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a b s t r a c t

Fault container and shaking table tests are crucial for studying co-seismic dislocation in cross-fault
tunnels, with the design and functionality of the container significantly affecting the accuracy of dy-
namic response analyses of tunnel linings. This research introduces a fault container developed as part of
a significant active fault-crossing tunnel project in the high-intensity seismic zone of western China. The
container is designed to simulate both strike-slip and dip-slip fault characteristics with adjustable fault
angles. Extensive testing, including shaking table tests under strong seismic conditions, three-
dimensional (3D) finite element numerical simulations, and hammer tests, were conducted to eval-
uate the modal characteristics of the container under various conditions. The study highlights the
resonance characteristics of the soil-container system, the signal consistency across different disloca-
tions, and the dynamic response patterns both with and without pulse-like seismic motions and varying
intensities. The results indicate that the natural frequencies of the container and the model soil, deter-
mined through white noise scanning, are 23.74 Hz and 6.355 Hz, respectively, suggesting no resonance in
the model soil-container structure. The dynamic response characteristics of the empty container show
good integrity and versatility under various seismic excitations. The consistency of the free-field time
history curve confirms that the newly developed fault container effectively simulates the continuity and
boundary conditions of the free-field. Time domain analysis conducted before and after fault dislocation
demonstrates the capability of the container to accurately replicate the coupling effects of fault and
seismic motions.
© 2025 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Transportation tunnel projects in the high-intensity seismic
zones of western China are advancing towards high-quality
development. The construction of new, long, and large tunnels
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frequently necessitates navigating complex and challenging sec-
tions, often approaching or intersecting seismic active faults. This
proximity to faults poses a significant risk of fault dislocation to
tunnels during strong earthquakes, making strike-slip active faults
a critical concern for the construction and maintenance of these
infrastructures (Meng et al., 2024). Recent decades have witnessed
severe structural damage to tunnels caused by major earthquakes.
Notably, the 1995 Kobe earthquake in Japan inflicted substantial
damage on 16 crossing-fault tunnels (Toda et al., 1996), while the
1999 Chi-Chi earthquake in Taiwan compromised 18 such tunnels
(Yang et al., 2002). Furthermore, there were about 130 cases of
crossing-fault tunnel damage as a result of the 2008 Wenchuan
earthquake in China, with the Longxi Tunnel close to the Long-
menshan fault zone suffering the most damage (Shen et al., 2014).
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More recently, the 2022 Menyuan earthquake in China caused
thrust-type damage to the Daliang Tunnel due to the Lenglongling
fault zone (Chen et al., 2023), and the 2023 Turkey earthquake
caused significant damage to both crossing-fault highway and
railway tunnels (Zhao et al., 2023). These incidents demonstrate the
ongoing vulnerability of crossing-fault tunnels to seismic activities
and highlight the importance of innovative construction and
operational strategies to enhance their resilience.

The interaction between seismic motions and fault dislocation
can be categorized into two types: one where active fault disloca-
tions initiate seismic actions and another where seismic motions
induce fault dislocations. Both scenarios significantly impact tunnel
structures, influencing the spatial and temporal distribution of
damage. Fig. 1a and b illustrates the damage resulting from the
active fault dislocations initiating seismic actions affecting the
Daliang tunnel during the 2022 Menyuan earthquake, which cor-
responds to the first type of coupling effect. This type of damage has
resulted in tunnel invert uplift, lining dislocation, severe defor-
mation, and falling blocks. Conversely, Fig. 1c and d depicts the
seismic motions inducing fault dislocations that affected the Longxi
tunnel during the 2008 Wenchuan earthquake, representing the
second type of coupling effect. This dislocation has resulted in the
collapse of the arch lining, cracking of the side walls, and falling
blocks. Notably, the damage sustained by the Daliang tunnel is
significantly greater than that of the Longxi tunnel. This observa-
tion suggests that the damage caused by active fault dislocation
during an earthquake is more severe than that resulting from fault
dislocation induced by seismic motion. This discrepancy can be
attributed to the characteristics of failures caused by direct fault
dislocation, which involve high energy release, high frequency, and
large amplitude.

In addition, seismogenic faults result from the energy release
Fig. 1. Tunnel failure under different coupling effects: (a) Inverted arch upli
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associated with the rupture of the rock mass itself. This energy
accumulation and subsequent release cause deformation in the
displacement field, while the rock mass rupture leads to forced
displacements. In contrast, non-seismogenic faults undergo passive
displacements due to the propagation of seismic waves. The dis-
tinctions between forced and passive displacements are quite
pronounced, as illustrated in Fig. 2a and b. The energy released
from spontaneous fault rupture is significantly greater than that
generated by far-field earthquakes. Secondly, most seismic motions
associated with fault activity are classified as near-fault pulse
seismic motions, which typically result in more severe damage
compared to far-field earthquakes. To delve deeper into the dy-
namic response mechanisms of tunnel engineering under these
conditions, the primary research method currently employed is
shaking table tests. This approach has been widely adopted by re-
searchers globally, prompting the design and development of
specialized fault containers. These containers are instrumental in
studying the coupling mechanisms between earthquakes and fault
dislocations, as well as the seismic response patterns of tunnels
(Xin et al., 2018).

The fault container is a critical piece of equipment in shaking
table model tests of tunnel structures. Its effectiveness largely
hinges on three key factors: the suitability of the dimensions of the
container, the resonance issue between the model soil and
container, and the boundary effects induced by the rigid material of
the container (Lei et al., 2020). An important aspect to consider is
the length-to-diameter ratio of the container, as an optimal ratio
can effectively mitigate boundary effects (Cengiz et al., 2020).
Experimental and numerical studies suggest that the dimensions of
the container should generally be at least eight times the span of
the tunnel to minimize the boundary effects of the soil (Xin et al.,
2019). To avoid resonance, employing a generalized model based
ft, (b) Lining deformation, (c) Arch collapse, and (d) Side-wall cracking.



Fig. 2. Comparison of mechanisms of different coupling effects: (a) Active fault dislocations initiate seismic actions, and (b) Seismic motions induce fault dislocations.
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on the shear beam method provides a theoretical framework for
preventing resonance between the container and the geotechnical
structure (Wang et al., 2022). Numerical research by Fishman et al.
(1995) and Lombardi et al. (2015) has demonstrated that the in-
fluence of rigid boundaries can extend significantly, up to 1.5e2.0
times the depth of the soil layer. To enlarge the volume of soil
experiencing free-field conditions, soft materials can be applied to
the inner surfaces of the container. This approach reduces the
reflection of bodywaves from the boundaries and alsomitigates the
generation of seismic waves. Additionally, flexible materials
applied to the rigid boundary of the container have proven effective
in diminishing boundary effects, with theoretical formulas avail-
able to guide the selection of materials for minimizing these effects
in geotechnical shaking table tests (Vivek et al., 2019).

Currently, achieving fault strike-slip dislocation under static
conditions is primarily done using jacks in large-scale equipment.
However, this equipment is not compatible with the shaking tables,
which are necessary to evaluate structural dynamic responses un-
der dynamic conditions (Zhang et al., 2023). The use of dynamic
containers in shaking table tests for tunnels crossing adverse
geological sections has resolved issues such as soil-container
resonance and load-bearing capacity, and validated boundary
condition assumptions, while also meeting dynamic testing re-
quirements. However, achieving multi-directional strike-slip
dislocation remains a challenge (Yan et al., 2020). Hybrid tests that
integrate dislocation-type rigid containers with shaking tables have
further confirmed the effectiveness of fault containers in simulating
the lateral deformation boundary conditions of the prototype
foundation. However, these tests did not account for the effect of
fault dip angle, thus failing to meet the requirements for multi-
angle fault dynamic testing (Zhang et al., 2024). Additionally,
model tests on the damage mechanism of hinged tunnels crossing
active faults have provided detailed insights into the damage forms
and mechanisms under strike-slip fault dislocation. Nonetheless,
due to the limited scale of the model equipment, these tests do not
accurately reflect the full-section damage of the tunnel (Cui et al.,
2022b).

