o.)

Check for
updates

Available online at www.sciencedirect.com o, [

ScienceDirect

Underground Space

Underground Space 26 (2026) 175-196 Ve
www.keaipublishing.com/undsp

Research Paper

Probabilistic seismic response analysis of tunnel linings
considering coupled rock mass property and earthquake
excitation uncertainties

Xiancheng Mei "™, Jiajun Wu*“*, Baiyi Li", Zhen Cui™*, Chong Yu™*,
Qian Sheng *°, Jian Chen **

4 State Key Laboratory of Geomechanics and Geotechnical Engineering Safety, Institute of Rock and Soil Mechanics, Chinese Academy of Sciences,
Wuhan 430071, China
®State Key Laboratory of Intelligent Construction and Healthy Operation and Maintenance of Deep Underground Engineering, Xuzhou 221116, China
¢ University of Chinese Academy of Sciences, Beijing 100049, China

Received 14 July 2025; received in revised form 29 August 2025; accepted 31 August 2025
Available online 19 November 2025

Abstract

Tunnel lining seismic performance is significantly influenced by the spatial variability of geological parameters and the uncertainty of
earthquake excitation factors, which are conventionally treated in isolation. This study proposes a novel probabilistic framework that
integrates random field theory with an enhanced Clough—Penzien spectrum to concurrently model both uncertainty sources. The
approach offers a more realistic and integrated assessment of seismic risk for tunnels under complex geological and loading conditions.
The case analysis of a railway project reveals that considering both spatial variability of rock mass and uncertainty in seismic excitation
leads to significant increases in internal forces and their variability, with mean values rising up to 278.9% and coefficients of variation
(COV) up to 262.8%, compared to single-factor random analyses. The non-normal distribution of responses under seismic uncertainty,
combined with the broader dispersion from rock variability, necessitates integrating both random factors for reliable seismic perfor-
mance assessment of tunnels. Parametric studies demonstrate spectral parameters, including initial circular frequency (wo), equivalent
damping ratio (&,), and peak acceleration (amayx), significantly influence results: increasing wo and £, markedly reduces both the mean
and COV of lining mechanical response-by up to 83.5% and 82.5%, respectively-potentially underestimating failure risk and underscoring
the need to adopt lower-bound values in design for enhanced safety. Meanwhile, a,,x positively correlates with mean structural response,
while variability in internal forces follows distinct trajectories; moreover, the interaction between rock spatial variability and seismic
uncertainty raises failure probabilities by 3%-38%, emphasizing the necessity of integrating both randomness sources, especially in
high-intensity seismic regions.

Keywords: Tunnel lining structure; Spatial variability; Random earthquake excitation; Random field; Clough—Penzien power spectrum; Random dynamic
response

1 Introduction

The global proliferation of transportation infrastructure

has led to a substantial increase in tunnel construction

* Corresponding author at: State Key Laboratory of Geomechanics and traversing seismically active regions (L. Wang et al.,
Geotechnical Engineering Safety, Institute of Rock and Soil Mechanics, 2024; Mei et al., 2023; Cui et al., 2024). These underground
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Historical seismic events, including the 1923 Kanto
(Japan), 2004 Niigata (Japan), 1999 Chi-Chi (Taiwan,
China), and 2008 Wenchuan (China) earthquakes, have
demonstrated the vulnerability of tunnel linings to seismic
forces, resulting in the consequences of catastrophic struc-
tural failures and substantial economic losses (Wang et al.,
2021; Chen et al., 2023; Yao et al., 2024; Singh et al., 2018).
These documented cases underscore the critical need for
comprehensive seismic reliability assessment of tunnel lin-
ings. Traditional deterministic methods, which rely on
deterministic earthquake excitation mean property values,
fail to adequately account for uncertainties during earth-
quake events, leading to incomplete assessments. A proba-
bilistic analysis that considers geological and earthquake
excitation uncertainties is essential for an aseismic perfor-
mance evaluation of tunnel linings.

The seismic performance of tunnel linings is profoundly
affected by the spatial variation of surrounding rock mass
properties. Natural sedimentary processes induce signifi-
cant spatial heterogeneity in rock properties across both
horizontal and vertical dimensions (Li et al., 2024;
Khosravi-Hajivand & Johari, 2024), introducing consider-
able uncertainty in rock mass parameter characterization.
This geological variability has prompted extensive research
into its engineering implications, particularly for slope sta-
bility (Zhang et al., 2015; Ding et al., 2023; Jiang et al.,
2015; Renani et al.,, 2019; Johari & Rahmati, 2019;
Johari & Fooladi, 2022), foundation bearing capacity
(Wu et al., 2019; Jerez et al., 2024; Li et al., 2015; Johari
& Talebi, 2021), and settlement analysis (Alibeikloo
et al., 2022; Johari et al., 2019; Fenton & Griffiths, 2002;
Zhang et al; 2023; Zhang et al; 2024; Dong et al., 2024;
Johari & Sabzi, 2017). The tunneling community has par-
ticularly focused on this phenomenon (Napoli et al.,
2021; Huang et al.,, 2017; Chen et al., 2019). Tunnel
dynamic analyses have also advanced significantly, with
Wu et al. (2024) developing a dimension-reduction spectral
representation method for efficient simulation of soil prop-
erty variability in seismic reliability assessments. Studies by
Zhang et al. (2025) on station structures and Wang et al.
(2022) on liquefiable soils have collectively demonstrated
the critical importance of accounting for the spatial vari-
ability of rock mass properties in tunnel engineering, par-
ticularly for seismic performance evaluation.

The dynamic response analysis and seismic safety evalu-
ation of structures must account for the inherent variability
and uncertainty in earthquake excitations. The spectral
representation (SR) method has become a fundamental
approach for simulating random seismic motions since
Housner’s (1947) pioneering work modeling earthquakes
as stochastic processes. This method is particularly valu-
able for engineering applications due to its ability to accu-
rately capture key ground motion characteristics, including
amplitude variations, duration effects, and spectral proper-
ties, while maintaining rigorous theoretical foundations for
modeling fully nonstationary seismic processes (Sun et al.,
2024; Huang & Chen, 2009; Pang et al., 2018a). Over the

past decades, SR method has proven effective in generating
artificial earthquake excitations for structural analysis. For
instance, Pang et al. (2018b) applied the SR-random func-
tion method to assess the safety of high concrete-faced
rockfill dams under pulse-like and non-pulse-like seismic
loads. Similarly, Xu et al. (2024) integrated SR with rockfill
softening and shear strength variability to develop a frame-
work for dam slope stability evaluation. Ji et al. (2021)
combined SR with the Newmark method to analyze slope
displacements, highlighting the substantial impact of seis-
mic uncertainty on stability. Additionally, Chen and Li
(2025) employed SR for stochastic dynamic analysis and
reliability assessment of reinforced concrete structures
under stochastic ground motions. A key consensus from
these studies is that seismic uncertainty critically affects
structural performance, and SR method provides an effec-
tive means to assess stochastic dynamic responses. How-
ever, research on tunnel structures remains limited,
particularly regarding their seismic behavior and safety
evaluation under stochastic earthquake conditions.

