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Abstract

Actual seismic events typically exhibit mainshock—aftershock sequence characteristics, and source characteristics have a significant
impact on cavern response. Currently, the influence of near-fault mainshock—aftershock sequences (NFMA) and far-field mainshock—
aftershock sequences (FFMA) on underground caverns is generally ignored. This study aims to establish a framework for evaluating
the dynamic response characteristics and seismic fragility of large-scale underground caverns under NFMA/FFMA. The response laws
of residual displacement and rock fracture degree of cavern under NFMA/FFMA are comparatively studied, and the failure probability
of different damage states is quantified by the fragility function. The results show that the surrounding rock of underground caverns
exhibits significant cumulative damage effects and non-uniform failure characteristics under mainshock—aftershock sequences. After-
shock fragility is strongly related to the mainshock-damaged state for underground caverns. The collapse probability of underground
caverns after 0.9g aftershocks in NFMA increased from 0.76% in slight damage to 21.12% in moderate damage and 53.51% in severe
damage. This study can provide a probabilistic basis for seismic design, aftershock risk warning, and post-earthquake emergency assess-
ment in underground engineering.

Keywords: Near-fault ground motion; Far-field ground motion; Mainshock-aftershock sequence; Rock fracture degree; Cumulative damage; Fragility
analysis

1 Introduction

With the deepening development and utilization of
underground space, the scale and complexity of large-
scale underground cavern group have significantly
increased, such as hydraulic underground powerhouses
(Jiang et al., 2021), transportation tunnels (Xue et al.,
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2021), energy storage facilities (Liu et al., 2023), and
mining roadway (Liu et al., 2025; Ma et al., 2025). Tradi-
tional theories suggest that underground caverns possess
favorable seismic resilience. However, damage cases, such
as the Daikai subway station (An et al., 1997), Du-Wen
tunnel (Wang et al.,, 2009), Bolu double-hole tunnel
(Jaramillo, 2017), Daliang tunnel (Chen et al., 2023), and
the Yingliangbao (YLB) hydropower station (Chen et al.,
2024), demonstrate that underground caverns can suffer
damage under seismic loading, particularly in near-fault
regions (Shen et al., 2014). Furthermore, actual seismic
events predominantly occur as mainshock-aftershock

2467-9674/© 2026 Tongji University. Publishing Services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



P. Chen et al. | Underground Space 27 (2026) 236-258 237

sequences, where aftershocks can deliver a ‘“‘secondary
impact” to mainshock-damaged structures, potentially
leading to cumulative damage. Such sequential ground
motion poses a more severe challenge to cavern safety.
Therefore, from the perspective of engineering lifecycle
safety, quantitatively assessing cumulative damage evolu-
tion and fragility probabilities under mainshock-after-
shock sequences, particularly near-fault/far-field
scenarios, is crucial for optimizing seismic design and guid-
ing post-earthquake emergency recovery.

The laws of cumulative damage and probabilistic seis-
mic fragility are crucial for performance-based seismic
design of infrastructure. Currently, scholars have con-
ducted extensive and in-depth research on the seismic per-
formance of ground structures under the mainshock—
aftershock sequence, covering a wide range of aspects such
as the cumulative damage mechanism (Zhang et al., 2019),
the degradation of mechanical parameters induced by cyc-
lic loads (Nouri et al., 2023), as well as the damping of
dampers (Soureshjani & Lavassani, 2023; Rayegani et al.,
2024) and structural fragility analysis (Bigdeli et al.,
2025). In contrast, research on the dynamic response of
large underground caverns under sequential earthquakes,
particularly near-fault mainshock—aftershock sequences
(NFMA), remains notably underdeveloped. Some scholars
have realized the harmfulness of near-fault ground motion
to underground caverns and have conducted relevant
research (Chen et al., 2025; Xu et al., 2025). Shimizu
et al. (2007) statistically analyzed numerous seismic dam-
age cases of mountain tunnels in Japan, finding that tun-
nels within 10 km of the epicenter for magnitude 7
earthquakes or within 30 km for magnitude 8§ earthquakes
were more prone to severe damage. Qiu et al. (2019) ana-
lyzed the seismic response of large underground caverns
under near-fault pulse ground motions, revealing that the
long-period velocity pulses and high-frequency compo-
nents of near-fault earthquakes caused more severe damage
to underground structures. Sun et al. (2020) comparatively
studied the nonlinear dynamic response of an arch tunnel
under single mainshock excitation and mainshock—after-
shock sequence excitation, and found that the main-
shock-aftershock sequence would cause severe cumulative
damage to the tunnel. Simultaneously, in terms of seismic
performance assessment frameworks, fragility analysis
under the performance-based earthquake engineering
(PBEE) framework has been widely applied to various
underground structures. Cui et al. (2023) established an
automated assessment framework for seismic risks in sub-
way stations by integrating Monte Carlo simulation and
ontology theory, which comprehensively covers multiple
indicators such as economic losses and casualties. Meng
et al. (2024) proposed a rapid seismic resilience assessment
framework for mountain tunnels considering topographic
amplification effects and tunnel-soil dynamic interactions,
and investigated the relationships among model geometric
properties, material characteristics, and tunnel fragility. Xu

et al. (2024) proposed a method for analyzing the seismic
fragility of underground structures by integrating fuzzy
random theory with the copula function, which can con-
sider the fuzziness of multiple failure criteria and their cor-
relations, revealing that the fuzziness of failure criteria has
a significant impact on the vulnerability results. Huang
et al. (2025) conducted a comparative study of fragility
curves constructed from peak acceleration and tunnel drift
under near-field non-pulse motion, near-field pulse motion,
and far-field motion conditions for circular tunnels. The
results show that circular tunnels are more likely to be
destroyed under near-field pulse motion. The above studies
expand the seismic stability analysis of underground cav-
erns from the perspectives of dynamic response and fragi-
lity, revealing that seismic source characteristics and
mainshock-aftershock sequences have significant effects
on cavern stability. Despite these advancements, a critical
scientific gap still exists: the current research mainly deals
with source characteristics (near-fault/far-field) and
sequence effects in isolation. The coupled effects of these
two factors on the dynamic response mechanisms, cumula-
tive damage evolution, and ultimate fragility of under-
ground caverns are not yet systematically revealed or
quantitatively compared.