Shaking table tests investigating the dynamic response of tunnel
lining structures to strong seismic actions triggered by strike-slip
faults have revealed limitations in existing containers used to
analyze the coupling effects of fault dislocation and seismic mo-
tions. To address these issues, this study introduces a novel fault
container designed to simulate both strike-slip and dip-slip dislo-
cation characteristics, with adjustable fault plane angles and
dislocation velocities. Modal analysis of the container was
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conducted using shaking table tests and three-dimensional (3D)
finite element simulations to evaluate its integrity and adaptability
under various dislocations and seismic excitations. The modal
properties of the container were further validated through hammer
tests. Additionally, free-field shaking table tests were conducted to
examine the dynamic response of the soil and validate the struc-
tural boundary conditions. The development of this testing equip-
ment establishes a robust experimental foundation for further
research. This enables a better understanding of the dynamic
response characteristics of tunnel lining structures under intense
seismic actions from strike-slip faults. It also aids in exploring the
seismic damage mechanisms of tunnels crossing active faults,
particularly in high-intensity seismic areas where earthquakes and
dislocations occur simultaneously.
2. Fault container design

2.1. Detailing requirements

To accurately simulate the propagation of one-dimensional (1D)
shear waves in soil samples with finite thickness, the container
must incorporate specific keymodeling attributes. Han et al. (2020)
identified several critical standards necessary for an ideal container
to accurately simulate the boundary conditions of soil in an infinite
lower layer:

(1) Size and Structural Integrity: The framemust be appropriately
sized and structurally robust to prevent any lateral expansion
or contraction during vibrations.

(2) Structural Stiffness and Weight: Within the constraints of its
dimensions, the container should maximize structural stiff-
ness while minimizing its weight as much as possible.

(3) Inertial Forces: The inertial forces from the container's mass
should not affect the vibration response of the model soil.

(4) Seismic Response Simulation: During dislocation, the inter-
action between the model soil and the container should
closely replicate actual seismic response conditions.

(5) Lateral Boundary Simulation: The container must accurately
simulate the lateral boundary conditions of the model soil.

(6) Resonance Prevention: The design should avoid resonance by
ensuring the container's natural frequencies do not align
with those of the model soil.

(7) Load-Bearing Capacity: The container must be designed with
sufficient load-bearing capacity to prevent damage during
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experiments, ensuring durability and stability throughout
testing.

These criteria will ensure that the container provides a reliable
and realistic simulation environment for studying soil behavior
under seismic conditions.

2.2. Design and manufacture of container

The selection of material for the fault container is crucial for
ensuring its reliability. Consequently, Q345 steel was selected for its
construction. This custom-designed fault container consists of
three primary structural components: the hanging wall cabinet, the
footwall cabinet, and the power device. To accurately simulate
seismic responses, it is essential that the boundary conditions of
the model soil replicate the deformation mode of actual soil,
thereby preventing seismic energy reflection from rigid bound-
aries. To achieve this, a 10 cm thick foam plastic panels are installed
along the interior transverse sidewalls of the container (Xin et al.,
2020).

The design of the container can directly affect the reliability of
dynamic response data for tunnel structures. Therefore, a fault
container was engineered to emulate both strike-slip and dip-slip
characteristics of faults, featuring adjustable fault plane angles.
The container consists of a hanging wall cabinet, a footwall cabinet,
a fault angle adjustment disk, a system control panel, crossbars, and
a bottom plate, with overall dimensions of 3.7 m � 1.5 m � 1.9 m
(length � width � height), as shown in Fig. 3a and b. Constructed
from a steel frame, the container integrates the hanging wall and
footwall sections, connected via a bottom plate as illustrated in
Fig. 3c. These sections are supported by side panels and transverse
beams, which define the container space. The hanging wall and
footwall sections are designed to slide horizontally or at an incline
in one or both directions along the fault plane through a dynamic
dislocation device. Furthermore, the rotating disk on the
Fig. 3. Rigid fault container: (a) 3D schematic diagram of rigid fault container; (b) Physical f
the angle adjustment disk.
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adjustment structure (Fig. 3d) is connected to the hanging wall and
footwall sections via high-strength bolts, facilitating the adjust-
ment of fault plane angles. This configuration, aligned with actual
geological conditions, allows for the exploration of how variations
in dip-slip fault angles influence the structural dynamic response of
tunnels crossing faults.
3. Shaking table test preparation

3.1. Input seismic excitation scheme

This study was organized into two groups of tests. The first
group involved tests with an empty container to assess the con-
sistency of various modal characteristics and the dynamic re-
sponses of the fault container. The second group, a free-field test,
utilized model soil within the container to validate its boundary
conditions and to examine the effectiveness of the coupling effects
between different types of fault dislocation and seismic motions.
Notably, the coupling effects of actual seismic motion and fault
dislocation exhibit distinct characteristics. Two types of coupling
effects were considered for the selection of seismic motions: the
first type involves seismic coupling effects initiated by active fault
dislocation, while the second type relates to fault dislocation
induced by seismic motion. For the former, seismic motions char-
acterized by pulse effects were chosen, such as the Menyuan (MY)
seismic motion. This motion is known for its pulse and narrow
frequency characteristics, which were instrumental in the damage
to the Daliang tunnel due to strong seismic actions triggered by the
transient dislocation of the seismogenic fault (Chen and Liu, 2019).
The test setup for this type involved simultaneous fault dislocation
and seismic action. The latter type selected non-pulse effect seismic
waves, such as the Wolong (WL) seismic motion, which is charac-
terized by the absence of pulse and narrow frequency. This motion
caused damage to the Longxi tunnel due to the dislocation induced
ault container; (c) Detailed diagram of the footwall frame; and (d) Detailed diagram of
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by the seismic waves during the Wenchuan earthquake (Xin et al.,
2022). In this case, the seismic action was applied first, followed by
the fault dislocation consideration. In addition, a shaking table free-
field test was carried out to verify the boundary effects of the
container and to investigate the deformation behavior of the model
soil within it. The specific loading conditions for the model tests are
presented in Table 1. The acceleration time history curves and
Fourier spectra of the two seismic motions are shown in Fig. 4.
3.2. Monitoring scheme

To investigate the dynamic response characteristics and modal
properties of the container in test group 1, acceleration sensors
were employed to monitor dynamic signal responses at the
boundaries and fault locations of the fault container. Sensors A01
through A08were positioned at the boundaries to assess the overall
performance. Sensors A09 and A10 were strategically positioned at
the fault junction to examine and verify the consistency of the
acceleration response. The detailed monitoring arrangement for
test group 1 is shown in Fig. 5a and b.

To validate the effectiveness of the novel fault container in test
group 2, yellow sand in its natural state was utilized as the model
soil for free-field test. The free-field response characteristics were
identified by analyzing the acceleration and dislocation responses
of the model soil. A longitudinal cross-section along the central line
of themodel soil was determined as the referencemonitoring plane
to deploy accelerometers and displacement sensors. The specific
arrangements of the acceleration sensors (denoted by the letter A)
and the locations of the laser displacement gages (denoted by the
letter D) are illustrated in Fig. 6a and b. Accelerometers placed at
the model's boundaries and central region were employed to
investigate and validate the boundary conditions of the container.
Accelerometers situated near the fault were utilized to analyze the
dynamic response patterns of the free field, as well as the fault
strike-slip behavior on both the hanging wall and footwall.
Displacement gages positioned at the tops of the hanging wall and
footwall were used to measure the surface settlement of the model
soil.

To mitigate the impact of the rigid boundaries of the fault
container, 10 cm thick foam panels were installed along both the
lateral and longitudinal boundaries inside the container. The model
soil was subsequently filled in layers, each measuring 20 cm in
thickness. After the layeringwas complete, sensors were embedded
Table 1
Shaking table container tests case table.

