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Abstract

This study investigates the seismic fragility of railway tunnels intersecting fractured ge-
ological zones using a nonlinear numerical approach. A series of dynamic analyses was
performed on tunnel models subjected to multiple ground motions with varying frequency
contents. The structural response was evaluated in terms of maximum bending moment,
and the resulting damage indices were used to classify damage states. Based on these classi-
fications, seismic fragility functions were developed for tunnels passing through fractured
zones using a lognormal cumulative distribution with peak ground acceleration (PGA) as
the intensity measure. The fragility curves indicated that the probabilities of exceeding
minor, moderate, and extensive damage states surpassed 50% at PGAs of approximately
0.289 g, 0.578 g, and 0.91 g, respectively. These findings highlight the elevated seismic
risk in tunnels intersecting fractured ground and emphasize the necessity of incorporating
geological conditions into seismic design frameworks.

Keywords: seismic fragility; fractured zones; railway tunnels; nonlinear dynamic analysis;
damage index

1. Introduction

With the rapid urbanization and increasing complexity of cities, the availability of
above-ground space has become limited, emphasizing the importance of utilizing under-
ground space. In response, the role of tunnel structures as a means of transportation
infrastructure has expanded significantly. Particularly, the demand for long-distance tunnel
construction connecting intercity routes is rising. Concurrently, the frequency and intensity
of earthquakes have been increasing globally, making seismic resilience a critical concern
for these extended underground structures.

Long tunnels are more likely to intersect fracture zones. These zones are characterized
by a sharp reduction in stiffness and an increase in damping due to fractured rock mass
properties. This results in large nonlinear displacements and significant dynamic amplifica-
tion, especially in the low-frequency range, which substantially increases the stress and
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deformation acting on tunnel structures. As a result, seismic vulnerability is considerably
higher in tunnel sections intersecting fracture zones [1]. Therefore, developing a reliable
analysis method to quantitatively evaluate the seismic fragility of tunnel crossing fracture
zones is essential.

To address this demand, numerous studies have been conducted on the seismic
behavior of tunnel structures. Pakbaz and Yareevand [2] employed a finite difference
analysis program (CAZ2) to analyze the interaction between soil and tunnel lining, verifying
the consistency between closed-form solutions and numerical simulations. Asheghabadi
and Matinmanesh [3] used two-dimensional finite element analysis with ABAQUS to
study soil-tunnel interaction under seismic loading. They modeled both dense and loose
sand, finding that dense sand exhibited higher amplification under high-frequency seismic
waves, while loose sand responded more significantly to low-frequency waves. Jiang
et al. [4] compared shaking table test results and 2D dynamic numerical simulations for
underground tunnels, confirming that displacement, acceleration, amplification factor, and
strain values from the numerical models matched experimental results.

Bao et al. [5] conducted FE-FD coupled analyses to investigate the seismic behavior of
large metro tunnels embedded in liquefiable ground, focusing on buoyancy effects, excess
pore water pressure, vertical ground motion, and soil improvement. Tsinidis et al. [6]
studied circular tunnels in dry sand using dynamic analysis, showing that increasing
the stiffness of tunnel linings reduced residual deformation and that interface conditions
between soil and tunnel significantly influenced dynamic axial forces. Do et al. [7] analyzed
the effects of segment joints on tunnel lining behavior during seismic events, concluding
that segmental linings performed better than continuous linings, and that an increased
number of joints mitigated the impact of joint orientation.

Several studies have also addressed the dynamic behavior of tunnel crossing fractured
zones. Nong et al. [8] performed dynamic numerical simulations on tunnel construction
through fault fracture zones, confirming that reduced cohesion in the fault zone led to
increased settlement and lateral displacement. Cho and Park [9] used 2D and 3D dynamic
analyses to show that compressive stress in tunnel shotcrete linings significantly increased
with steeper fracture zone angles, while tunnel deformation indicators decreased as the dis-
tance from the fracture zone increased. Ji et al. [10] found that wider fracture zones slightly
increased TBM displacements and that shear stress in the surrounding rock decreased and
then increased with increasing dip angle.