Given the aforementioned research background and
limitations, this study aims to systematically bridge the
critical gap in understanding the coupled effects of seismic
source characteristics (near-fault/far-field) and mainshock—
aftershock sequences on underground caverns. To achieve
this objective, a basic flow for evaluating the dynamic
response characteristics and fragility of underground cav-
ern group under NFMA/ far-field mainshock-aftershock
sequences (FFMA) is established (Fig. 1). The specific
research framework is as follows: First, representative
near-fault and far-field seismic records are selected from
the Pacific Earthquake Engineering Research Center
(PEER) as ground motion inputs, and the ground motion
is scaled according to incremental dynamic analysis
(IDA) method to construct reasonable mainshock-after-
shock sequences. Then, a three-dimensional numerical
model is established based on the YLB underground cav-
ern group, which experienced Luding Ms6.8 earthquake.
The validity of the numerical model is verified by compar-
ing the numerical simulation results with the field monitor-
ing data. The residual displacement and rock fracture
degree (RFD) of the caverns under two types of seismic
sequences are comparatively analyzed to elucidate the
cumulative damage effects. Subsequently, based on PBEE
theory, fragility curves for NFMA and FFMA are devel-
oped and compared, quantifying the failure probability
under different damage states and further investigating
the impact of aftershocks on mainshock-damaged caverns.
The results provide a deeper understanding of the seismic
performance of underground caverns under different seis-
mic scenarios and establish a more refined probability basis
for performance-based seismic design.
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Fig. 1. Basic flow of dynamic response and fragility analys
2 Construction and input of mainshock—aftershock sequences
2.1 Ground motion selection

Earthquake ground motion characteristics significantly
influence the dynamic response of underground caverns
(Soureshjani & Massumi, 2019). Currently, there is no uni-
fied conclusion regarding the threshold for seismic source
characteristics. Stewart et al. (2002) proposed that the
threshold range of near-fault ground motion is less than
20-60 km, which has gained widespread acceptance. Sun
et al. (2024) classified the earthquakes within the range of
20-60 km as near-field earthquakes when studying the tun-
nel earthquake damage. Zhu et al. (2025) also used this
division concept when studying the residual displacement
of a viscous system under near-fault ground motion. Based
on this convention and considering data availability, this

PGA, (2) PGA, (2)

is of the underground cavern group under NFMA and FFMA.

study defines near-fault mainshocks as those with epicen-
tral distances <20 km and far-field ground motions as
those with distances >60 km. To ensure sufficient record
quantity, the distance threshold for near-fault aftershocks
is relaxed to 35 km. Additionally, aftershocks do not need
to have pulse characteristics. The ground motion selection
adheres to the following principles:

(1) The mainshock and its largest aftershock must origi-
nate from the same seismic event and station.

(2) The mainshock magnitude Mg > 6.5 and the after-
shock Mg > 5.0.

(3) The fault distance of near-fault mainshocks must be
<20 km, and that of aftershocks <35 km; far-field
motions must have fault distances >60 km.

(4) Near-fault mainshocks must exhibit
characteristics.

pulse
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(5) Shear wave velocity V3o > 250 m/s.
(6) Mainshock peak ground acceleration (PGAy)
>0.1g.

Studies indicate that 10-20 ground motion records are
sufficient to characterize uncertainties in incremental
dynamic analysis. According to the above ground motion
selection criteria, 12 near-fault pulse and 12 far-field non-
pulse ground motion records are selected from the PEER
strong motion database. Basic information is shown in
Table 1.

239
2.2 Ground motion spectral analysis

To analyze the differences of seismic characteristics
between NFMA and FFMA, the comparison curves of
response spectra and mean spectra for NFMA/FFMA
are plotted, as shown in Fig. 2. Figure 2(a) indicates that
the near-fault mainshock response spectrum peaks at 7" ~
0.3 s, while the aftershock response spectrum peaks at
T ~ 0.2 s, with maximum spectral values of approxi-
mately 2.25g and 0.51g, respectively. This demonstrates

Table 1

Basic information of selected ground motions.

Earthquake type ID Station name Record Magnitude Epicentral Duration Pulse
sequence My distance (km) (s) period (s)
number

Near-fault 1 Bagnoli Irpinio 285 6.9 8.14 19.6 1.71
296 6.2 17.79 21.8 -

2 Newhall-Fire Station 1044 6.69 3.16 5.9 1.37
1665 6.05 7.36 12.5 -

3 Pacoima Kagel Canyon 1052 6.69 5.26 10.1 0.73
1666 6.05 6.61 7.1 -

4 CHY024 1193 7.62 9.62 27 6.65
3264 6.3 29.49 14.2 -

5 Sturno (STN) 292 6.9 6.78 15.2 3.27
303 6.2 20.38 13.9 -

6 TCU076 1511 7.62 2.74 29.5 4.73
3472 6.3 23.84 17.6 -

7 TCUO082 1515 7.62 5.16 27 8.1
3477 6.3 29.52 18.3 -

8 CHY101 1244 7.62 9.94 30.4 5.34
3317 6.3 34.55 22.3 -

9 TCU049 1489 7.62 3.76 22.7 10.22
3456 6.3 30.44 22.4 -

10 TCUO051 1491 7.62 7.64 28.9 10.38
3458 6.3 32.36 20.3 -

11 TCUO053 1493 7.62 5.95 27.7 13.12
3460 6.3 33.14 18.4 -

12 TCUO056 1496 7.62 10.48 31.8 8.94
3461 6.3 34.7 19.8 -

Far-field 1 HWAO045 1292 7.62 60.2 13.5 -

3354 6.3 75.03 19.3

2 1LA024 1322 7.62 64.79 27.9 -
3378 6.3 88.67 232

3 Anacapa Island 943 6.69 65.84 13.2 -
1691 5.28 81.9 19.6

4 CHY022 1191 7.62 63.21 39.8 -
3263 6.3 89.44 17.8

5 TTNO004 1560 7.62 63.81 44.6 -
3518 6.3 91.5 28.1

6 Rancho Cucamonga 1060 6.69 79.83 15.4 -
1727 5.28 80.45 13.3

7 ILAO10 1315 7.62 77.64 29.2 -
3370 6.3 99.08 24.1

8 KAUO012 1358 7.62 83.71 39.6 -
3397 6.3 110.11 26.1

9 TCU092 1522 7.62 87.67 32 -
3483 6.3 115.3 27.3

10 SMART1 C00 425 6.5 95.57 153 -
570 7.3 56.01 24

11 SMART]I EO1 426 6.5 93.17 11.6 -
571 7.3 53.31 19.5

12 TAP028 1424 7.62 94.73 27.3 -
3422 6.3 120.55 26.3
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that NFMA strongly excites short-period dynamic