Type Test case Dislocation (cm) In

Test group 1 Case-1 0 W
Case-2 M
Case-3 M
Case-4 0 W
Case-5 W
Case-6 W
Case-7 5 W
Case-8 M
Case-9 10 W
Case-10 M

Test group 2 Case-11 0 W
Case-12 M
Case-13 M
Case-14 0 W
Case-15 W
Case-16 W
Case-17 10 W
Case-18 M
Case-19 W
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according to the monitoring plan. To secure the sensors during the
experiment and ensure accurate signal measurements, the sur-
rounding soil was compacted. The final height of the model soil in
the container reached 1.6 m. Grid lines were drawn on the soil
surface to monitor deformation characteristics. Once the filling
process was completed, the setup was allowed to stabilize for 24 h
before initiating the shaking table tests. The detailed construction
process is shown in Fig. 7.
4. Analysis of shaking table test results

4.1. Analysis of white noise results

Acceleration response data from multiple measuring points,
including A01, A04, A05, A08, and A09, located at the boundaries
and fault position within the fault container were collected using
the frequency sweep method. Since the frequency range of seismic
motion signals is 0e100Hz, a band-pass filtering method with a
frequency threshold range of 0-60 Hz was employed to eliminate
experimental noise and instrumental errors during the tests. To
analyze the frequency response of the container, the filtered ac-
celeration signals were subjected to Fourier transformation. The
frequency domain Fourier spectra were subsequently smoothed to
refine the frequency spectrum, as shown in Fig. 8.

As shown in Fig. 8, the response frequencies and amplitude peak
values at the measurement points A01, A04, A05, A08 and A09 are
(22.25 Hz, 0.016 g/Hz), (22.21 Hz, 0.018 g/Hz), (24.06 Hz, 0.085 g/
Hz), (24.84 Hz, 0.10 g/Hz), and (25.36 Hz, 0.12 g/Hz), respectively.
These data show significant variations in the frequency spectrum
characteristics between different measurement points at the top
and bottom of the container. The amplitude at the top is greater
than that at the bottom, which can be attributed to the bottom of
the container being more rigidly constrained by the shaking table
surface, resulting in lower amplitude peaks. In contrast, the top of
the container, being a freer surface with less constraint and more
degrees of freedom, exhibits higher amplitude peaks. This phe-
nomenon, known as “elevation amplification,” occurs as seismic
waves propagate within the container. Furthermore, monitoring
data reveal higher natural frequencies measured at the junction of
the hangingwall and the footwall of the fault. This can be attributed
to the necessity of simulating the fault strike-slip dislocationwithin
the container model, which possesses a higher degree of freedom
and is more susceptible to external perturbations. Consequently,
put seismic motion Direction Peak acceleration (g)

hite noise Y 0.2
enyuan Y 0.4
enyuan Y 1.0
hite noise Y 0.2
olong Y 0.4
olong Y 1.0
hite noise Y 0.2
enyuan Y 0.4
hite noise Y 0.2
enyuan Y 0.4
hite noise Y 0.2
enyuan Y 0.4
enyuan Y 1.0
hite noise Y 0.2
olong Y 0.4
olong Y 1.0
hite noise Y 0.2
enyuan Y 0.4
hite noise Y 0.2



Fig. 4. Input seismic motion acceleration time history and Fourier spectrum of shaking table model tests: (a) 0.4 g MY acceleration time history curve; (b) 0.4 g MY Fourier
spectrum; (c) 0.4 g WL acceleration time history curve; and (d) 0.4 g WL Fourier spectrum.
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this results in a higher measured natural frequency at the junctions
between the hanging wall and the footwall of the fault, suggesting
the suitability of the container for fault characteristics analysis.
Overall, the arithmetic mean of the frequency values obtained from
the measurement points suggests a natural frequency of 23.74 Hz
for the container, providing a crucial analytical basis for evaluating
the suitability of the container in shaking table tests and the val-
idity of numerical simulations.

To mitigate the impact of the container's natural frequency on
the shaking table model tests, it is essential to minimize resonance
between the model material and the container during the experi-
ments. Yan et al. (2019) studied model soils composed of Class V
7716
surrounding rock materials for mountain tunnels crossing poor
geological sections, identifying a natural frequency of 8.62 Hz. In
contrast, Zhang et al. (2019) conducted shaking table tests to assess
the dynamic response of tunnel junctions in soft soil under lateral
excitation, finding a natural frequency of 11.43 Hz for the model
soil. Table 2 presents a summary of the natural frequencies of
various model soils utilized in shaking table tests. The natural fre-
quency of the custom-designed fault container is more than twice
that of the model soils discussed, demonstrating the container's
strong suitability for these tests.

White noise excitation was utilized to determine the funda-
mental frequency of the model soil in test group 2. Fig. 9a and b



Fig. 5. Accelerometer arrangement for test group 1: (a) 3D view of accelerometer
arrangement; and (b) Plan view of accelerometer arrangement.
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displays the Fourier spectra of accelerations at sensors A31 and A34
under white noise cases 11 and 14, respectively. The initial white
noise scan identified the natural frequency of the model soil as
6.355 Hz, aligning with the natural frequencies of commonly used
model soils listed in Table 2, thereby confirming the reasonableness
Fig. 6. Monitoring scheme for test group 2: (a) Schematic diagram o
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of the model soil in test group 2. The Fourier spectra from various
positions before fault dislocation exhibit notable consistency,
indicating the overall integrity of the container. Simultaneously, the
fundamental frequency of the model soil increased from 6.355 Hz
to 6.763 Hz between case 11 to case 14, accompanied by a decrease
in amplitude. Following fault dislocation, from case 17 to case 19,
the fundamental frequency showed a similar pattern of change.
This is attributed to the increased density of the soil resulting from
the seismic motion effects. Notably, after fault dislocation, the
model soil experienced a reduction in density leading to a decrease
in its fundamental frequency, as shown in Fig. 9c and d. The
fundamental frequency of the hanging wall rose from 5.013 Hz to
6.88 Hz, whereas that of the footwall increased from 5.013 Hz to
8.974 Hz. The higher fundamental frequency of the footwall
compared to the hanging wall is due to the hanging wall acting as
an active block, more susceptible to fracture, while the footwall is
vulnerable to densification during excitation. In summary, the
fundamental frequency of the model soil and the container differed
by more than a factor of 2 both before and after fault dislocation,
effectively avoiding resonance phenomena. This further confirms
the rationale behind the design of the container.

To investigate the frequency-domain response characteristics of
rock masses at different elevations under various seismic excita-
tions prior to fault dislocation, a primary frequency range of 0-
20 Hz was selected for analyzing Menyuan and Wolong seismic
motions. This selection is based on the dominant frequency range
of both natural seismic motions, which typically fall within 15 Hz.
The Fourier spectra from themodel soil at the top (A51) and bottom
(A15) under these seismic excitations are shown in Fig. 10a and b.
The peak values at different elevations correspond closely to the
same fundamental frequency of the sandy soil surface, demon-
strating that the container maintains good integrity during seismic
motion excitation. Notably, the amplitude increases with elevation,
attributed to the greater energy of seismic motions at higher ele-
vations (Xin et al., 2024b). Furthermore, the frequency response
under both types of seismic excitations centers around 7 Hz, rein-
forcing the reliability of the experimental data and the reproduc-
ibility of the tests. It is noteworthy that within the range of 0-5 Hz,
there are slight differences in the response of frequency spectrum
of the model, with the impact of Menyuan seismic motion being
f sensor arrangement; and (b) Side view of sensor arrangement.



Fig. 7. The specific construction process for test group 2.

Fig. 8. Measuring point acceleration spectrum diagram.
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greater than that ofWolong seismic motion. This is due toMenyuan
seismic motion having a higher amplitude in the 0e20 Hz fre-
quency range (Fig. 4b). However, since these discrepancies are
Table 2
Natural frequency of common model soil.