Seismic fragility curves are widely used to quantitatively assess structural vulnerability
based on dynamic analysis results. These curves represent the probability of exceeding
various damage states under different levels of seismic intensity. Yang et al. [11] proposed
fragility functions for 33 subway station structures considering different soil types and
burial depths, finding that seismic vulnerability increased with deeper burial and weaker
ground. Kwon et al. [12] conducted dynamic numerical analyses using PLAXIS2D on
Korean underground station structures with varying soil types, rock depths, and seismic
intensities, and proposed corresponding fragility curves. Osmi and Ahmad [13] developed
fragility curves for tunnels under different ground conditions through 3D dynamic analysis,
demonstrating lower damage probabilities for tunnels embedded in stiffer soils. Argyroudis
and Pitilakis [14] proposed a numerical methodology for developing fragility curves for
subway tunnels in alluvial deposits, considering tunnel geometry, ground properties, and
associated uncertainties. Zhong et al. [15] applied a similar approach to subway stations
embedded in layered ground and verified their model against empirical fragility functions.
Hu et al. [16] analyzed the seismic fragility of tunnels with different burial depths in soft
soils, finding that failure probability did not decrease monotonically with increasing depth.
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Despite the growing research on seismic fragility curves, studies focused on tunnels
intersecting fractured zones remain scarce. There is a need for dynamic numerical modeling
that accurately reflects fractured ground conditions and enables the development of fragility
functions based on multiple input parameters.

In this study, three-dimensional dynamic numerical models were developed for tun-
nels embedded in hard rock and for tunnels intersecting fracture zones of different widths.
Seismic waves with various frequency contents and peak ground accelerations were ap-
plied to the models to analyze the dynamic behavior of the tunnel structures. Based on the
results of these numerical simulations, seismic fragility curves were derived specifically for
tunnel segments crossing fractured zones.

2. Numerical Modeling
2.1. Numerical Modeling Methodology

A three-dimensional time-domain dynamic response analysis was conducted using
the finite difference method. To minimize the influence of reflected waves during the
dynamic analysis, free-field boundary conditions were applied along the lateral boundaries
of the model. FLAC3D, a widely recognized general purpose finite difference analysis
program, was employed for the numerical simulations.

The numerical model incorporated different ground types, including soil, rock, and
fractured zones. A Mohr-Coulomb elastoplastic model was adopted to represent the
nonlinear behavior of ground materials, while the tunnel lining segments were modeled
using shell elements with elastic properties. The Mohr—Coulomb elastoplastic constitutive
model was adopted to represent the nonlinear behavior of ground materials, particularly
fractured zones. This model has been widely used in dynamic analyses of tunnels due to its
ability to simulate shear failure mechanisms with minimal computational cost, while still
capturing the key characteristics of pressure-sensitive materials. In particular, it is effective
for modeling rock masses and faulted zones where a significant reduction in strength and
stiffness occurs under seismic loading.

Considering the characteristics of long-distance tunnels intersecting fractured zones, a
shield TBM tunnel configuration was adopted in this study. Accordingly, the tunnel was
assumed to have a circular cross-section, as illustrated in Figure 1.

To ensure computational stability and accuracy, the mesh size within the model was
adjusted based on proximity to the tunnel. Specifically, the tunnel lining had an element
size of 0.5 m, the adjacent ground had element sizes as small as 0.64 m, and the far-field
ground region used element sizes ranging from 3.5 m to 4.15 m. As shown in Figure 2,
three monitoring points were defined to extract dynamic responses, including displacement
and structural forces: Point-2 (crown at tunnel center), Point-1 (15 m upward from the
center), and Point-3 (15 m downward from the center).

lining

9.0m

< >

10.0m

< >

Figure 1. Schematic drawing of tunnel structure section.
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Figure 2. Dynamic response monitoring points.

For the surrounding ground condition, the entire tunnel-ground system was modeled
using a finite difference method, considering interaction effects during seismic loading.
Based on previous studies, three analysis cases were defined depending on the presence
and width of the fractured zone: Case 1 (entirely hard rock), Case 2 (tunnel intersecting a
narrow 2.0 m wide fractured zone), and Case 3 (tunnel intersecting a wide 10.0 m fractured
zone). Schematic diagrams of each case are presented in Figure 3.