responses in caverns. Although the aftershock response
spectrum is generally lower than the mainshock, certain
period ranges exceed the mainshock spectrum, suggesting
that aftershocks still pose potential threats to underground
caverns in near-fault environments.

Compared to NFMA, FFMA attenuates faster with
period and shows weaker amplification effects. Some after-
shock response spectra in the far-field exceed the main-
shock spectrum, primarily due to aftershocks of
mainshock-aftershock sequence 10 and 11 having greater
magnitudes than their corresponding mainshock. This phe-
nomenon indicates that when aftershock magnitudes
exceed the mainshock, even far-field conditions may trigger
aftershock-dominated failures, so the uncertainty of the
magnitude sequence should be considered in the design.

3 Numerical model
3.1 Engineering background

The underground cavern group of the YLB hydropower
station is located within the left bank of the Dadu river in
Luding county. The YLB engineering is located in the
intersection of multiple faults and belongs to the seismic
fortification zone of intensity VIII. In 2022, an Mg6.8
earthquake occurred in Luding, with the seismogenic fault
identified as Moxi fault in the southeastern segment of the
Xianshuihe fault. The YLB hydropower station is approx-
imately 10 km straight-line distance from the epicenter and
is located within the VIII intensity zone.

Seismic geological hazards in the YLB area exhibit dis-
tinct spatiotemporal characteristics. Major geological haz-
ards occurred with the mainshock, with minor damage
after aftershocks. South of Dewei town, seismic geological
hazards were well developed and severely damaging; while

north of Dewei town, both the development and damage
degree of seismic geological hazards gradually decreased.
Subsequently, multiple aftershocks above magnitude 4.0
occurred in Luding area. The Luding earthquake sequence
represents  a typical mainshock—aftershock sequence
(Fig. 3).

3.2 Model construction

Given that the axial length of the underground caverns
significantly exceeds their cross-sectional dimensions, a
plane strain model is adopted in this study. The plane
strain model has high computational efficiency and has
been proved to be effective in simulating the dynamic
response of the cavern section (Yu & Chen, 2021;
Antoniou et al., 2023). Lv et al. (2009) demonstrated that
the two-dimensional numerical model could effectively
reflect the local surrounding rock dynamic behavior of
the three-dimensional model. A typical unit #4 cross-
section of the YLB underground caverns is selected to
establish a plane strain model including both the main
powerhouse and main transformer chamber. The model
dimension is 348 m x 260 m X 2m (length X height x
width).

The main steps of this simulation are as follows: firstly,
initial stress fields (oy, 0, 0., 7,.) are applied based on mea-
sured in-situ stress data. Then the analysis of cavern exca-
vation is carried out to obtain the stress state before the
earthquake. Then, based on the excavation model, the
adjusted stress time histories of the mainshock—aftershock
sequences are vertically input from the bottom of the
model. Quiet boundaries are applied to the top, bottom,
and sides to suppress boundary reflection waves, as shown
in Fig. 4(a).

According to the monitoring points arranged in the
YLB underground cavern, displacement monitoring points
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Fig. 4. YLB underground cavern model. (a) Dynamic boundary, and (b) location of monitoring points.

are set at the same position in the numerical model to mon-
itor the displacement of the cavern group during the calcu-
lation process (Fig. 4(b)). Local damping is employed, and
the value is 0.1256. The rock mass degradation mechanical
model is adopted. Detailed mechanical parameters refer to
the literature (Chen et al., 2024). The simulation assumes
the most unfavorable scenario of full-face excavation with-
out support.

3.3 Simulation scheme

Seismic sequence observations indicate that strong
mainshocks are often followed by multiple aftershocks.
Statistical studies show that most aftershocks have magni-
tudes lower than the mainshock, typically about 1.2 magni-
tude units lower (Bath, 1965). However, actual seismic
sequence (e.g., the 2016 Kumamoto seismic sequence,
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2018 Lombok seismic sequence, 2019 Ridgecrest seismic
sequence, and 2023 Herat seismic sequence (Zhao & Liu,
2016; Lozos & Harris, 2020; Sasmi et al., 2023; Fu et al.,
2025)) confirms that subsequent ground motion intensity
may be equal to or even exceed the mainshock. Given that
current technology cannot predict whether a secondary
strong earthquake will occur after a strong earthquake, it
is necessary to consider the amplification effects of subse-
quent ground motions in seismic analysis. Therefore, this
study sets the upper limit of 1.2 times the PGAy; for after-
shock peak ground acceleration (PGA4) to cover extreme
scenarios, ensuring the comprehensiveness of cavern seis-
mic evaluation.

Based on the IDA framework, 24 mainshock-aftershock
sequences are constructed to evaluate the seismic perfor-
mance of cavern group. The peak ground acceleration
(PGA) is used as the scaling basis. The PGA of the ground
motions is scaled in 0.1g increments from 0.2g to 1.2g. The
mainshock-aftershock intensity ratio parame-
ter o« = PGA, /PGAy is defined. For each mainshock
intensity level, « = 0.8, 1.0, and 1.2 are adopted to repre-
sent weakening, equal intensity, and amplification, respec-
tively. Scaled mainshock and aftershock acceleration time
histories are combined to form mainshock—aftershock
sequences. For clarity, the seismic conditions are abbrevi-
ated as mainshock only (MS), mainshock-aftershock
sequence with o = 0.8 (0.8MSAS), and so forth. In order
to keep the cavern in a balanced position before aftershock
excitation, free ground motion with a certain time interval
is often added between the mainshock and the aftershock.
Research indicates that the time interval between main-
shocks and aftershocks has minimal impact on cavern
dynamic responses, and the time interval between earth-
quakes can be determined as needed (Pu & Li, 2023; Liu
et al., 2024). Thus, a 5 s interval is applied between the
mainshock and the aftershock. The mainshock—aftershock
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sequences are constructed in the form of mainshock +5 s
interval + aftershock.