Research object Similarity
ratio

Prototype material M

Mountain tunnel Cl ¼ 1:30 Class V surrounding
rock

Ba
deCr ¼ 1:1.5

Ce ¼ 1:45
Shaft tunnel Cl ¼ 1:60 Undisturbed soil W

Sa ¼ 4:1
Slope reinforcement with anchored piles (Hu

et al., 2023)
Cl ¼ 1:25 Rocky soil Ba
Cr ¼ 1:1
Ce ¼ 1:25

Tunnel portal slope (Wang et al., 2023a) Cl ¼ 1:40 Class V surrounding
rock

Fly
Cr ¼ 4:5
Ce ¼ 1:40

Bedding rock slope (Wu et al., 2020) Cl ¼ 1:100 Siliceous slate Ba
Cr ¼ 1:1
Ce ¼ 1:100

Immersed tunnel (Chen et al., 2017) Cl ¼ 1:60 Undisturbed soil Sa
Cr ¼ 13:20
Ce ¼ 1:12.4

Note: Cl is length similarity ratio, Cr is Density similarity ratio, Ce is shear modulus simi
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minor and occur in a frequency range significantly different from
the model soil's fundamental frequency, they are considered
negligible. Moreover, the fundamental frequency of the model soil
differs by more than a factor of 2 from the container's natural fre-
quency, ensuring that under normal experimental conditions, the
container does not resonate with the model soil, thus meeting the
experimental requirements effectively.
4.2. Response signal consistency analysis

Due to the smaller scale of the model tests compared to the
actual geological environment, no significant differences were
observed in signal responses at the boundaries, highlighting the
substantial impact of the container's overall integrity on the model
tests. Therefore, three fault dislocation scenarios were imple-
mented to assess this impact: no dislocation, 5 cm dislocation, and
10 cm dislocation. The consistency of the response signals at
various measurement points within the container is critical for
validating the overall design integrity of the container and the
reliability of the model tests. Fig. 11 presents the acceleration time
histories and Fourier spectra from sensor A07 under different fault
dislocation scenarios with Menyuan seismic motion excitation.

As shown in Fig. 11a, the signal waveforms at measurement
point A07 exhibit a high degree of similarity across fault
olding material Natural frequency of model
soil (Hz)

ryte powder, quartz sand, gypsum, laundry
tergent, water

8.62

ood chips, dry sand 11.43

ryte powder, quartz sand, gypsum, water 6.78

ash, river sand, engine oil, soil 8.37

ryte powder, quartz sand, glycerin, gypsum, water 2.54

wdust, clay 7.81

larity ratio, Sa is acceleration similarity ratio.



Fig. 9. Comparison of Fourier spectra under different cases and positions: (a) Before fault dislocation A31; (b) Before fault dislocation A34; (c) After fault dislocation A31; and (d)
After fault dislocation A34.
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Fig. 10. Comparison of Fourier spectra for different seismic motions: (a) 0.4 g MY seismic motion; and (b) 0.4 g WL seismic motion.
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dislocations, indicating that the container maintains good overall
integrity and adaptability under varying fault dislocations. Addi-
tionally, under different dislocation cases and consistent seismic
motion excitation, the peak acceleration at this location increases
with the extent of fault dislocation. This increase is attributed to
intensified fault activity within the container as the dislocation
widens, amplifying the response to seismic excitation at that spe-
cific point. In real-world scenarios, mountain tunnels subjected to
Fig. 11. Acceleration time history and Fourier spectrum at different disloc

7720
strong seismic activity due to active fault strike-slip can cause the
rockmass structure to fracture and release energy. Therefore, larger
dislocation results in greater energy release, which is consistent
with the observation from the shaking table model tests where
increased fault dislocation leads to larger signal responses. This
consistency suggests that the container effectively simulates the
coupling effects between strike-slip faults triggering strong seismic
actions. Fig. 11b shows that the Fourier spectra also exhibit
ation: (a) Acceleration time history curve; and (b) Fourier spectrum.
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consistency in frequency spectrum under different fault disloca-
tions. Moreover, as dislocation increases, the energy of the signal
response intensifies, influencing the dominant frequency of the
seismic motions due to larger dislocations correlating with greater
strain energy release. The container design incorporates fault
tolerance and adaptability, allowing it to accommodate changes
within a specified range without significantly affecting overall
performance.

4.3. Dynamic response analysis under different seismic excitations

To further investigate the adaptability of the container and the
dynamic response characteristics at each measurement point un-
der different seismic motions, Fig. 12 shows the acceleration time
history curves at different measurement points under various in-
tensities of Menyuan seismic motion and Wolong seismic motions.

As shown in Fig. 12a and c, under the same peak acceleration
excitation, the acceleration peaks at measurement points A01 and
A05 show nonlinear amplification, exhibiting an elevation ampli-
fication effect. This behavior is consistent with real-world condi-
tions and confirms that the container accurately simulates the
propagation of seismic motions. Specifically, the amplification
factor for Menyuan seismic motion is 1.84, while for Wolong
seismic motion it is 2.44. In test group 1, the amplification effect
caused by Wolong seismic motion is more pronounced than that
caused by Menyuan seismic motion. The consistency of waveforms
further demonstrates the container's robust applicability and its
ability to simulate the coupling between different types of seismic
motions and fault dislocation. Fig. 12aed shows that for the same
type of seismic motion, an observable amplification effect occurs
with increasing height; the higher the acceleration amplitude, the
more pronounced the amplification effect. Furthermore, it is
observed that the time history curve of the input base acceleration
closely aligns with the time history curve of acceleration measured
at A01, with an error margin within a reasonable 2%. The consis-
tency of waveforms at different measurement points within the
container also attests to its overall integrity. Moreover, as shown in
Fig. 12. The acceleration time history curves of each measuring point under different excitati
(b) 1.0 g MY Acceleration time history curve; (c) 0.4 g WL Acceleration time history curve;
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Fig. 12aed, the acceleration response at the same location signifi-
cantly increases with rising peak acceleration, and the energy levels
also increase. This phenomenon is attributed to the inherent
amplification effect of seismic wave energy at different peak levels,
which is consistent with the observations obtained from the
seismic excitation of the container. This further demonstrates that
the container effectively simulates the dynamic response following
seismic excitation.

As shown in Fig. 13a and b, the amplification coefficient of the
table surface remained essentially constant as the excitation in-
tensity increased, approximately equal to 1.0. To quantitatively
characterize the variation in acceleration within the container un-
der the excitation of seismic waves with different peak ground
accelerations (PGA), the acceleration amplification factor (AAF) is
introduced to describe the amplification effect. The AAF is defined
as the ratio of the PGA at the monitoring location to the input peak
acceleration of the seismic motion. From the observation of Fig. 13,
it can be seen that under the same type of seismic loading condi-
tions, the acceleration amplification factor increases with the rise in
peak acceleration. Furthermore, the rate of increase in the accel-
eration amplification factor also accelerates with increasing
elevation, which is consistent with theoretical principles. Notably,
under different seismic excitation conditions at the same peak ac-
celeration, the AAF at the same monitoring location for the Wolong
wave is consistently greater than that for the Menyuan wave. In
summary, the container does not affect the effective transmission
of seismic wave energy, demonstrating that it meets the re-
quirements for shake table tests. Additionally, under the 1.0 g
seismic wave excitation conditions, themodel container showed no
signs of instability or significant deformation, indicating that it
possesses a strong dynamic load-bearing capacity.

To verify the adaptability of the container under various
coupling effects, Fourier spectrum comparisons were conducted
using different intensities of Menyuan seismic motion, Wolong
seismic motion, and white noise. The influence of these different
seismic motions on the natural frequency of the container at the
same measurement point A05 was analyzed, as shown in Fig. 14.
on amplitude values and seismic motions: (a) 0.4 g MYAcceleration time history curve;
and (d) 1.0 g WL Acceleration time history curve.