To evaluate the structural response under a range of seismic characteristics, four
ground motions were selected: a long-period motion (Hachinohe), a short-period motion
(Ofunato), an artificial ground motion with both long- and short-period content, and a
real recorded motion (Kobe). These input motions were applied with six different peak
ground acceleration (PGA) levels: 0.110 g, 0.154 g, 0.220 g, 0.340 g, 0.500 g, and 0.700 g.
These levels included design PGA values stipulated in the Korean seismic design stan-
dard (KDS 17 10 00) [17], as well as higher values to simulate extreme events. Specifically,
PGA values of 0.110 g, 0.154 g, 0.220 g, and 0.340 g corresponded to the seismic hazard
levels for return periods of 500, 1000, 2400, and 4800 years defined in KDS 17 10 00 [17].
The higher values of 0.500 g and 0.700 g were included to represent extreme earthquake
scenarios beyond the design basis, allowing the evaluation of tunnel performance under
rare but severe seismic events. Figure 4 illustrates the acceleration time histories of the
input motions, and Table 1 summarizes the overall analysis conditions. The material
properties of the rock, fractured zone, and tunnel lining used in the numerical simulations
are provided in Table 2. The elastic modulus of the fractured zone was set to 0.4 GPa,
which corresponds to the lower bound of the range (0.4-3.2 GPa) reported from field
measurements of fault damage zones (Nieto-Samaniego et al., 2020 [18]). This conservative
choice was intended to represent the most vulnerable condition of fractured zones in the
seismic fragility assessment. In addition to the static properties listed in Table 2, dynamic
input parameters were explicitly defined for the nonlinear time-domain analyses. The
shear wave velocity (Vs) for each material was calculated from its elastic modulus and unit
weight, yielding values representative of hard rock, fractured rock, and concrete lining.
A damping ratio of 5% was applied to the ground materials and 2% to the tunnel lining,
following common practice for underground structures. Rayleigh damping coefficients
(v and ) were computed to achieve the target damping ratio over the predominant fre-
quency range of the model, based on the first and dominant vibration modes. Wave
propagation and energy dissipation effects were modeled using free-field boundary condi-
tions along the lateral boundaries in combination with Rayleigh damping, ensuring the
realistic simulation of seismic wave transmission through the tunnel-ground system.
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Figure 3. Schematic drawing of numerical analysis cases: (a) Case 1 (hard rock), (b) Case 2 (w/narrow

fracture zone), and (c) Case 3 (w/wide fracture zone).

Table 1. Numerical analysis condition.

CASE Site Condition Seismic Wave Maximum Amplitude (g)
1 Hard rock
Hachinohe, Ofunato 0.110g/0.154 g/0.220 g/0.340 g
2 Hard rock fract , ’
ard rock w/narrow fracture zone Artificial, Kobe /0.500 £/0.700 g
3 Hard rock w/wide fracture zone

Table 2. Material properties.

Tvoe Young’'s Modulus Unit Weight Poisson’s Ratio Friction Angle Cohesion
P (MPa) (KN/m®) (deg) (kPa)
Hard rock 35,000 26.264 0.20 45 6000
Fractured zone 400 20.972 0.30 30 50

Lining 25,600 2400 0.20 - -
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Figure 4. Input earthquake time history: (a) Hachinohe (long period), (b) Ofunato (short period),
(c) artificial, (d) Kobe (medium period).

2.2. Numerical Analysis Result

The three-dimensional dynamic numerical analysis results focused on evaluating the
seismic response of tunnel lining segments under various ground and seismic conditions.
Lining stress values were extracted from the tunnel crown at three monitoring points, with
particular attention to Point-2, which corresponded to the location intersecting the fractured
zone in Cases 2 and 3.

The lining stresses were calculated based on the maximum compressive stress ob-
served at the end of each tunnel segment. For each analysis case, maximum lining
stresses were obtained under the full range of input ground motions and peak ground
acceleration levels.

In Case 1 (entire hard rock), the results revealed that the lining stresses at all three
monitoring points were relatively uniform and gradually increased with higher PGA levels,
as shown in Figure 5a. This behavior indicates a consistent response in the absence of
geologic irregularities.

In contrast, Cases 2 and 3, which involved fractured zones, exhibited pronounced
stress concentration at Point-2. As shown in Figure 5b,c, the lining stress at Point-2 sig-
nificantly exceeded those at the other points, especially under higher PGA conditions.
For instance, in Case 2, the maximum compressive stress at Point-2 under 0.7 g ground
motion reached approximately 2.05 times the allowable moment value, while in Case 3, it
exceeded 2.2 times the allowable limit. This localized stress amplification confirms that the
presence of fractured zones dramatically increases the seismic demand on tunnel structures,
particularly when the tunnel intersects the fractured zone directly. As such, the structural
integrity of tunnel segments in these zones is at greater risk under seismic excitation. The
selection of monitoring points was based on engineering judgment anticipating localized
stress concentrations near the fractured zone. Point-2 was defined at the tunnel crown
where the fractured zone intersected the lining, and Points 1 and 3 were placed 15 m
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vertically above and below to capture the distribution of seismic response in the vertical

direction. These points were intended to reflect the most critical region influenced by the

fractured ground without requiring full-length stress mapping.
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Figure 5. Maximum compressive stress distribution in tunnel lining: (a) Case 1—hard rock,

(b) Case 2—narrow fracture zone, (c¢) Case 3—wide fracture zone.



