaking table test data, the multi
relative-motion-based IM framework shows improved capability in
characterizing tunnel lining strain response compared with single-IM
formulations. By combining PGD/PGV with displacement-related
relative IMs, such as Ip, CAD, and D,, the proposed framework
jointly reflects the deformation mechanism and the intensity level of
fault-induced relative motion.

4. The comparison between the unmitigated and mitigated tunnel
structures indicates that seismic mitigation mainly changes the
response amplitude of the tunnel lining, while the dominant
IM-response correlation pattern associated with fault-induced rela-
tive deformation remains broadly consistent within the present
experimental dataset. This suggests that the proposed relative-
motion-based IM concept is applicable to both tested lining config-
urations. However, the fitted coefficients and recommended IM
combinations should be recalibrated when different tunnel configu-
rations, mitigation systems, fault geometries, surrounding-medium
conditions, or response indicators are considered.

5. The proposed multi-IM framework may provide a useful reference
for ground-motion selection in fault-crossing tunnel analysis. PGD/
PGV can be used to describe the deformation characteristics of
candidate motions, whereas displacement-related relative IMs can be
used to represent the intensity level of fault-induced relative move-
ment. However, the empirical threshold and recommended IM
combinations obtained in this study should be interpreted within the
scope of the present input motions and require further validation
before direct application to broader engineering conditions.
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