The present study develops an analytical framework for
evaluating the stochastic response of tunnel lining struc-
tures that addresses critical limitations in current research
by concurrently incorporating the spatial variability of
rock mass properties and earthquake excitation random-
ness. While existing studies have typically examined these
uncertainty sources in isolation or relied on oversimplified
deterministic assumptions, this approach integrates ran-
dom field theory for characterizing rock mass spatial vari-
ability with an improved Clough-Penzien (C-P) power
spectrum model that properly accounts for non-
stationary ground motion characteristics through random
function methodology. The dynamic response of the
mechanical behavior of the lining is then rigorously
assessed through Monte Carlo Simulation (MCS), over-
coming the common simplification of using deterministic
or single-random-factor analyses. A systematic investiga-
tion of key seismic parameters, including initial circular fre-
quency (wg), equivalent damping ratio (&), and peak
acceleration (an.x), further addresses the current lack of
parametric sensitivity studies in tunnel seismic design.
The methodology and findings presented herein contribute
to more reliable performance predictions for underground
structures by advancing beyond the limitations of prevail-
ing deterministic or partial-probabilistic approaches.

2 Methodology
2.1 Random field theory

Rock mass behavior is fundamentally governed by min-
eral composition, stress history, and burial depth (Ching &
Phoon, 2013a; Cao & Wang, 2014). Significant property
variations exist both between lithological units and within
homogeneous rock types, a phenomenon termed spatial
variability. This inherent heterogeneity critically influences
deformation mechanisms and failure patterns, making its
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proper characterization essential for seismic design of tun-
nel lining structures. Random field theory (Vanmarcke,
1983) has become the standard approach for quantifying
such spatial variations. Auto-correlation functions (ACFs)
play a pivotal role in random field applications by estab-
lishing spatial relationships between geological parameters.
While field investigations provide valuable data, they often
fail to fully capture geological complexity due to practical
constraints. Consequently, theoretical ACFs have been
widely adopted (Phoon et al., 2003; Luo et al., 2018), with
the two-dimensional squared exponential ACF emerging as
the most prevalent model due to its computational effi-
ciency and empirical validity.

where 7, and 7, are the horizontal and vertical distances
between any two points in the random field; é, and 9,
are the horizontal and vertical scale of fluctuation (SOF),
respectively. Accurate quantification of SOFs presents sig-
nificant challenges in field applications due to the require-
ment for dense, localized measurements. To address this
limitation, this study employs the maximum likelihood esti-
mation (MLE) methodology (Ching et al., 2011) as an effi-
cient solution for SOF determination under data-
constrained conditions.

o (-2 ()

This methodology establishes a practical approach for
estimating SOFs from limited uniaxial compressive
strength (o.;) field data, with the derived correlation char-
acteristics being extendable to simulate random fields of
other rock mechanical parameters. The transferability of

w22 (5)) w2t )

these parameters is grounded in the fundamental consis-
tency of spatial variability patterns observed across
geotechnical properties, as noted by Fenton et al. (2005).
This consistency arises from shared geological formation
processes and subsequent stress-weathering histories that
collectively influence the spatial distribution of various
geomechanical properties. The approach proves particu-
larly valuable in engineering practice, where comprehensive
field data for all parameters are typically unavailable.

0. can be represented as a spatially variable field
{oei(xi, i, zi): i = 1,---,n}, where (x;, y;, z;) is the coordinate
of location for the i-th rock core, and # is the total number
of data points. To ensure physically meaningful positive
values during stochastic sampling, all geotechnical para-
meters are modeled using lognormal distributions. The
mean value p,,, and standard deviation oy, of

In(o.(x,y,z)) can be estimated as

1 n
oy o D I [0, 3, 21)], 2)
i=1

1 n
Oln (o) ~ \/Z Zl: In {[O—Ci(xivyiﬁzi)] — Hin (Uci)}z' (3)

Assuming the SOF of the two-horizontal direction (x, y)
are identical to dy, the covariance matrix of In(o.{x,y,z)) is
as follows:

xp (

| exp< :

) /(Ag:n)z n (A;i >2>

(4)

where Ah;; = \/(x,- —xj)z + (» —y_i)z, Az;; = {z,- —zj‘ are
the horizontal and vertical distances, respectively, between
the i-th and j-th rock cores. The likelihood function
L{0n, oy|In[o¢(x;,y;,2:)] :i=1,---,n} of o and I, is
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The maximum value of L{dy,d,In[oc(x;,y;,z)]:
i=1,---,n} represents the maximum likelihood estimate,
which serves as the optimal solution for o, and J,.

Bringing the results of d; and o, into Eq. (1) can get the
theoretical ACF of the project. Based on this, the lognor-
mal random field G can be obtained by the Karhunen—
Loeve (K-L) expansion method:

My

G=> Vit ), (6)

where &, is a set of independent standard normal distribu-
tion random variables; 4, and ¢,(x) are the eigenvalues and
eigenfunctions of the ACF, respectively; M is the number
of terms of the series expansion.

In summary, the random field of rock parameter X can
be generated by the mean value u,, coefficient of variation
COVy(coefficient of variation: standard deviation/mean),
and SOFy (dny, dvy). Calculate the mean value and stan-
dard deviation of the logarithm of X random field by

o = (/1 COV2 ) ™)

gy = \/In (1 +COVY). (8)

The value of the random field Fy(x;,y;) at any position
(x;,y;) In space is

Fy(xi,y;) = exp [ty + onx - G(xi, ;)] )

2.2 Uncertainty in earthquake generation

Measured earthquake time history records exhibit
inherent stochasticity and non-stationarity, which conven-
tional simulation methods often inadequately represent
(Z. Wang et al., 2024). This study employs an improved
C-P spectrum (Deodatis, 1996) to generate more realistic
non-stationary earthquake excitations. The bilateral power

In [Uci(xlayl 721)] ~ Hin (o)
In [06i(x%2, 2, 22)] = fin (6) (5)

X Z (5}17 50)71

In [Gci(xnayrnzn)] — Uiy (oci)

spectral density function for fully nonstationary excitation
follows Cacciola and Deodatis (2011):

Sy = A%(t) x l 2”4 . ]
’ [0 — i ()] + 4& i (1 w?