Buildings 2025, 15, 3304

8 of 18

Figure 6 presents stress contour plots of the tunnel lining for the Kobe earthquake record
with an input acceleration of 0.154 g. Three site conditions are shown: (i) Case 1—hard rock,
(ii) Case 2—hard rock with a narrow fracture zone, and (iii) Case 3—hard rock with a wide
fracture zone. The contours corresponded to the maximum compressive stress during the
dynamic response and visually confirmed the localized stress concentration at the fractured
zone in Cases 2 and 3 compared with the uniform stress distribution in Case 1.
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Figure 6. Stress contour plots of the tunnel lining for the Kobe earthquake record (PGA =0.154 g)
under three site conditions: (a) Case 1—hard rock, (b) Case 2—narrow fracture zone, and
(c) Case 3—wide fracture zone.

These findings clearly demonstrate the necessity for region-specific seismic fragility
assessment. The notable stress escalation observed at fractured zones justifies the develop-
ment of corresponding seismic fragility curves that reflect the increased vulnerability of
tunnel linings in such conditions.

3. Development of Seismic Fragility Curve for Railway Tunnel Crossing
Fracture Zone

As highlighted in Section 2, the dynamic responses of tunnel segments intersecting
fractured zones significantly exceed those of tunnels embedded in hard rock. This increased
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response necessitates the development of seismic fragility curves specific to fractured zone
conditions. Accordingly, this section presents the methodology and results of deriving
seismic fragility functions using the maximum response at Monitoring Point-2 in Case 2,
where the tunnel directly intersects the fractured zone.

3.1. Derivation of Damage Index

To quantitatively assess the structural demand imposed on tunnel linings by seismic
ground motions, a damage index (DI) was introduced in this study. The DI is a dimension-
less parameter representing the ratio of the maximum bending moment generated in the
structure to the allowable moment capacity. It is defined as:

M

DI=—
Ma

1)
where M is the maximum bending moment observed in the tunnel lining during dynamic
analysis and M, is the allowable bending moment.

The maximum compressive stresses generated during each dynamic analysis were first
extracted. From these stress values, the corresponding bending moments M were calculated
using the geometric and material properties of the tunnel lining section. Specifically, the
bending moment M was calculated using the flexural stress formula:

_ Omax-1

y

M )
where 0 max is the maximum compressive stress obtained from the numerical analysis,
I is the moment of inertia of the tunnel lining cross-section, and y is the distance from the
neutral axis to the extreme compression point. The section properties were defined based
on the structural specifications for the double-track tunnel lining as specified in the Korea
National Railway Construction Standard (KR C-12040).

For reference, the double-track tunnel lining in this study had an outer diameter of
10.0 m and a thickness of 0.5 m, giving I = 168.8 m* and y = 5.0 m. For example, Case 2,
Hachinohe motion at 0.154 g at Monitoring Point-2, omax = 3.731 MPa, the bending moment
can be calculated as follows.

8815 x 10° N/m? x 168.8 m*

M
50m

=297.6 MN'‘m 3)

This example illustrates the direct conversion from FLAC3D output stresses to bending
moments used in the DI calculation. A representative bending moment time history was
obtained and is presented in Figure 7. This case corresponds to the results for the Kobe
earthquake record with an input acceleration of 0.154 g, derived from the moment response
at Point 2.

In addition, based on the structural specifications of a double-track tunnel and in ac-
cordance with the Korea National Railway Construction Standard (2021) [19], the allowable
moment was set to Ma = 337.62 MN m. Table 3 presents the peak bending moment obtained
for each ground motion case. Based on these results, the DI values were computed using
Equation (1) and are summarized in Table 4. These values provide a quantitative basis for
evaluating the seismic demand imposed on the tunnel lining structure.
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Figure 7. Bending moment time history at point 2: (a) Case 1—hard rock, (b) Case 2—narrow fracture
zone, (c) Case 3—wide fracture zone.

Table 3. Maximum moment for each analysis case.

Case 1 2 3
Input Acc. Point 1 2 3 1 2 3 1 2 3
Hachinohe 10.4 10.4 10.4 10.4 126.0 10.5 11.3 129.1 10.9
Ofuato 11.0 11.0 11.0 11.0 126.7 11.0 11.8 130.0 11.5
0110¢ Artificial 14.3 14.3 14.3 14.3 132.0 13.8 16.3 153.2 16.6
Kobe 11.5 11.5 11.5 9.2 127.7 16.1 12.8 133.5 12.5
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Table 3. Cont.