4 Nonlinear dynamic response of underground caverns

In this section, Luding earthquake data will be selected
to construct two types of mainshock-aftershock sequence:
NFMA and FFMA. The nonlinear dynamic behavior of
underground caverns under NFMA and FFMA excitation
will be introduced and discussed, and response parameters
such as residual displacement and RFD will be studied.

4.1 Construction of Luding mainshock—aftershock sequences

On September 5, 2022, an M6.8 earthquake occurred in
Luding county, followed by an Mg5.6 strong aftershock on
January 26, 2023, which was the largest in terms of magni-
tude to date. Based on these events, representative NFMA
and FFMA sequences are constructed using records from
the China Earthquake Science Data Center. The near-
fault records are selected from station 5S1LDJ, with an epi-
central distance of 11.66 km and including pulse effects; the
far-field records are taken from station SIHYW, with an
epicentral distance of 90.51 km and a long duration. The
sequence is constructed using the mainshock +5 s
interval + aftershock combination mode. The correspond-
ing acceleration time histories are shown in Fig. 5.

4.2 Model validation

To validate the effectiveness of the plane strain model
and the reliability of numerical analysis, this study com-
pares simulated residual displacements with field monitor-
ing displacement of underground caverns after the Mg6.8
earthquake. The seismic record is input into the model
for dynamic calculations. Then, the on-site monitoring
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Fig. 5. Acceleration time histories of Luding mainshock-aftershock sequences. (a) NFMA, and (b) FFMA.
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data with the post-earthquake displacements from under-
ground caverns greater than 1 mm are selected and com-
pared with the residual displacements at the same
locations in the model. The comparison results are shown
in Table 2. It is critical to note that the values compared
in Table 2 represent the incremental displacement induced
purely by the seismic input, which starts from a post-
excavation equilibrium state. The plane strain model
results are in close agreement with field monitoring data,
with the maximum error within 2 mm. Considering that
the earthquake increment displacement is superimposed
on the displacement caused by the larger excavation (about
tens of millimeters), this error is acceptable on an engineer-
ing scale. Therefore, it can be concluded that the computa-
tional results of the plane strain model are valid.

4.3 RFD of surrounding rock

Accurate determination of the depth of the surrounding
rock relaxation zone is of great significance for analyzing
the stability of the surrounding rock in a large cavern.
To align numerical simulation results with the depth of
the surrounding rock relaxation zone observed in the field,
Jiang et al. (2019) and Feng et al. (2022) proposed the index
of RFD, which can not only directly characterize the frac-
ture position and depth of the surrounding rock, but also
quantitatively express the fracture degree of the surround-
ing rock. It is determined through true triaxial experiments
that the surrounding rock enters a yield state when the
RFD value exceeds 1. Through engineering examples and
laboratory tests, the spatial distribution of RFD is consis-
tent with the results of acoustic wave tests and borehole
photography, which proves its effectiveness in extending
from numerical results to engineering applications. RFD
is defined as shown in Eq. (1).

9 -
T (Pre-peak)

1+e,/ sf/;'im (Post-peak)

RFD = : (1)
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Table 2
Comparison of residual displacement from simulation and field monitor-
ing (unit: mm).

Monitoring point number Monitoring results Numerical results

Py 2.90 0.96
P 1.37 2.96
P, 1.93 278
Py 1.10 1.39

0.8 —1 (Pre-peak fracture)
RFD =< 1—-2  (Post-peak failure) , 4)
2 (Complete structural failure)

where i, 05, and o3 are the maximum, medium, and min-
imum principal stresses respectively; X, Y, and Z are
strength criterion coefficients; g(0,) is the shape function
e
strain to limit value. The range of RFD value is 0 to 2. If
the value exceeds 2, set it to 2.

To better describe the distribution of RFD, this study
focuses only on the yield zones of the surrounding rock
where RFD exceeds 1. Tables 3 and 4, respectively, illus-
trate the characteristics of RFD distribution under NFMA
and FFMA with PGAy\; and PGA amplitude variations.
It is worth noting that the color of RFD in Tables 3 and
4 represents the damage degree of the surrounding rock,
and the redder the color of RFD, the greater the damage
degree of the surrounding rock.

Opverall, aftershocks exhibit a cumulative amplification
and threshold effect on the RFD distribution for under-
ground caverns. Under the same PGA),;, comparing the
four working conditions of MS (¢ = 0), o« = 0.8, o = 1.0,
and o« = 1.2, it can be observed that under the re-
excitation of low PGA,, the depth and range of RFD
expansion of surrounding rock of cavern have increased
to some extent, and with the increase of PGA,, the depth
and area of RFD in cavern surrounding rock shows a sig-
nificant upward trend. Specifically, when the PGA,; is
between 0.2g and 0.4g, the RFD depth of the cavern sur-
rounding rock is shallow and locally isolated. Even under
the aftershock, the depth of RFD still changes little. When
the PGAy is between 0.6g and 0.8¢g, the RFD depth shows
a certain degree of expansion. With the re-excitation of
aftershocks, the RFD depth increases significantly, with
cavern RFD still showing localized isolated distribution.
When the PGAy; > 0.8g, the RFD significantly expands,
especially under o = 1.2 conditions, where RFD tends to
connect or has already connected to form bands. In some
areas, the RFD depth approaches or even reaches the insta-
bility threshold, indicating that the surrounding rock of the
cavern exhibits significant cumulative damage effects and
potential local instability under the mainshock-aftershock
sequence.