(1) + A& 0} (1) w?

[ 2 2 ? 232 2
) —cog(t)} +4&oi(Ho

X So(t). (10)

The parameters of the evolved power spectrum are
shown in Egs. (11)-(16) (Pang et al., 2021):

A = [Lexp (1 —2)]‘17 (11)
wg(t):wofa%, (12)
&) =&+ b, (13)
wr(t) = 0.1, (1), (14)
&i(t) = &e(1), (15)
So(?) T (16)

T Prog()[28,() + 1/&,(1)]

where A(¢) is the time modulation function, ¢ represents the
occurrence time of peak acceleration, d is the shape control
parameter, .., is the peak acceleration of the earthquake
excitation, T represents the duration of the earthquake
excitation, wy and &, are the initial circular frequency
and equivalent damping ratio, respectively, which are
determined by the site characteristics and the design earth-
quake grouping. Additional site-specific coefficients include
a, b, and the equivalent crest factor y.

The SR-random function method, which is shown in
Eq. (17), provides a framework for characterizing this
non-stationary excitation process, effectively capturing the
temporal and spectral evolution of earthquake excitations.
This approach enables the synthesis of realistic acceleration
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time histories that properly account for both the frequency
content variation and amplitude modulation observed in
actual earthquake records.

Xg(t) = ZN: ZSXg (t, (,OK)A(D[COS (wKt)XK + sin ((,UKt) YK],

(17)

where wg = KAw. The frequency separation must be small
enough to meet the accuracy criteria. The upper cut-off fre-
quency is set equal to 240 rad/s, while the Aw is set equal to
0.15 rad/s. Xk, Yg are the standard orthogonal random
variables that satisfy the following conditions:

E[Xx] = E[Yx] = E[XxYk] =0, (18)
E[XXx] =E[Y;Yk| =k, (19)

where E[-] represents the mathematical expectation and ;¢
is the Kronecker function. In the stochastic process, Xx
and Y can be set to be functions of the basic random vari-
able ©:

Xi =V2cos (KO + 1 /4), (20)
Y =V2sin (KO +n/4),K=1,2,---,N, (21)

where O is a random variable uniformly distributed on
[0, 2r]. By constructing Xx and Y in this way, the require-
ments of Egs. (18)-(19) can be satisfied.

To ensure compliance with seismic design codes, the
generated acceleration time histories must satisfy the
desired response spectrum. The average response spectrum
(Sar (o, {)) of simulated earthquake excitations typically
exhibits deviations from the target design spectrum (Stp
(w, {)). These discrepancies are quantified using two key
error metrics: the mean relative error (&, < 5%) and max-
imum relative error (gnax < 10%). When these tolerance
thresholds are exceeded, spectral modification becomes
necessary to achieve code-compliant seismic inputs.

Ny

1 Sto(Tk, ) _SAR(TIOC)‘ 2
m =N ; Sto(Tk, () ’ @)
B Sto(Tk, () — Sar(Tk, ()

where ( is the structural damping ratio, typically 0.05, T is
the K-th discrete point of the response spectrum, and N is
the total number of discrete points. When &, and ¢, can-
not be satisfied, Sk, needs to be corrected according to Eq.

(24):

S, (t, 0), 0<o<ao,

S)"(g(tv CU)m-H = (24)

. Stp (@) ’
SXg(la CO)m SAR(U%C)Z , >
where Sy (t,),,, and S; (#,®), represent the evolved
power spectra after the m-th and (m + 1)-th iterations,
respectively. w. is the cutoff frequency, which is taken as
1.5 rad/s.

2.3 Performance function of tunnel lining system

Modern tunnel design primarily utilizes limit state
approaches. This approach encompasses both serviceabil-
ity limit states, controlling functional requirements like
crack width and deformation, and ultimate limit states
(ULS), ensuring structural integrity under extreme loading
(Kroetz et al., 2018). This study concentrates specifically on
ULS performance, as tunnel structures in seismic regions
are typically governed by ultimate capacity considerations
rather than serviceability requirements. The failure mecha-
nism is characterized by three limit state functions (LSF)
(Egs. (25)-(27)) evaluating bending moment (M), axial
force (N), and shear force (V) capacities (Guo et al.,
2019). Structural failure occurs when any force component
exceeds its capacity, mathematically indicated by a negative
LSF value. LSFs account for each force component’s dis-
tinct behavior: N uses a single limit state function because
it is a completely positive value, while M and V are evalu-
ated using absolute values to consider their sign-reversing
characteristics. This approach addresses all critical loading
scenarios that may occur during seismic excitation.

LSFM = Mlimit - |M|max7 (25)
LSFy = Niimit — Nmax, (26)
LSEy = Vimit — |V | s (27)

where Miimit, Niimit, and Vyymic are the limit states of M, N,
and V, respectively. This study employs deterministic limit
state capacities (Miimii, Niimit> Vimic) In the analysis, as their
inherent uncertainties are negligible compared to the sub-
stantial spatial variability of rock mass properties (Kroetz
et al., 2018).

2.4 Reliability analysis using MCS

This study conducts a reliability analysis of tunnel lin-
ings under earthquake action, considering the uncertainty
of rock mass properties and earthquake excitations using
MCS. The probability of failure (Py) is determined through
repeated random analyses with randomized input parame-
ters (rock mass properties and earthquake excitations),
where failure occurrences are counted when the response
exceeds LSFs (Guo et al., 2019). The simulation employs
a convergence criterion based on the coefficient of variation
of Pr (COVps < 5%), ensuring statistical reliability of
results. This threshold determines the required number of
MCS realizations (Nycs), balancing computational effi-
ciency with result accuracy.

1 — P
COVpr =4/ Nucs Pr (28)

During reliability analysis with MCS, P; was obtained
using the following equations:



180 X. Mei et al. | Underground Space 26 (2026) 175196

1 Nwmcs
P = 1, 29
' NMCS; 2
0 if LSF,,LSFy,LSE, > 0,
1_{ R Bt B (30)
1 else,

where [ is an indicator function. The 7 of a failure case is a
random variable that takes a value of 1 when any of the
LSFs is negative, meaning that the structure has failed,
and a value of 0 when the LSFs are all positive. Although
computationally demanding, MCS is employed in this
study due to its robustness and ability to handle complex
reliability problems involving multiple failure modes and
coupled uncertainties (rock properties and earthquake
excitations).