Case 1 2 3
Input Acc. Point 1 2 3 1 2 3 1 2 3
Hachinohe 19.2 19.2 19.2 19.3 295.5 194 20.8 301.2 20.2
Ofuato 19.8 19.8 19.8 19.8 288.9 19.8 21.2 294.8 20.8
01548 Artificial 27.1 27.1 27.1 27.1 314.9 26.2 31.0 341.3 31.5
Kobe 12.3 12.3 12.3 20.0 297.6 17.1 20.7 310.0 20.7
Hachinohe 229 229 229 23.0 3514 23.1 24.8 358.2 24.1
Ofuato 23.6 23.6 23.6 23.7 345.1 23.7 25.3 352.1 24.8
02208 Artificial 37.1 37.1 371 37.1 430.9 35.8 424 467.1 43.0
Kobe 23.5 23.5 23.5 23.5 401.1 23.6 27.6 4159 26.1
Hachinohe 28.7 28.7 28.7 28.7 552.0 28.4 37.5 585.8 37.5
Ofuato 27.2 27.2 27.2 27.0 536.2 27.1 31.1 567.5 31.4
03408 Artificial 38.9 38.9 38.9 38.6 546.9 38.5 53.8 592.8 54.6
Kobe 28.9 28.9 28.9 28.8 541.2 28.7 32.1 566.5 32.0
Hachinohe 33.8 33.8 33.8 33.4 602.0 32.9 36.5 634.4 36.3
Ofuato 32.5 32.5 32.5 31.1 574.3 30.9 33.4 608.1 33.8
05008 Artificial 46.1 46.1 46.1 44.6 611.0 443 47.6 667.8 48.3
Kobe 34.9 34.9 34.9 34.1 575.7 33.8 37.5 608.4 37.8
Hachinohe 47.9 47.9 479 47.5 672.8 47.2 51.3 7114 50.6
Ofuato 51.7 51.7 51.7 51.0 614.4 50.9 54.4 650.6 54.3
07008 Artificial 63.4 63.4 63.4 62.6 692.4 62.4 66.5 744.5 65.7
Kobe 40.5 40.5 40.5 37.5 660.0 37.4 442 676.9 40.8
Table 4. Damage index for each analysis case.
Case 1 2 3
Input Acc. Point 1 2 3 1 2 3 1 2 3
Hachinohe 0.03 0.03 0.03 0.03 0.37 0.03 0.03 0.38 0.03
Ofuato 0.03 0.03 0.03 0.03 0.38 0.03 0.04 0.39 0.03
01108 Artificial 0.04 0.04 0.04 0.04 0.39 0.04 0.05 0.45 0.05
Kobe 0.03 0.03 0.03 0.03 0.38 0.05 0.04 0.40 0.04
Hachinohe 0.06 0.06 0.06 0.06 0.88 0.06 0.06 0.89 0.06
Ofuato 0.06 0.06 0.06 0.06 0.86 0.06 0.06 0.87 0.06
01548 Artificial 0.08 0.08 0.08 0.08 0.93 0.08 0.09 1.01 0.09
Kobe 0.04 0.04 0.04 0.06 0.88 0.05 0.06 0.92 0.06
Hachinohe 0.07 0.07 0.07 0.07 1.04 0.07 0.07 1.06 0.07
Ofuato 0.07 0.07 0.07 0.07 1.02 0.07 0.08 1.04 0.07
02208 Artificial 0.11 0.11 0.11 0.11 1.28 0.11 0.13 1.38 0.13

Kobe 0.07 0.07 0.07 0.07 1.19 0.07 0.08 1.23 0.08
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Table 4. Cont.
Case 1 2 3
Input Acc. Point 1 2 3 1 2 3 1 2 3
Hachinohe 0.09 0.09 0.09 0.09 1.64 0.08 0.11 1.74 0.11
Ofuato 0.08 0.08 0.08 0.08 1.59 0.08 0.09 1.68 0.09
03408 Artificial 0.12 0.12 0.12 0.11 1.62 0.11 0.16 1.76 0.16
Kobe 0.09 0.09 0.09 0.09 1.60 0.09 0.10 1.68 0.10
Hachinohe 0.10 0.10 0.10 0.10 1.78 0.10 0.11 1.88 0.11
Ofuato 0.10 0.10 0.10 0.09 1.70 0.09 0.10 1.80 0.10
05008 Artificial 0.14 0.14 0.14 0.13 1.81 0.13 0.14 1.98 0.14
Kobe 0.10 0.10 0.10 0.10 1.71 0.10 0.11 1.80 0.11
Hachinohe 0.14 0.14 0.14 0.14 1.99 0.14 0.15 2.11 0.15
Ofuato 0.15 0.15 0.15 0.15 1.82 0.15 0.16 1.93 0.16
07008 Artificial 0.19 0.19 0.19 0.19 2.05 0.19 0.20 221 0.20
Kobe 0.12 0.12 0.12 0.11 1.96 0.11 0.13 2.01 0.12