Fig. 13. Comparison of acceleration amplification coefficients under different peak acceleration conditions.
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Fig. 14a and b shows significant differences in the spectral
characteristics of the container under different seismic excitations.
In these figures, area 1 denotes the first natural frequency of the
container, while area 2 represents the response of the container at
other frequencies under seismic excitation. The natural frequency
of the container is notably higher than the dominant frequency of
the input seismic motions, which helps prevent resonance phe-
nomena. The maximum frequency response of the container under
various seismic excitations is primarily governed by the dominant
frequency of the input seismic motions, illustrating that the
dominant frequency of natural seismic waves is considerably lower
than the container's natural frequency. Analysis of the frequency
response amplitude reveals that at the same peak acceleration
amplitude, the energy imparted by Wolong seismic motion is
significantly higher than that from Menyuan seismic motion.
Consequently, the amplification effect induced by Wolong seismic
motion is more pronounced. This difference further underscores
the complex interactions between the spectral characteristics of the
seismic motions and the vibrational response of the container,
encompassing energy transfer and nonlinear effects. Moreover,
under seismic wave excitations, the container exhibits responses in
other frequency bands rather than its own dominant frequency. As
a complex structural system, the fault container likely possesses
multiple natural frequencies. However, although container pos-
sesses multiple natural frequencies due to its complex design, the
Fig. 14. Fourier spectrum under different seismic motion: (a)
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tests and simulations primarily focus on identifying the funda-
mental frequencies associated with the most dominant vibration
mode under the specific conditions applied during shaking table
tests. The single frequency measured does not negate the existence
of higher-order modes, rather, it reflects the specific excitation
conditions applied. The measured modes following seismic exci-
tation are related to the input load, the distinction between real
seismic motion and white noise is evident in their frequency
domain power spectra. The power spectrum of all frequency
components of white noise is relatively uniform, while real seismic
motion exhibits a more pronounced power spectrum within spe-
cific frequency ranges. Thus, when the resonance frequency is
closely aligned with the dominant frequency of seismic motion, the
corresponding mode becomes more pronounced, whereas other
modes may be less distinct. In other words, when the frequency of
the applied seismic motion approaches or coincides with one of
these natural frequencies, it can trigger a spontaneous vibration,
known as the “resonance effect,” leading to an intensified vibra-
tional response in the container. This dynamic underscore the
critical need for careful consideration of the container's design and
the selection of seismic inputs to avoid unintended resonance.

4.4. Boundary effects of modeled soil container

The conventional method for evaluating boundary effects in soil
0.4 g Fourier spectrum; and (b) 1.0 g Fourier spectrum.
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containers involves using the vibration response at the center of the
soil model as a reference. This response is then compared with the
vibration responses at other monitoring points located near the
boundary at the same elevation (Li et al., 2020). Boundary effects
are typically calculated by comparing the ratio of two signals,
where a ratio closer to 1 indicates a smaller boundary effect. For
instance, under 0.4 g excitation from Menyuan seismic motion, the
acceleration time histories of central and boundary sensors at
different dislocations and elevations were collected from test group
2, as shown in Fig. 15.

As shown in Fig. 15a and b, a comparison of the acceleration
time histories of measurement points A14 and A17, as well as A13
and A14, shows that the responses are nearly identical in both the
longitudinal and transverse directions. This consistency demon-
strates that the container meets the boundary conditions for both
directions under seismic excitation cases. Fig. 15bed shows that the
acceleration time histories recorded at different elevations are
similar. This suggests that the container satisfies the boundary
conditions at different elevations during non-dislocation cases.
Although a slight amplification was observed at the boundary
monitoring points, the errors remained within 3% margin, which is
acceptable for experimental purposes and can be considered
negligible. Additionally, boundary conditions for the hanging wall
and footwall of the container were assessed during the seismic fault
dislocation process, as shown in Fig. 15e and f. The results confirm
that both the hanging wall and footwall of the container satisfy the
boundary conditions post-fault dislocation. This also validates that
the container can simulate the coupling between active faults and
seismic motion. It is noteworthy that the acceleration response of
the hanging wall is greater than that of the footwall, aligning with
theoretical expectations (Li et al., 2024). This outcome further
confirms the reliability and effectiveness of the container design.

To further validate the rationality of the boundary conditions, a
quantitative analysis of the boundary effects at the model moni-
toring points is conducted. This analysis utilizes the Pearson
product-moment correlation coefficient (r) and 2-norm deviation
(m) to examine the correlation and deviation between measure-
ment points A34 and A33. This statistical approach helps quantify
the degree of similarity and the consistency of the responses across
these points.

r¼ CovðX;YÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðXÞVarðYÞp ¼

Pn
i¼1ðxi � xÞðyi � yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1ðxi � xÞ2Pn
i¼1ðyi � yÞ2

q (1)

m¼kxi � yik
kxik

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðxi � yiÞ2P ðxiÞ2

vuut (2)

where, xi is the reference signal and yj is the comparison signal. xi
and yj can be obtained directly as the time histories or frequency
spectra. Specifically, it is the peak acceleration of the monitoring
point under seismic excitation, as shown in Table 3.

In general, when r � 0.9, the impact of boundary effects on
model tests is considered negligible (Wang et al., 2023b; Hu et al.,
2021). In addition, a smaller value of m indicates that x and y are
closer, and when m ¼ 0, it signifies that the boundary and the
central point's respond identically. It can be seen from Table 4 that
the variation ranges of r and m in this experiment are 0.95e0.99 and
0.02e0.2, respectively, indicating that the boundary effects can be
ignored. As peak acceleration increases, the values of r decrease and
the values of m increases, indicating that the boundary effects
become more pronounced with higher earthquake intensity.
Moreover, it is evident that boundary effects vary under different
seismic excitation cases. The boundary effects under Wolong
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seismic motion are more pronounced than those under Menyuan
seismic motion, which may be attributed to differences in fre-
quency content and the development of nonlinear behavior in the
model soil. However, the trend in these changes is consistent under
both types of seismic excitations. The uniformity of dynamic re-
sponses across various measurement points along the boundaries
under different seismic excitations suggests that the fault container
satisfies the experimental boundary conditions. Therefore, the
novel fault container is deemed suitable for simulating the
boundary conditions of a real site accurately.

4.5. Validation of seismic motion and fault coupling effects

4.5.1. Acceleration amplification along depth
Acceleration data recorded from the free-field test (A11, A31,

A51) were utilized to investigate the free-field amplification effect
of the model soil under various seismic excitation scenarios.
Fig. 16aec illustrates the peak acceleration amplification with
depth across three different excitation intensities. The amplifica-
tion effect under Wolong seismic motion was found to exceed that
under Menyuan seismic motion at all three intensity levels, as
indicated by the amplification coefficients. This greater amplifica-
tion under Wolong seismic motion is attributed to the closer
alignment between its base frequency and the base frequency of
the model soil, resulting in a more pronounced acceleration
response. Additionally, it is generally observed that surface ampli-
fication effects decrease with increasing input peak acceleration
(Yang et al., 2021; Xin et al., 2024a). However, in this study, the
elevation amplification factor initially decreases and then increases
with increasing peak acceleration, reflecting the nonlinearity
exhibited by the model soil under seismic loading.

Using acceleration data recorded from the free-field test (A14,
A34, A54), the dynamic response characteristics of the model soil in
the hanging wall and footwall sections of the fault are also inves-
tigated. Fig. 16d shows the peak acceleration amplification with
depth in the hanging wall and footwall sections under 0.4 g
Menyuan seismic motion. The amplification factor in the hanging
wall section is significantly greater than that in the footwall section,
aligning with the previous findings that the response in the
hanging wall section in test group 1 is stronger than in the footwall
section. Furthermore, when comparing Fig. 16b with Fig. 16d, an
increase in the elevation amplification effect is observed post-
dislocation. This change is attributed to fault dislocation, which
causes localized damage to themodel soil, while the majority of the
soil in other regions transitions into the plastic stage. This transition
leads to a reduction in soil stiffness, resulting in increased nonlin-
earity and an enhanced deformation capacity under seismic
loading.

4.5.2. Time-frequency domain analysis before and after dislocation
In the shaking table tests, the frequency domain analysis of the

seismic motions in the free-field model before and after fault
dislocation is conducted to evaluate the impact of fault dislocation
on seismic wave propagation characteristics. The Fourier spectrum
changes at the boundary monitoring points of the hanging wall and
footwall sections under 0.4 g Menyuan seismic motion, before and
after dislocation, are compared as shown in Fig. 17.