2.5 Implementation procedure

Figure 1 illustrates the schematic workflow of this study,
consisting of six key steps, summarized as follows:

Step 1: Determine statistical parameters, including tun-
nel dimensions, concrete properties, and the mean of rock
properties, based on engineering data and laboratory tests.
A tunnel model was developed using the finite element
method (FEM) and ABAQUS software.

Step 2: Determine the parameters of random fields and
C-P power spectrum.

Step 3: Generate Nycs sets of random fields using K-L
expansion methods described in Section 2.1 and Nyqcs sets
of random earthquake excitations using the method
described in Section 2.2.

Step 4: Replace the rock mass parameter values in the
original tunnel model with those derived from the random
fields. Also, the original earthquake excitation needs to be
replaced by random earthquake excitations.

Step 5: Compute the Ny;cs sets of random models and
extract the corresponding results.

Step 6: Perform a statistical analysis of the results for the
assessment of the tunnel’s dynamic response.

3 Case study
3.1 General description

This study investigates the T-Tunnel on a railway route
(Fig. 2), located in a region characterized by pronounced
north-south topographic gradients and significant terrain
undulations. The tunnel alignment traverses elevations
between 2135 and 3775 m, encompassing relative elevation
differences of 1100 to 1500 m.

In compliance with Seismic Ground Motion Parameters
Zonation Map of China (Institute of Geophysics, China
Earthquake Administration et al., 2015), the T-Tunnel site
is characterized by a design peak ground acceleration of

Engineering data and
indoor tests

[
v

. . . Determine the C-P .
Determine simulation ) Determine the random
. . power spectrum
information ) ] field parameters
parameters
Generate Ny sets of
Construct the FEM ) N Generate Nycs sets of
random earthquake
tunnel model o random fields
excitations

A 4

Establish Ny sets of random FEMs

!

Calculate Nycg sets of random FEMs and
obtain results

I

Statistical analysis of tunnel’s lining
strength

|

=

Fig. 1. Flowchart of the framework of this research.
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Fig. 2. Location of the study area. (a) T-Tunnel topography diagram, and (b) entrance and exit of the T-Tunnel.

0.20g for Class II site conditions, corresponding to an
exceedance probability of 10% in 50 years and equivalent
to a seismic intensity of VIII on the Chinese scale. The
comprehensive  geotechnical investigation program
included 70 boreholes totaling 12 323.4 m of drilling, with
detailed core logging and documentation of 185 retrieved
samples. These cores underwent extensive laboratory test-
ing, including 1380 uniaxial compression tests, 245 direct
shear tests, and 239 triaxial compression tests, to determine
the mechanical parameters of the rock mass. This rigorous
experimental program provides the essential foundation for
the subsequent seismic performance evaluation of the
tunnel.

3.2 Constitutive model and calculation parameters

A simplified two-dimensional finite element model was
established using ABAQUS to evaluate the seismic perfor-
mance of the tunnel lining structure (Fig. 3). The model
dimensions measure 200 m in both length and height, with
5 m wide infinite element boundaries implemented to elim-
inate wave reflection effects. The tunnel profile consists of a
12 m diameter circular cross-section with a 0.4 m thick C30
concrete lining according to GB 50010—2010 (Ministry of

Housing and Urban-Rural Development of the People’s
Republic of China, 2010), positioned 94 m below the upper
boundary. The numerical model utilizes 20 520 quadrilat-
eral elements (20 871 nodes) with a uniform maximum size
of 1.5 m in both horizontal and vertical directions. This
mesh configuration satisfies two critical criteria: (1) the
1/8-1/10 wavelength associated with the highest frequency
component for peak velocities through the medium
(Kuhlemeyer & Lysmer, 1973), and (2) the spatial dis-
cretization condition (element size < 0.13SOF-0.17SOF)
necessary for proper representation of geotechnical param-
eter variability in random field analysis (Ching & Phoon,
2013b). The dual compliance ensures simultaneous accu-
racy in both dynamic response computation and spatial
uncertainty characterization. The interface between the
surrounding rock and the lining was simulated using a
combined Lagrange multiplier-penalty approach, with the
concrete lining as the master surface and the surrounding
rock as the slave. Normal behavior follows Hooke’s law,
while tangential response is governed by Coulomb friction
with a coefficient of 0.5. Boundary conditions consisted of
(1) fixed base with horizontally constrained sides for static
equilibrium analysis under gravitational loading, and
(2) bidirectional seismic input (vertical acceleration = 2/3
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| 200 m

200 m

Infinite bounda;

Rock mass
C30 lining

Fig. 3. Numerical model.

Table 1

Calculation parameters of rock mass.

Parameter Unit Value
Density (p) kg/m? 2700
Elastic modulus (E) GPa 3.50
Poisson’s ratio (v) - 0.26
Cohesion (c) kPa 650
Friction angle (¢) ° 35

horizontal) for subsequent implicit dynamic time-history
analysis. The two-stage computational procedure first
established initial stress equilibrium, then performed seis-
mic response analysis using these equilibrated stresses as
initial conditions.

The rock mass is characterized using the Mohr—Cou-
lomb model (Table 1). Simulating all material parameters
as random fields would entail prohibitive computational
costs. To overcome this challenge, a Sobol sensitivity anal-

1.0

- |Mmax
- Ivmax
...

=
oo
T

o
o

N
IS

Sobol's total order indices

o
o

P E v c ¢

Fig. 4. Sobol’s indices indicating the sensitivities of rock mass parameters.

Table 2
Random field parameters of random variables.
Parameter Iy COVy SOF »
6hX 5VX
p 2700 kg/m? 3.20% 74.51 m 1522 m
E 3.50 GPa 43.55%

ysis was conducted to identify the most influential param-
eters. As shown in Fig. 4, density (p) and elastic modulus
(E) exhibit a substantial influence on the structural
response, while the contribution of shear strength parame-
ters—cohesion (c¢) and friction angle (¢)—is comparatively
moderate.

The computational efficiency of models incorporating
different stochastic parameter combinations was evaluated
on an Intel i5-12600KF CPU. Simulations involving all five
parameters (p, E, v, ¢, ¢) required approximately 2500 s.
Omitting Poisson’s ratio (i.e., considering only p, E, ¢, ¢)
reduced the computation time to 1800 s. By further restrict-
ing the stochastic parameters to only the highly sensitive
ones—p and E—computational time was dramatically
reduced to just 300 s per simulation. Each simulation cov-
ers the complete workflow, including stochastic parameter
generation, model construction and parsing, numerical
computation, and result extraction. This substantial
improvement in computational efficiency-an 88% reduction
compared to the full model-is critical to the feasibility of
the MCS used in this study, significantly enhancing the
practicality and viability of the proposed framework.
Therefore, this study identifies p and E as the key random
variables. Their statistical characteristics (uy and COVy)
were determined from laboratory test data, while their
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Fig. 5. Typical random field of rock mass properties. (a) p, and (b) E.
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Fig. 6. Uniaxial tensile and compression damage evolution curves for C30. (a) Uniaxial tensile, and (b) uniaxial compression.