3.2. Determination Procedure of Seismic Fragility Curve

Seismic fragility refers to the probability that a structure will exceed a specified damage
state given a certain level of ground motion intensity, typically represented by peak ground
acceleration (PGA). In this context, exceedance probability indicates the likelihood of
sustaining damage greater than a predefined threshold. The construction of a seismic
fragility model therefore requires a prior estimation of the exceedance probability associated
with each intensity level.

Two principal methodologies are available for estimating this probability: empirical
and numerical approaches. The empirical approach relies on observed damage records
from past earthquake events, where the frequency of damage exceedance is correlated
with recorded seismic intensity measures [20]. The numerical approach, in contrast, uses
validated numerical models to simulate structural behavior under increasing levels of
ground motion and derives exceedance probabilities from the resulting damage indices [21].

Due to the lack of sufficient statistical damage data for tunnels subjected to seismic
events, the present study employed a numerical approach to derive fragility functions.
Based on nonlinear dynamic analysis results, seismic fragility functions were developed
through a multi-step procedure. Although only four ground motions were used at each
PGA level, they were carefully selected to cover a wide range of frequency characteristics,
including long-period (Hachinohe), short-period (Ofunato), artificial, and recorded motion.
These motions were also selected to reflect the seismic hazard characteristics relevant to
the study area in Korea, as specified in KDS 17 10 00 [17]. The long-period Hachinohe
record represents large-magnitude subduction-type events, while the short-period Ofunato
record reflects nearby crustal earthquakes. The artificial motion was generated to match
the target design response spectrum for the study area, and the Kobe record represents a
strong near-fault crustal event with mixed frequency content. This selection ensures that
both long- and short-period hazard scenarios are adequately represented in the fragility
assessment. These motions were also each scaled to 6 different intensity levels, yielding a
total of 24 simulation cases for each tunnel scenario.

In deriving the fragility curves, each of the four selected ground motion types was
assigned equal weight to avoid bias toward any particular frequency content. For each
PGA level, the exceedance probabilities for the defined damage states were calculated
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by integrating the results from all motion types, ensuring that the curves represent the
combined influence of diverse seismic scenarios. Although a disaggregated analysis by
ground motion type could reveal frequency-dependent trends, the present study aimed
to incorporate the full variability of seismic inputs into a unified probabilistic framework.
This approach is consistent with the purpose of fragility functions, which are designed to
reflect overall seismic vulnerability while accounting for inherent variability in earthquake
ground motions.

First, multiple input ground motions with varying frequency content were selected
to represent diverse seismic scenarios. These motions were applied to a validated finite
element model of the tunnel system, and nonlinear time history analyses were conducted.
The maximum bending moment responses of the tunnel lining were extracted and com-
pared with the structural limit moment to calculate a corresponding damage index (DI) for
each case.

Next, the DI values were used to define discrete damage states. For each damage
state, the PGA values of the ground motions that triggered that specific level of damage
were collected. The mean and standard deviation of the PGA values in each damage state
group were then computed. Finally, these statistical parameters were used to construct a
cumulative lognormal distribution function, which defines the seismic fragility curve for
each damage state.

Figure 8 presents a flowchart summarizing the overall procedure for deriving the
seismic fragility functions using the numerical method adopted in this study.

1D equivalent linear Method
Tunnel Model Soil Model
Soil-Tunnel T .
D h I
Interaction ool o e Ground Motion
Model 1
Definition of Peak Ground .
- Intensity Measure
M /Mg, H Damage States Acceleration [ ! ()llM) !
& Damage Index (PGA) :
1
]
Linear regression | | Lognormal
analysis Approach
The Failure
Probability
Fragility Curve

Figure 8. Flowchart of seismic fragility curve determination procedure (Kwon et al., [12]).