From Fig. 17a and b, it can be observed that, in the free-field test,
the main frequency of the Menyuan seismic motion at the bottom
of the hanging wall and footwall of the fault changes minimally
before and after dislocation, which can be considered negligible.
This stability results from their relatively stable positional charac-
teristics with respect to the fault dislocation, which causes minimal
changes in the propagation path and less impact from reflection
and refraction. In the central region of the free-field, Fig. 17c and



Fig. 15. Comparison chart of acceleration time history curves at measurement points: (a) Lateral boundary; (b) Longitudinal boundary; (c) Central boundary; (d) Top boundary; (e)
Hanging wall boundary; and (f) Footwall boundary.
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Table 3
Peak acceleration at measurement points A34 and A33 in the shaking table tests.

Monitoring point Imposed seismic motion Input peak acceleration

0.2 0.4 1.0

A34 Menyuan 0.247 0.456 1.186
Wolong 0.227 0.464 1.351

A33 Menyuan 0.253 0.493 1.218
Wolong 0.234 0.504 1.416

Table 4
Correlation coefficient and 2-norm deviation at measurement points in the shaking
table tests.

Input peak acceleration r m

Menyuan Wolong Menyuan Wolong

0.2 0.983 0.991 0.024 0.031
0.4 0.972 0.982 0.081 0.086
1.0 0.955 0.961 0.139 0.163
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d clearly shows that the spectral characteristics of the Menyuan
seismic motion in the hanging wall and footwall differ post-
dislocation. For the footwall section, the main frequency remains
Fig. 16. Comparison chart of amplification factors for different peak accelerations and fau
amplification factors; (c) 1.0 g Comparison of amplification factors; and (d) Comparison of
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around 7.3 Hz both before and after dislocation, showing no sig-
nificant change. In contrast, in the hanging wall section, the main
frequency of the Menyuan seismic motion decreases significantly
from 7.299 Hz to 2.262 Hz before and after dislocation. This notable
reduction in the main frequency of the hanging wall extends to the
free-field surface (Fig. 17e and f). Specifically, the main frequency of
the seismic motions on the hanging wall surface decreases
following fault dislocation, whereas the main frequency on the
footwall surface remains relatively stable. This change is primarily
attributed to the fault dislocation in the hanging wall, which leads
to soil damage and amplifies the reflection and refraction effects of
the seismic waves. These effects alter the propagation path and
frequency components of the waveform, resulting in a reduction in
the main frequency. In contrast, the impact of dislocation on the
footwall section is less pronounced, leading to minimal changes in
the main frequency of the seismic motions. This phenomenon
aligns with the observation fromWenchuan earthquake, where the
damage to the hanging wall of the Longmenshan fault zone was
significantly greater than that to the footwall, consistent with
theoretical expectations (Yu et al., 2016). This analysis further
demonstrates that the container effectively simulates the coupling
effects of fault dislocation and near-fault pulse seismic motion.

To verify the effectiveness of the coupling effect between the
lt dislocation: (a) 0.2 g Comparison of amplification factors; (b) 0.4 g Comparison of
amplification factors for a 10 cm fault dislocation at 0.4 g acceleration.



Fig. 17. Comparison chart of Fourier spectra at different locations: (a) Fourier spectrum at A11; (b) Fourier spectrum at A14; (c) Fourier spectrum at A31; (d) Fourier spectrum at
A34; (e) Fourier spectrum at A51; and (f) Fourier spectrum at A54.
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fault and the seismic motion simulated by the container. 0.4 g
Menyuan seismic motion was selected to study the influence of
fault dislocation on acceleration response at fault, and the accel-
eration time history curves of different monitoring positions at
fault are compared and analyzed, as shown in Fig. 18. According to
Fig. 18aec and e, before fault dislocation occurred, the acceleration
time-history curves near the fault at the same elevation were
similar, which indicates that the container as a whole has a satis-
factory dynamic carrying capacity and integrity under the condi-
tion of no dislocation, and can truly reflect the corresponding law of
the real dynamic force of seismic motion in the free field. According
to Fig. 18bed and f, the acceleration time history curve is different
after the fault dislocation of 10 cm, specifically, the acceleration
response of the hanging wall is greater than that of the footwall,
which is consistent with the conclusion obtained in Section 4.4 of
this study. In addition, by comparing Fig. 18a and b, it can be found
that the acceleration response after 10 cm fault dislocation is
greater than that before fault dislocation. This indicates that the
fault dislocationwill intensify the acceleration response at the fault,
and the fault dislocation will release more energy. It is further
demonstrated that the model container can simulate the coupling
effect of fault and seismic motion.

In addition, the Daliang tunnel serves as an example in this
study, and the model materials at both ends of the model test are
selected for mechanical properties testing. Based on the geometric
dimensions of the prototype tunnel and the specifications of the
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shaking table, the geometric similarity ratio is determined to be
1:30. Geometric length, density, and elastic modulus were selected
as control parameters, which were then used to derive the simi-
larity relationships for key parameters. The physical and mechan-
ical properties at the fault location, following fault dislocation and
surrounding rock movement, are summarized in Table 5. As shown
in Table 5, after the occurrence of fault dislocation, the measured
values at both the fault and the surrounding rock at each end
conform to the order of magnitude calculated using the similarity
relation. This indicates that the dynamic characteristics of the soil
at the fault location can be accurately simulated.

Moreover, the seismic damage phenomenon on the surface of
the free field shaking table test further verifies the difference be-
tween the hanging wall and footwall caused by fault dislocation, as
shown in Fig. 19. Under the same peak acceleration excitation
conditions, the damage observed in the hanging wall prior to
dislocation is greater than that in the footwall. The primary seismic
damage manifests as small cracks, with the “hanging wall effect”
remaining relatively subtle. This can be attributed to the container
holding the hanging wall and footwall together as an integral rigid
structure through high-strength bolts before fault dislocation.
Following the coupled action of a 10 cm dislocation and seismic
motion, the surface cracks in the soil of the hanging wall and
footwall become more pronounced, resulting in the appearance of
significant wide cracks. This enhancement of the “hanging wall
effect” is clearly evident. These observations indicate that the



Fig. 18. Acceleration time history curve at the fault before and after the dislocation at the same measuring point: (a) no dislocation for bottom; (b) 10 cm dislocation for bottom; (c)
no dislocation for central; (d) 10 cm dislocation for central; (e) no dislocation for top; and (f) 10 cm dislocation for top.
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Table 5
Physical and mechanical parameters of surrounding rock and fault.

Item Density (g/cm3) Elasticity modulus (MPa) Poisson's ratio Frictional angle (�) Cohesion force (KPa)

Surrounding Rock Prototype value 1.8e2.0 1300e2000 0.35e0.39 22e27 120e200
Require value 1.4e1.5 33.3e51.3 0.35e0.39 22e27 3.1e5.1
Measured value 1.49 41.1 0.35 25.3 3.2

Fault Prototype value 1.7e1.8 1000e1300 0.39e0.45 20e22 50e120
Require value 1.3e1.4 25.6e33.3 0.39e0.45 20e22 1.3e3.1
Measured value 1.37 28.2 0.42 20.1 1.5

Fig. 19. Comparison of hanging wall and footwall seismic damage phenomena before and after 0.4 g MY seismic motion dislocation.

Fig. 20. Numerical simulation model.
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coupling of fault dislocation and seismic motion can result in
greater damage to the model soil, while also creating more distinct
differences in the failure phenomena of the hanging wall and
footwall. This phenomenon aligns with theoretical expectations
and further validates that the container can effectively simulate the
coupling effect of seismogenic faults.

5. Analysis of numerical simulation results

5.1. Finite element model building

To validate the performance of the fault container, the finite
element software ABAQUS was utilized to analyze the test equip-
ment. The inclination adjustment device, along with the hanging
wall and footwall, is connected using high-strength bolts to form
the integrated frame of the container. This assembly is therefore
modeled as a single entity in the analysis. The motors used in the
model tests simulate fault strike-slip, however, their impact on the
container's strength is not being considered. The shearing frame
structure, welded between the container and both the hanging wall
and footwall cabinets, was modeled using a combination of finite
elements. Specifically, 4-node shell elements (S4R) were used for
shearing frame component, and 8-node solid elements (C3D8R)
were applied to the hanging wall and footwall cabinets. Addition-
ally, 2-node beam elements (B31) were selected for the support
beam rods within the model to accurately represent their linear,
load-bearing characteristics. These modeling details are illustrated
in Fig. 20.