Table 3

Random earthquake excitation generation parameters.

T (S) [N (rad/s) Cf() a (rad/s) b Cc (S) d v Amax (g)
10 19 0.55 4 025 4 2 26 02

SOFy were derived through the MLE method in Sec-
tion 2.1. The random field parameters of p and E were
shown in Table 2.

It should be emphasized that this area is categorized as
Class IV surrounding rock according to Code for Design of
Railway Tunnel Design (China Railway Second Design
Institute Engineering Group Co., Ltd, 2017). The geologi-
cal conditions feature weakly weathered gneiss with exten-
sively developed joint systems and fracture networks,
leading to a highly fragmented rock mass structure with
pronounced heterogeneity in mechanical properties. Con-
sequently, COV obtained through comprehensive labora-
tory testing demonstrates relatively higher values compared
to conventional rock masses, which is consistent with the
expected Dbehavior of such geologically complex
formations.

Figure 5 illustrates the simulated spatial distributions of
p and E for a typical numerical realization. The color bar
ranges for p and E were set to uy * 0.333uy to standardize
dispersion visualization across models. E exhibits more
pronounced variability than p due to its significantly higher
coefficient of variation (COVg > COV,), reflecting their
differing degrees of spatial heterogeneity in the rock mass
properties.

The density of the C30 concrete is 2400 kg/m?>, the elas-
tic modulus is 30 GPa, and Poisson’s ratio is 0.2. The con-
crete damaged plasticity model, which was developed by
Lee and Fenves (1998), is used for C30 concrete lining.
Uniaxial tensile and compressive damage evolution curves
for C30 (Fig. 6) can be obtained according to GB 50010—
2010 (Ministry of Housing and Urban-Rural Development
of the People’s Republic of China, 2010).

The nonstationary random earthquake excitations were
generated using the parameters listed in Table 3 combined
with the theory in Section 2.2. The mean value and stan-
dard deviation time histories of generated random earth-
quake excitations are shown in Fig. 7(a) and (b). It is
evident that the generated random earthquake excitation
exhibits a high level of fitting effectiveness and can satisfy
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Fig. 7. Random earthquake excitations. (a) Samples and mean of earthquake excitations, (b) standard deviation of earthquake excitations, and (c)

acceleration spectrum fitting curves.

Table 4

em and g, for iterations.

Iteration time &m (%) Emax (%0)
0 80.63 94.28

1 37.31 53.81

3 29.67 36.89

5 5.88 11.30

6 2.81 8.09

the calculation requirements. The target response spectrum
was established according to the Code for Seismic Design
of Railway Engineering (Ministry of Railways of the
People’s Republic of China, 2006), with spectral matching
achieved through iterative correction using Eq. (24). As
demonstrated in Table 4, g, and gy, progressively
decreased with each iteration, achieving full compliance
with seismic code requirements after six iterations. The cor-
rected excitation time histories (Fig. 7(c)) show excellent
agreement with the target spectrum across all frequency
ranges. These results confirm that the generated random
earthquake excitations not only satisfy regulatory require-
ments but also maintain proper nonstationary characteris-
tics essential for accurate seismic response analysis.

100
——AC-1
——AC-2
80 | ——AC-3
—-—COV,y5%

COV,p,

300
Number of MCS

100 200

Fig. 8. Convergence analysis of MCS.

3.3 Analysis condition design

This study evaluates the reliability of tunnel lining under
seismic loading through an analysis of three analysis
conditions (AC), examining different combinations of
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uncertainty sources. The analysis compares cases consider-
ing only variability of rock mass properties (AC-1), only
randomness in earthquake excitation (AC-2), and both fac-
tors simultaneously (AC-3). A consistent finite element
modeling framework is maintained across all cases to
ensure comparable probability assessments, with AC-1
and AC-3’s rock mass properties using the random fields
with parameters shown in Table 2, while the AC-2 employs
determined rock mass properties (Table 1). For the earth-
quake excitation, the response spectrum of AC-1’s deter-
mined earthquake excitation is consistent with the target
response spectrum. The random earthquake excitations
for AC-2 and AC-3 were generated based on the parame-
ters shown in Table 3.

Structural reliability is quantified through Py analysis
using experimentally validated limit state criteria for
0.4 m thick C30 lining: My;m; is 0.5 MN-m, Ny is 8.2
MN, and Vjjn; 1s 0.75 MN (Guo et al., 2019; Kroetz
et al., 2018). The MCS framework employs 500 iterations
per analysis case, determined through convergence testing
where the COVp¢ falls below the 5% threshold (Fig. 8). This
approach provides statistically reliable results while main-
taining computational efficiency for the evaluation of

185
3.4 Result analysis

3.4.1 Mechanical behavior of lining

Figure 9 presents the probability density functions
(PDFs) and cumulative distribution functions (CDFs) of
[M|max> Nmax, and |Vimax under different ACs. The results
demonstrate distinct distribution patterns across the con-
sidered uncertainty scenarios. When both random factors
are considered simultaneously, the mean values of struc-
tural responses show significant increases compared to
single-factor cases. Specifically, the AC-3 yields a mean
| M]max of 0.137 MN-m, representing a 251.3% increase over
the AC-1 (0.039 MN-m) and a 9.6% increase over the AC-2
(0.125 MN-'m). Similarly, the mean N, under AC-3
reaches 0.91 MN, exceeding the AC-1 by 107.8% and the
AC-2 by 9.6%. The most pronounced difference appears
in |V]max, Where the AC-3 mean of 0.072 MN surpasses
the AC-1 result by 278.9% and the AC-2 result by 24.1%.

Table 5 presents the statistical characteristics of tunnel
mechanical behavior of lining under different ACs, reveal-
ing that the COV under AC-3 shows a significant increase
compared to AC-1. Specifically, the COV increases by
30.1% for |M|nax, 194.2% for Np.x, and 262.8% for

multiple failure modes under different uncertainty  |V]|na. When compared to AC-2, AC-3's COV remains
combinations. slightly higher with increases of 4.87%, 16.3%, and 19.3%
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Fig. 9. PDFsand CDFs for the mechanical behavior of lining. (a) PDFs and CDFs of | M|,,.x, (b) PDFs and CDFs of N,,.x, and (c) PDFs and CDFs of | V]ax-
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Table 5

Statistical table of mechanical behavior of lining under different ACs.