In this study, the damage state thresholds based on the damage index (DI) were
adopted from the classification proposed by Argyroudis and Pitilakis [14], as summarized
in Table 5. The resulting damage state assigned to each ground motion case based on the
computed DI values is presented in Table 6.
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Table 5. Damage state according to damage index (Argyroudis S and Pitilakis K [14]).
Damage State Damage Index
None DI<1.0
Minor 1.0<DI<1.2
Moderate 12<DI<20
Extensive 2.0< DI
Table 6. Damage state for each analysis case.
Input Acc. Input motion Case 1 Case 2 Case 3
Hachinohe None None None
Ofuato None None None
0110 g
Artificial None None None
Kobe None None None
Hachinohe None None None
Ofuato None None None
0154 g
Artificial None None Minor
Kobe None None None
Hachinohe None Minor Minor
Ofuato None Minor Minor
0220 g
Artificial None Moderate Moderate
Kobe None Minor Moderate
Hachinohe None Moderate Moderate
Ofuato None Moderate Moderate
0340 g
Artificial None Moderate Moderate
Kobe None Moderate Moderate
Hachinohe None Moderate Moderate
Ofuato None Moderate Moderate
0.500 g
Artificial None Moderate Moderate
Kobe None Moderate Moderate
Hachinohe None Moderate Extensive
Ofuato None Moderate Extensive
0.700 g
Artificial None Extensive Extensive
Kobe None Moderate Extensive

Based on the damage state classifications described above and the corresponding
ground motion groupings presented in Tables 5 and 6, the final seismic fragility functions
were derived. These functions characterize the probability of exceeding each damage state
as a function of peak ground acceleration (PGA), and can be mathematically expressed
using a lognormal cumulative distribution function, as shown in Equation (4).

PDS|IM=X] = @ ((InX — 1)/ p) @

where P[DS | IM = X] denotes the probability that the structural damage will exceed
a specified state ds given an intensity measure X, where ®() represents the standard



Buildings 2025, 15, 3304

15 of 18

normal cumulative distribution function. The variable X corresponds to the peak ground
acceleration (PGA), while p and {3 indicate the logarithmic mean and standard deviation of
PGA, respectively.

The dispersion parameter 3 incorporates multiple sources of uncertainty, including
those associated with the damage index (fps), the structural resistance capacity (3¢c), and
the variability of ground motion characteristics (fp), as described in Equation (5). Given
the lack of site-specific resistance data for tunnel linings, the uncertainty in structural
capacity (c) was conservatively assumed to be 0.3, following the approach recommended
by Argyroudis and Pitilakis [14].

B = \/Bos2+ B2+ Bp? (5)

In this study, the dispersion parameter 3 was designed to capture three distinct sources
of uncertainty. The first, fpg, quantifies the uncertainty inherent in the damage index itself.
For a given damage state, 3pg was calculated as the standard deviation of damage index
values from all ground motion cases assigned to that state. The second, fp represents the
uncertainty arising from seismic ground motion uncertainty and was calculated as the
standard deviation of the peak ground acceleration (PGA) values for the same set of cases.
The third, 3¢ accounts for the uncertainty in structural capacity and was conservatively
set to 0.3 following the recommendation of Argyroudis and Pitilakis [14]. These three
components were then combined using Equation (3) to obtain the total dispersion f for
each damage state.

3.3. Seismic Fragility Curve for Tunnel Structure Crossing the Fracture Zone

Through the aforementioned procedure, seismic fragility functions were developed
for tunnel structures intersecting fractured zones. Each fragility function describes the
probability of exceeding a specific damage state as a function of peak ground acceleration
(PGA), represented by a lognormal cumulative distribution.

The PGA values corresponding to each dynamic case were obtained from the free-field
response of the nonlinear time history analyses. Cases that triggered the same dam-
age state—minor, moderate, or extensive—were grouped accordingly. For each group,
the PGA values were compiled, and their logarithmic mean and standard deviation (3)
were calculated.

The resulting fragility functions for tunnel segments intersecting fractured zones are
summarized in Table 7, and the corresponding fragility curves are illustrated in Figure 9.
The analysis revealed that the probability of exceeding minor damage reaches 50% at a
PGA of approximately 0.289 g. Similarly, the probability of exceeding moderate damage
exceeds 50% at a PGA of about 0.578 g, while the likelihood of extensive damage surpasses
50% at a PGA of approximately 0.91 g. In addition to the median values, the PGA ranges
corresponding to 5% and 95% exceedance probabilities were also derived. For minor
damage, the exceedance probability ranges from 0.12 g (5%) to 0.70 g (95%). For moderate
damage, the range is from 0.26 g to 1.16 g, and for extensive damage, it extends from 0.44 g
to 1.88 g. These ranges reflect the dispersion and uncertainty associated with each fragility
curve and provide additional information for reliability-based seismic design.