The comparison of results in Tables 3 and 4 indicates
that the characteristics of seismic motion do not alter the
locations of instability within the underground cavern.
Regardless of whether subjected to NFMA or FFMA,
the RFD distribution of the caverns is consistently concen-
trated at the left arch shoulder and right arch foot of the
powerhouse, as well as the arch foot and sidewall of the
main transformer chamber. However, it is evident that seis-
mic motion characteristics significantly affect the extension
depth of the RFD. Under MS (o = 0) conditions, the dif-
ferences in RFD distribution between NFMA and FFMA

on the deviatoric plane; af/t/s is the ratio of plastic
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are relatively minor. With the excitation of aftershocks, 6.51, 6.53, and 1591 m for « = 0.8, « = 1.0, and o« = 1.2,
NFMA exhibits more severe effects on the caverns. For  respectively.

instance, when the PGAy,; of the NFMA is 1.2g, the

RFD extension depths at the left arch foot of the main 4.4 Residual displacement of cavern surrounding rock
powerhouse reach 12.11 m and 27.69 m under o« = 0.8

and o = 1.0, respectively. Particularly, under o« = 1.2, a con- Figures 6 and 7, respectively, show the distribution
tinuous RFD band appears between caverns. In contrast, curves of post-earthquake residual displacement of cavern
under FFMA with the PGAy; of 1.2g, the RFD extension surrounding rock varying with surrounding rock position
depths at the left arch foot of the main powerhouse are  under Luding NFMA and FFMA. As shown in the figures,
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as PGA\, gradually increases from 0.2g to 1.2g, the resid-
ual displacement of cavern surrounding rock shows a clear
increasing trend under both the NFMA and FFMA, indi-
cating that mainshock intensity is an important factor con-
trolling surrounding rock residual deformation. Under the
same mainshock intensity, the superposition effect of after-
shock sequences further amplifies the cumulative deforma-
tion of the surrounding rock. Taking monitoring point P,
as an example, under NFMA, when PGA, increases from

0.2g to 1.2g, residual displacement values increase from
1.39 mm to 19.99 mm. With aftershock excitation, residual
displacements under the three conditions 0.8MSAS,
1.0MSAS, and 1.2MSAS at mainshock 1.2g reach 78.41,
123.34, and 151.29 mm, respectively. Under FFMA, when
PGA\; increases from 0.2g to 1.2g, residual displacement
values increase from 5.51 mm to 24.38 mm. With after-
shock excitation, residual displacements under the three
conditions 0.8MSAS, 1.0MSAS, and 1.2MSAS at main-
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shock 1.2g reach 39.84, 47.51, and 57.46 mm, respectively. placement at monitoring point Ps after the mainshock is

It is noteworthy that residual displacement is not monoton- 15.31 mm, while the residual displacement under 0.§MSAS
ically increasing; post-aftershock residual displacement sequence is 7.22 mm. This may be due to the aftershock
may also be smaller than that of the mainshock. For exam-  directionality being opposite to the mainshock, with after-
ple, when PGA); under NFMA is 0.9g, the residual dis-  shock excitation promoting surrounding rock movement in
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Fig. 6. Residual displacement after NFMA excitation. (a) PGAy = 0.2g, (b) PGAy = 0.3g, (c) PGAy; = 0.4g, (d) PGAy = 0.5g, (e) PGAy = 0.6g, (f)
PGAy = 0.7g, (2) PGAy = 0.8g, (h) PGAy = 0.9g, (i) PGAy = 1.0g, (j) PGAy = 1.1g, and (k) PGAy = 1.2g.
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Fig 6. (continued)

the opposite direction, resulting in post-aftershock residual
displacement being smaller than the mainshock.

5 Seismic fragility analysis of underground caverns

From the analysis in Section 4, it can be observed that
different seismic sequences induce distinct nonlinear

dynamic responses in underground caverns. Therefore, to
reasonably assess the seismic performance of underground
caverns, this section conducts a seismic fragility analysis
from the perspective of failure probability based on exten-
sive dynamic calculations. Furthermore, the influence of
aftershocks on the fragility of mainshock-damaged caverns
is quantified.
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5.1 Mainshock—aftershock fragility analysis method

Seismic fragility is one of the core
bilistic seismic risk analysis, defined

probability that a cavern reaches or exceeds a specific limit
state under given ground motion intensity. This function

P
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quantitatively describes how cavern damage evolves with

increasing seismic intensity, providing a complete statistical

concepts in proba-
as the conditional
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Fig. 7. Residual displacement after FFMA excitation. (a) PGAy = 0.2g, (b) PGAy = 0.3g, (¢) PGAy = 0.4g, (d) PGAy = 0.5g, (e) PGAy = 0.6g, (f)
PGAy = 0.7g, (2) PGAy = 0.8, (h) PGAy = 0.9g, (i) PGAy = 1.0g, (j) PGAy = 1.1g, and (k) PGAy = 1.2g.
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characterization of the exceedance probabilities for all limit
states, as indicated in Eq. (5).

Pr = P[DSy > LS;[IMy = x,

(5)
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Fig 7. (continued)

where Py is the fragility function; DSy, is the engineering

demand measure under mainshock; LS; is the ith perfor-
mance level of the cavern; IMy is the intensity measure
of the mainshock; x is the intensity level of the ground

motion.

Studies have shown that under given seismic intensity

measure IMy; = x, the conditional probability that the
engineering demand measure DSy exceeds limit state LS;
typically follows a lognormal distribution. Therefore, the

fragility function can be expressed as Eq. (6):
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PA(DSy > LS|IMy = 1) = (p(ln(IM) — ln(IMMC)>, ()

P

where @ is the standard normal distribution function,
IM\yc is the critical intensity measure for the mainshock,
and f,, is the logarithmic standard deviation of the main-
shock fragility function.

Within the seismic fragility framework for underground
caverns, the above seismic fragility function is termed the
mainshock fragility function. Building upon this, the after-
shock fragility function is developed by introducing post-
mainshock damage state variables, as shown in Eq. (7). It
quantifies the probability of a mainshock-damaged cavern
transitioning to a more severe damage state under subse-
quent aftershock excitation.

Pf == P[LSJ“MMA =X, DSM == LS,-:I, (7)

where LS; is the jth performance level, generally j > i, indi-
cating that aftershocks cause damage exceeding that of the
mainshocks.