Analysis condition Mechanical behavior of lining Mean Coefficient of variation (%) P-value

AC-1 | M| max 0.039 30.2 0.12
Niax 0.44 10.4 0.14
[ Vlmax 0.019 31.2 0.09

AC-2 | M| max 0.13 37.5 <0.05
Niax 0.83 26.3 <0.05
[ V]max 0.058 94.9 <0.05

AC-3 | M| max 0.137 39.3 <0.05
Niax 0.91 30.6 <0.05
[ V]max 0.073 113.2 <0.05

for |M|max, Nmax» and |V]max, respectively. These results
demonstrate that the combined effect of both random fac-
tors leads to greater dispersion in the mechanical behavior
of lining response than either factor considered individu-
ally. The particularly substantial increases relative to
AC-1 highlight how seismic randomness dominates the
response variability, while the more modest differences
from AC-2 indicate that incorporating rock mass proper-
ties’ variability introduces additional, though secondary,
uncertainty effects. This amplification of response disper-
sion underscores the importance of considering both uncer-
tainty sources simultaneously for reliable seismic
performance assessment. The Anderson-Darling normality
tests yield P-values below the 0.05 significance threshold
for all results of AC-2 and AC-3, rejecting the normal dis-
tribution hypothesis, a finding that contrasts with results
from AC-1. This fundamental shift in statistical behavior,
induced by seismic uncertainty, indicates that earthquake
randomness not only increases response magnitudes but
also introduces greater complexity in the underlying prob-
ability distributions. The resultant response patterns
become more difficult to characterize and predict compared
to cases considering only rock mass properties’ variability.

Figure 10 demonstrates the temporal evolution of prob-
ability density distributions for |M|, N, and |V| during the
1-10 s seismic excitation period, revealing distinct dynamic
response characteristics under different uncertainty condi-
tions. The probability density functions exhibit pro-
nounced temporal variations that deviate significantly
from conventional normal or lognormal distribution
assumptions. Analysis of the evolving distributions shows
that AC-1 produces relatively concentrated response pat-
terns, while AC-2 and AC-3 display substantially greater
dispersion, particularly during the 1.5-5 s interval when
seismic energy is most intense. The slightly broader distri-
butions observed in AC-3 compared to AC-2 confirm the
additional, though secondary, influence of material vari-
ability on response dispersion. The results collectively
demonstrate that while seismic randomness dominates the
overall response variability, the combined effect of both
uncertainty sources produces unique distribution charac-
teristics that cannot be captured through single factor

analyses or conventional distribution assumptions. This
underscores the necessity of employing analysis approaches
that simultaneously account for both rock mass properties
and loading uncertainties during analysis of the seismic
performance of tunnel lining.

The results demonstrate that considering only single
uncertainty sources, particularly just rock mass properties’
spatial variability, substantially underestimates the
mechanical behavior of lining and produces conservative
safety estimates. While earthquake excitation dominates
structural response (evidenced by similar AC-2 and
AC-3), rock mass properties’ spatial variability introduces
additional dispersion that cannot be neglected. The non-
normal distributions and amplified responses under dual
uncertainties reveal complex interaction effects, necessitat-
ing advanced probabilistic methods that simultaneously
account for both the uncertainty of rock mass properties
and earthquake excitations in tunnel seismic design. This
approach is crucial for reliable performance assessment,
as conventional single-factor analyses may significantly
compromise prediction accuracy and structural safety.

3.4.2 Probability of failure

Figure 11 presents the probability distributions of the
limit state functions, clearly showing that M dominates
the failure probability of tunnel linings, with its LSF,, dis-
tributions located closest to the failure threshold (LSF <0).
V exhibits intermediate failure probability, while N demon-
strates the highest safety margin as evidenced by LSFy
values remaining farthest from the failure domain. The
results quantitatively demonstrate that structural safety is
primarily controlled by flexural capacity, with substantially
lower probabilities of failure in shear and especially axial
modes.

Table 6 presents a quantitative reliability assessment of
tunnel lining performance under different uncertainty con-
ditions. The results demonstrate a clear hierarchy in failure
probabilities across limit states: M shows the highest values
(AC-1: 0%, AC-2: 1.4%, AC-3: 1.8%), followed by V' and
N, establishing a consistent M > V > N vulnerability rank-
ing. This pattern indicates that LSFy and LSF contribute
minimally to system failure probability under the examined
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Fig. 10. Temporal evolution of PDFs for the mechanical behavior of lining. (a) |M] of different ACs, (b) N of different ACs, and (c) | V] of different ACs.

conditions. The system reliability analysis shows that AC-3 ~ AC-2, with system failure probabilities of 0%, 1.4%, and
yields significantly higher (more conservative) failure 1.9% for AC-1, AC-2, and AC-3, respectively. These results
probabilities than AC-1 and moderately higher values than =~ provide numerical validation that seismic design must
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Table 6

Reliability results of lining structure.

Analysis condition LSF Probability of failure (%)

AC-1 LSFy, 0
LSFy 0
LSFy 0
System 0

AC-2 LSF,, 1.4
LSFy 0
LSF, 0
System 1.4

AC-3 LSF,, 1.8
LSFy 0.2
LSFy 0.2
System 1.9

simultaneously account for both material and loading
uncertainties to achieve adequate safety margins, as consid-
ering either factor alone leads to conservative reliability
estimates, particularly when neglecting the uncertainty of
earthquake excitation.

4 Parametric study

This study’s findings, while demonstrating the critical
need to consider both earthquake excitation and geotechni-

cal uncertainties in tunnel design, involve several important
assumptions that merit discussion. The analysis employed
an improved C-P spectrum model whose key parameters,
initial circular frequency (wg) and equivalent damping ratio
(&), introduce additional uncertainty due to the absence of
standardized estimation methods. As noted by Marano
et al. (2008), the selection of these spectral parameters
can significantly influence structural response predictions,
a fundamental challenge inherent to numerical simulation
approaches. To systematically address these issues, this
study performed a detailed parametric analysis to evaluate
the influence of variations in both wg and &,. The selected
ranges for wg (10-50 rad/s) and &; (0.1-0.9) were adopted
based on values reported in Xu et al. (2025) and Luo and
Peng (2024). In addition, the differences in response
between AC-3 and AC-1/2 under varying peak ground
acceleration conditions (ay,x = 0.2g—1.2g) are discussed.
The effect of the variation of ay,,x on Py of the tunnel lining
structure is also discussed.