As described in Section 3.2, the 3 values in Table 7 integrate the three uncertainty
components: Bpg reflecting the inherent scatter in the damage index; fp representing the
variability of ground motion intensity; and 3¢ representing structural capacity uncertainty.
This approach ensures that the fragility functions explicitly account for both the structural
response variability and the randomness in seismic input motions.
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Table 7. Fragility curve parameters.
Damage State Median (p) Standard Deviation ()
Minor 0.289 0.519
Moderate 0.578 0.609
Extensive 0.91 0.5
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Figure 9. Seismic fragility curve for tunnel structure crossing fracture zone.

It should be noted that for Case 1 (hard rock), all analysis results corresponded to the
“none” damage state, indicating no structural damage even under the highest input motion
considered. Therefore, a fragility curve could not be derived for this case, and it is not
included in Figure 9. For statistical robustness and to provide a conservative assessment,
the fragility functions presented in this study were developed by pooling the results of
Case 2 (narrow fracture zone) and Case 3 (wide fracture zone). This approach was adopted
because the limited number of ground motions available for each case made it statistically
unreliable to derive separate fragility curves for different fracture zone widths, and the
analysis results indicated that the presence of a fracture zone itself caused a much greater
increase in seismic demand than the incremental effect of its width.

3.4. Analysis and Discussion

Unlike previous studies (Yang et al. [11] and Argyroudis and Pitilakis [14]) that mainly
focused on underground stations or tunnels in uniform ground conditions, existing research
has not developed seismic fragility functions specifically for tunnels intersecting fractured
zones. This gap is critical because field experience and numerical results consistently
indicate that the seismic vulnerability of tunnels increases significantly when passing
through fracture zones due to stress concentration and stiffness degradation.

The present study addresses this gap by explicitly deriving fragility functions for
tunnel segments intersecting fractured rock masses. By considering the reduced elastic
modulus and mechanical properties of fractured zones, the results demonstrate that even
a relatively narrow fracture zone can drastically elevate seismic demand compared with
intact hard rock conditions.

This distinction underlines the novelty and significance of the current research. It
shows that tunnels crossing fractured zones require site-specific seismic evaluation and
design considerations, as conventional fragility assessments based only on intact rock or
soil may underestimate the true seismic risk. Therefore, the fragility functions presented
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herein provide an essential contribution toward improving the reliability and safety of
long-distance railway tunnels in complex geological environments.

4. Conclusions

This study conducted a seismic fragility assessment of railway tunnel structures
intersecting fractured zones using a numerical approach. The following conclusions were
drawn based on the nonlinear dynamic analysis results and fragility modeling:

1. The presence of fractured zones significantly amplified the seismic response of tunnel
linings. Compared with tunnels embedded in hard rock, those intersecting fractured
zones exhibited higher bending moments and larger deformations under identical
ground motion conditions.

2. Damage indices (DI) were computed using moment-based structural responses, and
the tunnel damage states were classified accordingly. The DI-based classification
allowed for a systematic quantification of seismic damage levels.

3. Using the DI-derived classifications, the seismic fragility functions were established
for tunnels intersecting fractured zones. The fragility curves were constructed based
on a lognormal cumulative distribution, with PGA as the intensity measure.

4. The resulting fragility curves indicated that the probability of exceeding minor, mod-
erate, and extensive damage states surpassed 50% at PGAs of approximately 0.289 g,
0.578 g, and 0.91 g, respectively. These results demonstrate the increased seismic
vulnerability of tunnels traversing fractured geological formations and underscore
the need for site-specific seismic design considerations.

5. Itis acknowledged that the limited number of input ground motions may affect the
statistical robustness of the derived fragility curves. This limitation stems from the
significant computational cost associated with FLAC3D-based 3D nonlinear dynamic
analyses, which constrained the number of ground motions in this initial study. Future
work will address this limitation by incorporating a larger suite of input motions
through cloud analysis or incremental dynamic analysis (IDA) frameworks, thereby
enhancing the statistical reliability and general applicability of the fragility functions.
In addition, while both 2.0 m and 10.0 m fracture zone cases were analyzed, the
limited number of ground motions within each case made it statistically unreliable
to derive separate fragility curves. Moreover, the presence of a fracture zone itself
caused a much greater increase in seismic demand than the incremental effect of its
width. Therefore, the fragility functions were developed by pooling all fracture zone
cases, and the effect of fracture zone thickness will be further investigated in future
work using a larger set of seismic inputs.
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