5.1.1. Physical and mechanical parameters of materials are
introduced

In the numerical simulation, the container was simulated using
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an ideal elastic-plastic constitutive model, as shown in Fig. 21. The
steel material of the container is described in Section 2.2, and the
material parameters are listed in Table 6.
5.1.2. Boundary conditions and contact settings
The hanging wall and footwall of the fault shear frame were

placed in face-to-face contact to facilitate effective load transfer
under stress. The sidewalls of both the hanging wall and footwall



Fig. 21. Elastic-plastic constitutive model of steel.

Table 6
Physical and mechanical parameters of materials.

Material Density (kg/m3) Young's modulus (GPa) Poisson's ratio

Steel 7850 206 0.3
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were constrained to the bottom plate using bonding constraints,
which restrict movement and deformation of the frame relative to
the bottom plate. Coupling constraints were employed between the
beams and sidewalls of the hanging wall and footwall to simulate
their shared load characteristics and ensure accurate load transfer
under vibration or stress. Additionally, bonding constraints were
applied between the shear frame and the fault section to prevent
relative sliding under load. Vertical constraints were applied to the
entire container to fix the model bottom plate, reflecting its
attachment to the shaking table during the tests. This setup prevent
irregular deformation and vertical displacement of the bottom
plate, ensuring the stability and integrity of the simulation
environment.

5.2. Analysis of container self-oscillation frequency

Fig. 22 shows that the natural frequency of the container, as
determined by the numerical simulation, is 24.23 Hz. This fre-
quency closely aligns with the shaking table test result of 23.74 Hz,
with the difference falling within a 5% error margin. This slight
discrepancy confirms the accuracy and reliability of the numerical
simulation, demonstrating its effectiveness in capturing the key
Fig. 22. The first-order natural frequency and vibration mode diagram of the
container.
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characteristics of structural vibrations.
Additionally, in tunnel engineering subjected to strong seismic

actions triggered by strike-slip faulting, the dynamic response of
the hanging wall typically exceeds that of the footwall (Wen et al.,
2021). In the shaking table tests, the hanging wall of the container
functions as the active block, leading to relatively weaker con-
straints on it. Consequently, in the numerical simulation, the
displacement response of the hanging wall is observed to be
greater than that of the footwall, with a maximum displacement
recorded at 1.90mmunder the first modal condition. This pattern is
consistent with the acceleration response observed in the shaking
table tests. Overall, the container exhibits minimal displacement
under the natural frequency condition and maintains robust
structural integrity.

5.2.1. Modal analysis under different dislocation patterns
Given the reliability of the numerical simulation, a further in-

depth analysis was conducted on the modal characteristics of the
container under different dislocation patterns. Fig. 23aec displays
the first-order natural frequency displacement cloud maps and
mode shapes of the container under horizontal, vertical, and
combined horizontal-vertical dislocation of 10 cm, respectively. By
adjusting the dislocation parameters, variations in different vibra-
tion modes were observed. This approach facilitates a more
comprehensive understanding of the structural vibration
characteristics.

From Fig. 23, it can be seen that the first-order natural frequency
of the container exhibits minimal variation across different dislo-
cation cases, and the response of the hanging wall is greater than
that of the footwall, consistent with the experimental observations.
Fig. 23a and b reveals notable changes in the mode shapes for
vertical and horizontal dislocations, with the maximum displace-
ment increasing from 1.896 mm to 2.240 mm. Fig. 23b and c in-
dicates how vertical dislocation particularly affects the mode shape
of the container. This effect is attributed to the reduced contact area
between the hanging wall and footwall due to vertical dislocation,
which significantly weakens the constraints of the hanging wall
shear frame, resulting in increased displacement at this location,
although the increase is not substantial. These observations
demonstrate that the container has a certain degree of adaptability
to different dislocation modes, maintaining stable vibration modes
and showcasing its adaptability and reliability under various con-
ditions. By comparing Figs. 22 and 23a, it is observed that the
impact of increased displacement due to greater dislocation is not
significant. This suggests that the container exhibits robustness and
integrity evenwhen subjected to changes in dislocation conditions,
maintaining stable vibration modes.

5.2.2. Harmonic response analysis
To verify the resonance conditions of the fault container at

specific frequencies, a sinusoidal sweep test was conducted,
covering a frequency range from 0 to 60 Hz. This test was designed
to analyze the steady-state response of the container under peri-
odic excitation and to identify potential structural resonance issues
that may be induced by seismic motions at various frequencies.

As shown in Fig. 24a, the structural displacement response of
the hanging wall is higher than that of the footwall, aligning with
the test results. This greater displacement is primarily because the
hanging wall acts as the active plate, which possesses greater de-
grees of freedom and undergoing slight relative displacements at
the contact area with the footwall during seismic activity. The
frequency-displacement curve analysis at point B of the container,
shown in Fig. 24b, indicates that within the 0e60 Hz sweep fre-
quency range, the structure reaches its maximum displacement of
0.56 mm at 25.23 Hz. This peak displacement falls within a 5% error



Fig. 23. The first-order natural frequency and vibration mode diagram of the container under different stagger distances: (a) 10 cm horizontal dislocation; (b) 10 cm vertical
dislocation; and (c) 10 cm horizontal and vertical dislocation.

Fig. 24. Harmonic response analysis modal characteristics: (a) Harmonic response displacement cloud diagram; and (b) Harmonic response frequency-displacement curve.
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margin compared to the model test data, affirming that the
container resonates at this frequency. Despite this resonance, the
container maintains good stability and structural integrity under
both low- and high-frequency seismic excitations.
5.2.3. Random response analysis
Random vibration analysis is a spectral analysis method that

leverages modal analysis results combined with known spectra to
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calculate the structural response. This technique is predominantly
utilized to assess the dynamic response of structures subjected to
random or time-varying loads (Zhang et al., 2022). The purpose of
employing random vibration analysis in this study was to explore
the uncertainty and variability in the behavior of the fault container
during seismic activities. Simulations of random vibrations under
various seismic excitations were conducted to gain a comprehen-
sive understanding of the container's dynamic response under such



Fig. 26. Random response first-order natural frequency and vibration mode diagram.

Fig. 27. Random response frequency-acceleration curve.
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conditions. For this analysis, the white noise recorded during the
shaking table tests served as the input for Fourier transform anal-
ysis. Subsequently, the power spectral density (PSD) was computed,
providing a detailed view of the energy distribution across fre-
quency bands. The resulting PSD curve is illustrated in Fig. 25. This
curve helps identify the frequencies at which the container is most
responsive to seismic inputs, aiding in predicting and mitigating
potential issues in real-world applications.

Fig. 26 shows the random vibration acceleration cloud map
obtained from the PSD curves input into the finite element soft-
ware. The map reveals that the container exhibits a “hanging wall
effect” and an “elevation amplification effect”, consistent with the
observations made in experimental settings. The “hanging wall
effect” refers to the enhanced seismic response experienced by
structures located on the hanging wall of a fault during an earth-
quake (Cui et al., 2022a; Fei et al., 2024). Specifically, in the region
above the fault, particularly near the fault surface, the dislocation
has a pronounced effect, leading to a significant increase in the
displacement, strain, and acceleration of the hanging wall (Zhong
et al., 2020; Gou et al., 2024). This consistency confirms the accu-
racy of the simulation relative to actual dynamic behavior. Further
analysis involving the extraction of the acceleration-frequency
curve at point C of the container (shown in Fig. 27), indicates that
the acceleration amplitude occurs at a frequency of 25.23 Hz. This
frequency corresponds closely with the model tests and harmonic
response analysis. The observed acceleration responses at both
high and low frequencies are attributed to resonance phenomena,
occurring when the seismic excitation frequency aligns with other-
order natural frequencies of the container. Despite these resonance
effects, the significant differences between these responses and the
primary frequency acceleration response of the container suggest
that their impact on the overall experimental outcomes is minimal.
This observation demonstrates that the container maintains robust
stability and structural integrity under random vibration
conditions.