The relationship between the mainshock-aftershock
sequence intensity measure IMpy, and the cavern’s
mainshock-aftershock demand measure DSya 1S shown
in Eq. (8):

Pf(DSMA 2 LS_/-|IMMA =X, DSM = LS,)

s <1n(IM) _ﬁ LIL(IMMAC)> 7

(8)
where IMyac is the critical intensity measure for after-

shocks, and f3y;4 is the logarithmic standard deviation of
the aftershock fragility function.

Cement mortar anchor bolt,£,=6 m,,=9 m

5.2 Classification of seismic performance levels

In seismic fragility analysis of underground engineering,
a reasonable classification of damage states is crucial for
establishing reliable fragility relationships. Considering
the on-site support system for the surrounding rock of
the YLB hydropower station underground cavern primar-
ily employs anchor bolts with lengths of 6 and 9 m (as
shown in Fig. 8), this study defines damage states based
on RFD depth while incorporating anchor bolt character-
istics to reflect the interaction between anchor bolts and the
surrounding rock seismic response. Specifically, for the
operational (OP) performance level, the depth of RFD
should be less than the effective control range of 6 m
anchor bolts. Considering the influence range is usually
slightly smaller than the design length, the upper limit of
OP state is set to 4.5 m. When the depth of RFD is
between 4.5 m and the control capability of 9 m anchor
bolts, anchor bolts partially fail but remain repairable,
defined as the repairable (RP) state, with its upper thresh-
old considering the reduction of the 9 m anchor bolt influ-
ence range, set at 7.5 m. When the depth of RFD exceeds
7.5 m, it shows that the support is completely ineffective,
the cavern is in a life safety state (LS), and the depth of
RFD above 7.5 m has obviously exceeded the bearing
capacity of the anchor bolt. To define the limit state of
potential life safety, the final threshold is set at 15 m, so
as to represent the extreme situation that the cavern is close
to collapse. The quantitative thresholds of each perfor-
mance level under the condition of three-level fortification
requirements are shown in Table 5.
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Fig. 8. Top anchor bolt support diagram of the YLB hydropower station main powerhouse. (Unit: m)
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Table 5
Seismic performance levels of underground caverns based on RFD depth.

Threshold L (m)

Design requirement Performance level

Level 1 Operational L <45
Level 11 Repairable 45<L<175
Level III Life safety 75<L<I1S
Table 6

Seismic damage classification of underground caverns based on RFD
depth.

Damage level

Threshold L (m)

Slight damage L <45
Moderate damage 45<L <175
Severe damage 75<L<15
Collapse L>15
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Based on this classification, the seismic damage states of
underground caverns are divided into four levels: slight
damage, moderate damage, severe damage, and collapse,
and the classification standard of seismic damage grade
of cavern based on RFD is established. Specifically, when
RFD < 4.5 m, the cavern is in a slight damage state; when
4.5 m < RFD < 7.5 m, it is in a moderate damage state;
when 7.5 m < RFD < 15 m, it is in a severe damage state;
when RFD > 15 m, it is in a collapse state, as shown in
Table 6.

5.3 Fragility analysis

PGA has become the principal strength parameter in
most seismic design codes due to its advantages of strong
correlation with dynamic response and easy extraction. In
addition, PGA is often selected as the intensity measure
in seismic fragility analysis (Guo et al., 2024; Cui et al.,
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Fig. 9. Effect of varying aftershock intensities on failure probability under NFMA. (a) Operational, (b) repairable, and (c) life safety.



252 P. Chen et al. | Underground Space 27 (2026) 236-258

2025). Therefore, PGA is chosen as the intensity measure in
this study. Based on Eq. (6), the probability that the near-
fault and far-field ground motions of underground cavern
reach three limit states under the action of the mainshock
and mainshock—aftershock is calculated, and the seismic
fragility curves for aftershocks of varying intensities are
obtained (Figs. 9 and 10).

From the morphological characteristics of fragility
curves, it can be observed that compared with the main-
shock fragility curves, the mainshock—aftershock sequence
curves shift leftward, and the magnitude of this shift
increases with aftershock intensity. This phenomenon is
evident across all three damage states, intuitively reflecting
the cumulative effect of aftershocks on the damage proba-
bility of underground caverns. At the same PGAy,, the
exceedance probability of fragility curves increases with
increasing PGA 4.
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For NFMA, each 0.1g increase in aftershock intensity
results in an average exceedance probability increase of
54.74%, 46.55%, and 38.10% for the OP, RP, and LS states,
respectively. For FFMA, the corresponding increases are
48.50%, 31.91%, and 17.37%. These results show that the
influence of aftershocks on the fragility of underground
caverns cannot be neglected, and only considering the
mainshock in seismic assessment would obviously underes-
timate the cavern’s dynamic response. It is particularly
noteworthy that the damage probability of aftershocks to
underground caverns is significantly different under differ-
ent PGA and damage states of mainshock, which indicates
that the damage probability of underground caverns under
sequential ground motions is strongly dependent on the
damage state of mainshock.