4.1 Effect on initial circular frequency

wp serves as a fundamental parameter in earthquake
excitation characterization, significantly impacting the
dynamic response of tunnel structures. A parametric inves-
tigation was conducted by varying o, across five discrete
values (10-50 rad/s) to systematically evaluate its effect
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Fig. 12. PDFs and CDFs of the mechanical behavior of lining under different wy. (a) PDFs of | M|yax, (b) CDFs of |[M|yax, (¢) PDFs of Npax, (d) CDFs of

Nmax, (€) PDFs of |V]nax, and (f) CDFs of |V]max-

on tunnel lining performance. Figure 12 shows PDFs and
CDFs of the mechanical behavior of lining. The analysis
reveals a substantial reduction in both the mean values
and dispersion of structural responses: |M|,.x decreases
from 0.37 to 0.061 MN-m (83.5% reduction) with a corre-
sponding decrease in COV from 87.8% to 17.7% (79.8%
reduction). Similarly, N, shows a reduction from 2.1 to
0.51 MN (75.7% decrease) with COV decreasing from
71.6% to 18.5% (74.2% reduction), while |V]na.x demon-
strates an 87.2% reduction (0.211 to 0.027 MN) accompa-
nied by COV decrease from 121.1% to 21.2% (82.5%
reduction). These findings indicate that higher w, values

produce more conservative estimates of lining demands.
Consequently, for enhanced structural safety, seismic
design of tunnels should preferentially consider the lowest
value of the range of site-specific w, values when character-
izing design earthquake excitations, further emphasizing
the importance of proper spectral parameter selection in
tunnel seismic design.

4.2 Effect on equivalent damping ratio

&y represents another critical site-specific parameter
that significantly influences earthquake excitation
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Fig. 13. PDFs and CDFs of the mechanical behavior of lining under different &,. (a) PDFs of |M|pax, (b) CDFs of |[M|yax, (¢) PDFs of Ny, (d) CDFs of

Nuax, (€) PDFs of [Vmax, and (f) CDFs of [V]max.

characteristics and tunnel structural response. Through
systematic variation of &, from 0.3 to 0.9, Fig. 13 shows
PDFs and CDFs of the mechanical behavior of the lining.
Mean of |M|n.x decreases by 67.5% (from 0.27 to
0.0877 MN m) while its COV drops from 66.8% to 31.3%
(53.1% reduction) with increasing &,. Similar trends are
observed for Npyax, 62.9% reduction of its mean from
0.17 to 0.063 MN with COV decreasing from 49.7% to
27.1% (45.5% reduction) and |V|max, 70% reduction of its
mean from 0.12 to 0.036 MN with COV decreasing from
84.8% to 42.4% (50% reduction). While the sensitivity of
structural response to &, variation is less pronounced
compared to w, effects, the observed changes remain

substantial, particularly within the &, range of 0.30-0.45,
where the most significant response variations occur. Con-
sequently, seismic design of tunnels should carefully con-
sider the lowest value of the range for site-specific &, to
ensure adequate safety margins.

4.3 Effect on peak acceleration

amax plays a pivotal role in seismic analysis by directly
determining the intensity of earthquake excitation and sig-
nificantly influencing structural performance assessments.
This study examines a.., values ranging from 0.2g to
1.2g to evaluate their effects on tunnel lining response
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characteristics. As shown in Fig. 14, the PDFs and CDFs
of |M|max> Nmax, and |V]max exhibit distinct patterns under
varying an.x levels. The analysis reveals that increasing
amax causes a systematic rightward shift in the PDFs of
all three force components, reflecting a higher mean value
under stronger earthquake excitations. For |M|m.x and
Nmax, the PDFs initially broaden between 0.2g and 0.4g
before becoming more concentrated at higher acceleration
levels, while their CDFs transition from relatively flat to
steeper profiles. This behavior results from the combined
effects of expanding response ranges and the increasing
dominance of an. over other parameters at higher
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intensities. The distribution patterns of |M]nax and Npax
evolve characteristically with increasing a,,,x due to their
positive-definite nature. At low apn. (0.2g), responses
remain small and concentrated, producing asymmetric dis-
tributions. As an,x rises to 0.4g, the expanding response
range leads to broader with increased dispersion. However,
beyond 0.4¢g, two effects dominate: (1) ap.x becomes the
primary response determinant, diminishing other parame-
ters’ influence, and (2) approaching structural limits con-
strains response dispersion. These mechanisms cause
dispersion to peak around 0.4g before decreasing at higher
intensities, despite continued growth in mean response
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Fig. 14. PDFs and CDFs of the mechanical behavior of lining under different a,,,«. (2) PDFs of |M|yax, (b) CDFs of |M|pyax, (¢) PDFs of Ny, (d) CDFs

of Npax, (€) PDFs of |[V]max, and (f) CDFs of |[V]max-
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values. | V|max demonstrates different distribution character-
istics, with its PDF progressively flattening and CDF
becoming more horizontal as a,,, increases.

Figure 15 depicts the mean and COV of |M|nax, Nmaxs
and |V]max aS @max increases under different ACs. For
| M| max, AC-2 and AC-3 show similar patterns in both mean
values and COV trends. At a,.x = 0.2g, the means of
| M]max are 0.039 MN-m (AC-1), 0.12 MN-m (AC-2), and
0.14 MN-m (AC-3), with AC-3 representing increases of
2.5 and 0.1 times over AC-1 and AC-2, respectively. This
difference amplifies substantially at a,.x = 1.2g, where
means reach 0.125 MN-m (AC-1), 0.487 MN-m (AC-2),
and 0.560 MN-m (AC-3), corresponding to 4.5 and 1.1
times increases for AC-3. For N,,, AC-2, and AC-3 again
demonstrate parallel trends. At a,,.x = 0.2g, mean values of
Nax are 0.44 MN (AC-1), 0.83 MN (AC-2), and 0.91 MN
(AC-3), with AC-3 showing 1.1 and 0.1 times increases.
These multipliers remain relatively stable at higher intensi-
ties (2.5 and 0.1 times at a,,x = 1.2g), unlike the amplified
differences observed for |M|,.x. The COV of |M|,.x and
Nmax in AC-2/AC-3, considering seismic uncertainty,
showed an increasing trend between 0.2g and 0.4g,
followed by a gradual decrease, with relatively uniform
differences. However, the COV of |M|.x and N, under
AC-1, which only considers rock mass properties’ spatial
variability, exhibited a slow increasing trend. |V]gnax
response demonstrates unique characteristics compared to
[M|max and Np.x when examining uncertainty effects.
Under AC-3, the mean of |V],ax shows progressive ampli-
fication that diminishes with increasing a,,, Initially
exceeding the AC-1 by 2.7 times at 0.2g, reducing to 2.1
times at 1.2g, while maintaining a more modest 1.26 to

COV of M) (%)
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1.06 times increase over the AC-2. When uncertainty of
earthquake excitation is considered, the COV for |V]|max
demonstrates a consistent decreasing trend as dpmax
increases. This behavior contrasts with the non-
monotonic variability patterns observed for |M|,.x and
Nmax under similar conditions. Conversely, the COV of
[V]max under AC-1 shows a gradual increase with rising
Amayx, mirroring the trend seen for |M|ya and Nyax.