6. Discussion

This study comprehensively investigated the modal character-
istics and dynamic response features of the fault container through
extensive large-scale shaking table tests and detailed numerical
simulations. The analysis of these tests demonstrated that the fault
container exhibited commendable stability and structural integrity
under the influence of strong seismic actions, particularly those
triggered by strike-slip active faults. To delve deeper into the modal
characteristics of the fault container and to enhance the accuracy of
the test results, Siemens’ hammer signal processing technologywas
Fig. 25. The power spectrum curve.
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employed. This method facilitated an in-depth analysis of the
modal characteristics, providing a clearer understanding of its dy-
namic behavior under various conditions. To accurately capture the
structural modal characteristics, accelerometers were placed on
different surfaces of the container. These surfaces, labeled as A, B, C,
and D, are illustrated in Fig. 28. This placement was designed to
maximize data acquisition and enhance the precision of the modal
analysis.

Digital signal processing techniques were used to sample the
Frequency Response Function (FRF) derived from the model. The
test employed the Least Squares Complex Exponential method
(LSCE) to estimate the modal frequencies and damping factors of
the container. The LSCE method was employed in the test to esti-
mate the modal frequencies and damping factors of the container
modes. The least squares error associated with the solution of Eq.
(3) was evaluated by analyzing the convergence with respect to the
number of assumed modes (Chung and Sernaker, 1994).
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where r is the generalized Hankel matrix, and a is the autore-
gressive coefficient.

For this reason, when initially establishing an equation such as
Eq. (3), it is assumed that a sufficiently large number of modes, N, is
present. Specifically, a subset of this equation used to solve the
coefficient of the model addresses the scenario where only a single
mode is expressed, as demonstrated in Eq. (4).



Fig. 28. Accelerometer arrangement of hammer test.

Fig. 29. Least square error diagram.

Fig. 30. Container stea
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The corresponding least squares error is denoted by ε1. When
the data is assumed to contain twomodes, the subset to be solved is
shown in Eq. (5).
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dy state diagram.



Fig. 31. Force hammer sensor.

Fig. 32. The first-order natural frequency and vibration mode diagram of hammer test.
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Similarly, when the number of assumed modes in the model
accurately reflects the actual number of modes present in the data,
the corresponding least squares error ε2 is expected to be signifi-
cantly smaller compared to the error observed when fewer modes
are assumed (Feng, 2013).

The variation of the least squares error with the increasing
number of assumed modes is plotted to create the least squares
error plot, as shown in Fig. 29.

The optimal number of modes was determined by comparing
the estimated frequencies and damping factors across models with
varying numbers of assumed modes. Ideally, these estimated fre-
quencies and damping factors should remain relatively stable, even
as the number of assumed modes changes. A steady-state plot is
used to illustrate how modal frequencies and damping factors vary
with an increasing number of assumed modes. By analyzing this
steady-state plot (Fig. 30), the optimal number of modes can be
identified. This optimal point is where further increases in the
number of modes no longer significantly refine the estimates.

Tapping tests were conducted using a force hammer sensor
(refer to Fig. 31) at the locations of the accelerometers to acquire
the relevant test data. The specific parameters of these tests are
detailed in Table 7. The collected datawere processed and analyzed,
and then compared with results from shaking table tests and nu-
merical simulations. This comparison validated the fault container's
modal characteristics and dynamic response features, confirming
the applicability and accuracy of the test methods used.

As shown in Fig. 32, the force hammer test results indicate that
the first-order natural frequency of the fault container is 22.18 Hz
with a damping ratio of 0.45%. When these results are compared
with those from shaking table tests and numerical simulations,
they are found to be in good agreement. Additionally, the test mode
shapes demonstrate the container's excellent overall integrity and
adaptability.
7. Conclusions

The modal characteristics of the fault container were effectively
determined through shaking table tests, numerical simulations,
and force hammer testing. The dynamic response features of the
Table 7
Main parameters of force hammer sensor.

Axial sensitivity
((23 ± 5) �C)

Measuring
range

Maximum lateral
sensitivity

Maximum output
signal

Instal
frequ

1 mV/N 0-60 KN 0.05 mV/N 5 V >22 k
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container from both the first and second group of experiments
were analyzed. Additionally, the container's effectiveness in simu-
lating the coupling effects between the fault dislocation and
seismic excitationwas validated. The results from the shaking table
tests, numerical simulations conducted under various scenarios,
and hammer testmodal characteristics were found to be consistent,
affirming the reliability of the methodologies employed. The spe-
cific conclusions are as follows:

(1) The natural frequencies of the container and the model soil,
measured using the scanning frequency method, are
23.74 Hz and 6.355 Hz, respectively. The significant differ-
ence between these frequencies ensures that resonance be-
tween the container and the model soil is unlikely.
Additionally, the natural frequency of the model container
deviates significantly from those commonly used in similar
studies, further demonstrating the broad applicability of the
container. The consistency of response signals at the same
measurement points in the container across various dislo-
cations is satisfactory, and the similarity of waveforms at
different points confirms the design's integrity and reason-
ableness. The test results from group 1 revealed that the
amplification effect of the Wolong seismic motion is greater
than that of the Menyuan seismic motion. Additionally, for
the same seismic motion, the amplification effect becomes
more pronounced with increasing acceleration amplitudes.

(2) Test group 2 quantitatively analyzed the impact of boundary
effects on soil seismic responses using 2-norm deviations,
cumulative moment correlation coefficients, acceleration
time history waveforms, and Fourier spectral characteristics.
The analysis reveals that the container boundaries have
minimal impact on the soil's seismic response. The Wolong
seismic motion consistently shows a greater amplification
factor compared to the Menyuan seismic motion. Addition-
ally, the Fourier spectra of seismic waves before and after
dislocation excitation confirmed that the container effec-
tively simulates the coupling effect between fault dislocation
and seismic motion, thereby validating the container's
reasonableness and applicability.

(3) Numerical simulation results indicated that the first-order
natural frequency of the container remains relatively stable
across various dislocation scenarios. Significant changes in
the vibration modes are observed between vertical and
horizontal dislocations, with vertical dislocation
lation resonance
ency

Polarity (acceleration direction from the bottom
to the sensor)

Resolution

Hz Positive direction <0.001 N
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predominantly influencing the container's vibration modes.
The increase in dislocation distance does not significantly
affect displacement, suggesting that the container demon-
strates considerable robustness and structural integrity un-
der varying dislocation conditions, thereby maintaining
stable fundamental vibration modes.

(4) Under specific frequency or random seismic excitations, the
response of the hanging wall of the container is consistently
higher than that of the footwall. Within the frequency sweep
range of 0-60 Hz, maximum displacement-acceleration oc-
curs at the natural frequency of the container due to the
resonance phenomena. The displacement-acceleration con-
tour maps reveal pronounced “hanging wall effects” and
“elevation amplification effects” within the container.
Further analysis of the frequency-displacement-acceleration
curves, alongside hammer test results, substantiates the ac-
curacy of the natural frequency measurements of the
container. The container also demonstrates robust adapt-
ability and maintains integrity under both low-frequency
and high-frequency seismic excitations.

(5) In future research, this container will be utilized to investi-
gate various coupling mechanisms between different active
fault strike-slip behaviors and seismic motions. Additionally,
the dynamic response characteristics and anti-seismic
mechanisms of crossing-fault tunnels under various anti-
seismic measures will be examined, with the aim of pro-
posing partitioned resilience repair strategies for high-speed
railway tunnel linings following earthquakes. Furthermore,
shaking table tests are employed to study and validate the
instability criterion and control method of three seismic
resilience-enhancing schemes, which focus on enhancing
the ductility of structures, reducing seismic energy trans-
formation, and localizing seismic damage to facilitate easier
repairs, which provides a theoretical basis for seismic forti-
fication of tunnel engineering.
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