The exceedance probability of underground caverns
under NFMA and FFMA is shown in Table 7. Under
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Fig. 10. Effect of varying aftershock intensities on failure probability under FFMA. (a) Operational, (b) repairable, and (c) life safety.
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Table 7
Exceedance probability of underground caverns under different ground motion intensities under different ground motion.
Type PGAwM (2) Exceedance probability (%)
MS 0.8MSAS 1.0MSAS 1.2MSAS
(0)34 RP LS (0)3 RP LS OP RP LS (0)3 RP LS
Near-fault 0.2 15.56 0.67 0 16.41 079 0 17.27 088 0 20.81 093 0
0.3 39.91 641 0 43.49 649 0 54.12 6.63 0 84.57 728 0
0.4 61.08 2146 0.16 68.21 2240 0.16 83.32 2820 0.25 98.98 4876  0.44
0.5 75774 40.19 193 83.35 43.17 195 9492  56.87 295 99.96 8585 6.40
0.6 85.05 57.72 8.77 91.50  62.06 9.27 98.55 7840 12.75 100.00 97.60  26.65
0.7 90.76  71.55 22.58 95.67 76.19 24.25 99.59  90.39  30.67 100.00 99.69  55.42
0.8 9424 8143 40.87 97.78 85.62 4381 99.88  96.02 51.73  100.00 99.97  78.65
0.9 96.37 88.11 59.07 98.84 91.51 62.65 99.97 9842 70.10 100.00 100.00 91.54
1.0 97.68 9246 73.93 99.39 9505 77.35 99.99  99.38 83.15 100.00 100.00  97.09
1.1 98.50 9523 8446 99.67 97.13 87.24 100.00 99.76 91.18 100.00 100.00  99.10
1.2 99.02  96.99 91.21 99.82 9834 9320 100.00 9991 95.63 100.00 100.00 99.74
Far-field 0.2 4.46 0.13 0 491 013 0 6.25 013 0 10.07 021 0
0.3 17.68 197 0 17.99 197 0 22.01 216 0 30.34 339 0
0.4 32.67 8.19  0.01 34.75 8.42 0.01 40.86 9.77  0.03 51.07 13.68  0.09
0.5 4690 19.11 0.27 50.56 19.81 0.30 5747 2324 0.55 67.25 29.90  1.20
0.6 58.92 3262 220 63.53 33.86 234 70.23  39.34  3.58 78.52 4747  6.15
0.7 68.50 46.32  8.55 7346 4797 8.89 79.41 5473 12.06 85.99 62.88 1743
0.8 75.92  58.63 20.88 80.78 60.48 21.41 85.81 67.59 26.54 90.85 74.80  33.97
0.9 81.59 68.85 37.54 86.09 70.72 38.12 90.20 7745 4421 93.98 83.34 5195
1.0 85.88  76.92 5490 89.90 78.67 55.41 93.20 84.61 61.20 96.01 89.17 67.81
1.1 89.13  83.09 6991 92.64 84.63 70.28 9526 89.63 7497 97.32 93.03  79.85
1.2 91.59 87.70 81.22 94.61 89.01 81.44 96.67 93.06 84.82 98.19 95.54  88.05
Difference in average exceedance probability 14.46 15.44 16.77 20.00
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Fig. 11. Relationship between mainshock damage index DSy and cumulative damage index DSy under sequence-type ground motion. (a) NFMA, and

(b) FFMA.

the same PGA\, level, NFMA shows greater failure prob-
ability. For example, under NFMA, when the PGA, is
0.4g in MS condition, the probabilities of exceeding the
OP, RP, and LS levels are 61.08%, 21.46%, and 0.16%,
respectively. Under FFMA at the same level, these proba-
bilities are 32.67%, 8.19%, and only 0.01%, respectively. To

more intuitively compare the differential effects of NFMA
and FFMA on the probability of cavern failure, the prob-
ability difference between NFMA and FFMA is calculated
for each condition at the same PGA);. The arithmetic
mean of this difference is computed over all analyzed
PGA\ levels. Therefore, the average fragility probability
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under NFMA is found to be 14.46%, 15.44%, 16.77%, and
20.00% higher than that under FFMA for the four scenar-
iosof x =0, =0.8, « = 1.0, and « = 1.2, respectively. This
indicates that the pulse characteristics and high-frequency
components of NFMA induce more severe cumulative
damage effects on underground caverns. These findings
highlight the significant influence of ground motion charac-
teristics on aftershock fragility assessment and provide an
important reference for seismic design of caverns under dif-
ferent seismic environments.

5.4 Aftershock fragility analysis associated with damage
states

Based on the numerical results from 1056 nonlinear
dynamic analyses, this section further investigates the evo-
lution of damage states of underground caverns in different
mainshock-induced damage states under the re-excitation
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of aftershocks. Figure 11 illustrates the relationship
between the mainshock damage index DSy and the main-
shock—-aftershock cumulative damage index DSya. For
both NFMA and FFMA, the data points exhibit a clear
upward trend, indicating that as the initial damage induced
by the mainshock increases, the cumulative damage after
the aftershock also correspondingly increases. This demon-
strates that the final damage state of underground caverns
is determined not only by the intensity of the aftershock
but also strongly influenced by the initial damage level
caused by the mainshock. From the distribution character-
istics of the scatter plots, it can be seen that the vast major-
ity of data points are located above the 45-degree diagonal
line (DSy = DSpa), directly confirming the amplifying
effect of aftershocks on cavern damage. Moreover, even
under the same level of mainshock damage, the cumulative
damage index DSy exhibits different evolutionary pat-
terns with increasing mainshock damage. This phe-
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Fig. 12. Aftershock fragility curves for different damage levels under the same DSy state of NFMA. (a) DSy = DS;, (b) DSy = DS,, and (c¢)

DSy = DS;.
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nomenon indicates that aftershocks are not simply linearly
superimposed on the existing damage but involve complex
nonlinear cumulative effects.

Comparing Fig. 11(a) and (b), it can be observed that
under NFMA, the data points are concentrated in the sev-
ere damage region DS;, whereas under far-field ground
motions, the data points are mainly distributed in the slight
damage DS, and moderate damage DS, regions. This indi-
cates that NFMA tends to induce more severe initial dam-
age during the mainshock stage. Furthermore, within the
DS, and DS, regions of the mainshock, a higher propor-
tion of data points under NFMA show transitions from
DS, in the mainshock to DS, and DS; in the mainshock—
aftershock sequence, as well as from DS, in the mainshock
to DS; in the sequence. This finding demonstrates that
NFMA also exhibits a stronger cumulative damage capa-
bility during the aftershock stage.

Section 5.3 focuses on analyzing the probabilities of
underground caverns reaching different damage limit states
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under mainshock-aftershock sequences. To quantitatively
reveal the effect of aftershocks on cavern damage evolu-
tion, aftershock fragility curves are constructed for differ-
ent limit states DSy corresponding to the same
mainshock damage state DSy. The aftershock fragility
curves under NFMA and FFMA are shown in Figs. 12
and 13, respectively.