To quantify the reliability of tunnels under different a,,4
conditions, Fig. 16 shows the P; values of |M|max, Nmaxs
[V]max» and tunnel system under different ACs at various
amax values. The Pp analysis yields the following quantita-
tive results for different loading conditions: Under
Amax = 0.2g, |M|nax shows Py values of 0% (AC-1), 1.4%
(AC-2), and 1.8% (AC-3), while N,.x shows P, values of
0% (AC-1), 0% (AC-2), and 0.2 % (AC-3), and | V] nax exhi-
bits Py values of 0% (AC-1 and 2) and 0.2% (AC-3). At the
higher intensity of an,.x = 1.2g, these values increase
substantially: |M|,.x reaches 58% (AC-1), 88% (AC-2),
and 96% (AC-3); Npax rises to 5% (AC-1), 9% (AC-2),
and 12% (AC-3); and |V|pax climbs to 15% (AC-1), 35%
(AC-2), and 40% (AC-3). The data reveal consistent pat-
terns where M maintains the highest failure probabilities
across all conditions, N shows the lowest risk, and 7 occu-
pies an intermediate position. Notably, the system failure
probabilities closely mirror those of M, confirming that
bending resistance governs overall tunnel safety under seis-
mic loading, with seismic uncertainty representing the
dominant risk contributor whose influence intensifies pro-
gressively with increasing a,,,x. While rock mass properties’
spatial variability introduces secondary effects, its interac-
tion with seismic uncertainty becomes increasingly critical
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in high-intensity regions, generating Py that surpasses pre-
dictions from single-factor analyses. These findings provide
evidence that seismic design for tunnels in high-intensity
areas must necessarily incorporate both uncertainty of rock
mass properties and earthquake excitations to ensure ade-

quate safety.

5 Conclusions

This study presents a probabilistic framework for
assessing tunnel seismic performance by simultaneously
considering the spatial variability of rock mass properties
and earthquake excitation uncertainty. The methodology
integrates three components: (1) K-L expansion approach
combined with MLE and squared exponential ACF to
generate realistic random fields of rock mass properties,
(2) improved C-P power spectrum model coupled with
random function theory to simulate non-stationary earth-
quake excitations, and (3) statistical characteristics and
failure probabilities analysis of mechanical behavior of
lining (M, N, V). The framework’s applicability is extended
through systematic parameter studies of critical seismic
parameters (wg, &g, dmax), providing quantitative insights
into their influence on structural response. The significant

findings are described below:

(1) A random seismic response of lining structures
comparison was conducted between double random

factors and a single random factor. Dual random
approach yields mean value increases of 251.3% for
M, 107.8% for N, and 278.9% for V relative to rock
mass parameters-only analyses. Corresponding
COV increases of 30.1% (M), 194.2% (N), and
262.8% (V) under double random factors. When
compared to earthquake excitation-only conditions,
the maximum additional increases reach 24.1% for
mean values and 19.3% for COV. Therefore, when
both random factors are considered, the randomness
of earthquake excitations is the primary influencing
factor.

(2) When considering the uncertainty of earthquake exci-

tation, the response results of tunnels do not follow
the traditional normal distribution, which increases
the difficulty of seismic design for tunnel structures.
The uncertainty of rock mass parameters increases
the range of dispersion of the results. Therefore, to
obtain more reliable random response analysis
results, it is necessary to consider both the uncer-
tainty of rock mass and the uncertainty of earthquake
excitation.

(3) wg and &, significantly affect tunnel seismic response

characteristics. Increasing these parameters reduces
both the mean (up to 83.5% reduction for wgy, 70%
for &y) and variability (COV reductions up to 82.5%
and 53.1%, respectively) of the mechanical behavior
of the lining. This implies that larger wg and &, values
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may underestimate the failure risk of tunnel linings.
Therefore, design practice should adopt the lower
bounds of acceptable @y and &, ranges to ensure ade-
quate safety margins.

(4) amax exhibits a direct positive correlation with the
mean value of the mechanical behavior of the lining,
while demonstrating distinct variability characteris-
tics across different force components. The analysis
reveals that the COV of M and N reaches a peak at
0.4g before decreasing, whereas V' shows continuous
COV reduction with increasing apax. Although sec-
ondary in influence, rock mass properties’ spatial
variability interacts significantly with uncertainty of
earthquake excitation, producing Py that exceeds sin-
gle factor’s results by 3%—38%. These results demon-
strate that seismic design must incorporate both
uncertainty sources, particularly for tunnels in high-
intensity seismic zones where their combined effects
become most critical.

Several important limitations warrant further investiga-
tion to enhance the methodology’s comprehensiveness.
Future studies should extend the SR method to incorpo-
rate: (1) sequential seismic events, (2) near-fault pulse-
type ground motions, and (3) oblique SV-wave incidence
across diverse geological-topographical conditions to bet-
ter capture complex wave propagation phenomena. These
extensions would significantly improve the method’s capa-
bility to address the full spectrum of seismic scenarios
encountered in engineering practice, particularly for critical
infrastructure in complex geological settings. Furthermore,
this study did not account for potential inter-parameter
correlations among rock mass properties, which could con-
siderably influence the analytical outcomes. To address this
limitation, subsequent research should employ more
advanced and rigorous methods—such as incorporating
Copula theory—to establish random fields that effectively
represent interdependent rock mass parameters and cap-
ture their inherent dependency structures. It should also
be noted that the treatment of stochastic parameters in this
work was simplified to enhance computational efficiency.
Thus, future studies are encouraged to investigate the
implementation of more advanced computational tech-
niques to accelerate the overall analytical process, thereby
facilitating a more comprehensive incorporation of uncer-
tainty sources.
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