From the aftershock fragility curves corresponding to
different mainshock damage states (DSy= DS;, DS,,
DS;), it can be observed that the curves for NFMA exhibit
a steeper shape compared to those for FFMA. Moreover,
the fragility curves are overall shifted closer to the left side
of the horizontal axis under NFMA, indicating that
NFMA is more likely to induce state transitions in under-
ground caverns under the same aftershock intensity. For
instance, when the PGA, under NFMA is 0.9g, if the
mainshock-damaged cavern is in a slight damage state
DS;, the probabilities of transitioning to moderate damage
DS,, severe damage DS;, and collapse DS, after the
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Fig. 13. Aftershock fragility curves for different damage levels under the same DSy state of FFMA. (a) DSy = DSy, (b) DSy = DS,, and (c) DSy = DS;.
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aftershock are 98.56%, 79.74%, and 0.76%, respectively. If
the mainshock-damaged cavern is in a moderate damage
state DS,, the probabilities of transitioning to DS; and
DS, after the aftershock are 96.95% and 21.12%, respec-
tively. If the mainshock-damaged cavern is in a severe dam-
age state DS;, the probability of transitioning to collapse
DS, after the aftershock reaches 53.51%. By contrast,
under FFMA with PGA, of 0.9g, if the mainshock-
damaged cavern is in a slight damage state DS;, the prob-
abilities of transitioning to DS,, DS;, and DS, after the
aftershock are 58.21%, 10.58%, and 0.53%, respectively.
If the mainshock-damaged cavern is in a moderate damage
state DS,, the probabilities of transitioning to DS; and DS,
after the aftershock are 53.06% and 1.95%, respectively. If
the mainshock-damaged cavern is in a severe damage state
DS;, the probability of transitioning to DS, after the after-
shock is 26.17%.

These results indicate that caverns in damaged states
after mainshocks can readily transition into more severe
damage states under aftershock excitations. Moreover, as
the mainshock-induced damage level increases, the seismic
redundancy of cavern decreases significantly, and brittle
failure characteristics under aftershocks become more pro-
nounced. Particularly, when the cavern reaches the severe
damage state DS; after the mainshock, even relatively
small aftershock intensities may trigger catastrophic col-
lapse. This pattern of cumulative damage and state transi-
tions highlights the progressive failure mechanism of
underground caverns under sequential seismic actions
and reveals the state-dependent characteristics of damage
accumulation following the mainshock. The distinct differ-
ences in aftershock fragility characteristics between NFMA
and FFMA further underscore the importance of consider-
ing ground motion type characteristics in the seismic design
of underground structures.

6 Conclusions

This study establishes a probabilistic seismic fragility
framework that incorporates ground motion type and
sequence characteristics. Based on extensive nonlinear
dynamic analyses, the following principal conclusions are
drawn:

(1) The surrounding rock of underground caverns exhi-
bits significant cumulative damage effects under
mainshock-aftershock sequences. As the PGA4
increases, both the residual displacement and RFD
of the underground cavern group further increase.
Particularly under  high-intensity  mainshocks
(=0.8g) and strong aftershocks, the failure distribu-
tion pattern of the cavern transitions from uniform
to non-uniform. The surrounding rock of the caverns
exhibits RFD banding expansion and tends to con-
nect, with significant residual displacement peak phe-
nomena observed around caverns, showing typical
non-linear cumulative damage characteristics.

(2) Comparative analysis of RFD and residual displace-
ment distributions under NFMA/FFMA reveals that
the left arch shoulder and right arch foot of the main
powerhouse, as well as the arch foot and sidewall of
the main transformer chamber, exhibit deeper RFD
extension, indicating potential weak zones in seismic
design, which should be given priority for strength-
ened support. Furthermore, NFMA has greater
destructiveness to underground caverns than to
FFMA.

(3) The impact of aftershocks on cavern fragility cannot
be ignored, as the fragility probability of under-
ground caverns increases significantly with aftershock
excitation. For NFMA (¢ = 0.8-1.2), each 0.1g
increase in PGA 4 results in average exceedance prob-
ability increases of 54.74%, 46.55%, and 38.10% for
underground caverns in OP, RP, and LS states,
respectively, which is significantly higher than that
of FFMA. This indicates that methods considering
only mainshocks significantly underestimate the
instability probability of caverns under sequence-
type ground motions.

(4) Aftershock fragility is strongly related to the
mainshock-damaged state for underground caverns.
With the increase in the mainshock-damaged state
of the underground cavern, the probability of reach-
ing the same DSy under equivalent PGA, is signif-
icantly increased. The collapse probability of
underground caverns after 0.9g aftershocks in
NFMA increased from 0.76% in DS; to 21.12% in
DS, and 53.51% in DS;. Under the same PGA,4 in
FFMA, the collapse probability increased from
0.53% in DS; to 1.95% in DS, and 26.17% in DS;.
This highlights the urgent need for fragility re-
assessment after the mainshock.

(5) Ground motion type has a significant impact on the
seismic stability assessment of underground caverns.
Compared to FFMA, fragility curves under NFMA
exhibit obvious overall “leftward shift” phenomena,
indicating that NFMA has a higher probability of
causing various damage levels of underground cav-
erns. Specifically, the NFMA shows average proba-
bility increases of 14.46%, 15.44%, 16%, and 20.00%
compared with the FFMA under the four conditions
of only mainshock, « = 0.8, o« = 1.0, and o« = 1.2,
respectively. Therefore, in the seismic performance
evaluation and design of underground caverns
located in near-fault regions, it is essential to fully
consider the unique damage characteristics of near-
fault ground motions and the cumulative damage
effects induced by mainshock—aftershock sequences.

This study provides a comprehensive fragility frame-
work, but it also has certain limitations. Firstly, the analy-
sis relies on numerical simulation, and its accuracy depends
on the constitutive model and parameters adopted. Com-
pared with the empirical methods directly derived from
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on-site damage data, although our method is very effective
for scenario analysis and inference, it needs to be carefully
calibrated to ensure authenticity. Moreover, strong earth-
quakes are often accompanied by multiple aftershocks. In
this study, only the mainshock + single aftershock
sequence is considered, and the potential cumulative dam-
age and fragility analysis under the mainshock + multiple
aftershock sequence needs further study.
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