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Abstract

This paper examines the seismic performance evaluation methodology for underground
structures. Through analysis of seismic damage and failure characteristics of underground
structures, this study proposes a novel evaluation approach for frame-type underground
structures based on the sectional curvature deformation indicator of structural components.
The research establishes a classification system for seismic performance levels with corre-
sponding state descriptions. A comprehensive seismic vulnerability analysis is conducted
on a typical two-story-three-span station structure, generating vulnerability curves based
on the proposed indicator. For comparison with traditional methods, vulnerability curves
are also developed using the interstory displacement angle indicator. The comparison
results indicate that relying solely on interstory displacement angle provides an insuffi-
cient assessment of the seismic performance of underground structures. The proposed
methodology more effectively captures the influence of critical parameters, such as the axial
compression ratio of interior columns, on overall seismic performance. This methodology
demonstrates robust applicability across diverse frame-type underground structures in
practical engineering scenarios, enabling precise evaluation of their seismic performance.

Keywords: underground structure; seismic performance evaluation; sectional curvature;
seismic vulnerability analysis; interstory displacement angle

1. Introduction

China is situated between two major global seismic belts—the Circum-Pacific and
Eurasian seismic zones—with more than half of its cities facing potential earthquake
hazards. Virtually all existing and planned urban underground rail transit systems are
located in seismic fortification zones, and a considerable number of these cities are classified
as high-intensity fortification regions. Consequently, the seismic performance evaluation of
urban underground rail transit systems has become critically important [1]. The occurrence
of numerous earthquake damage incidents of underground structures further validates this
viewpoint [2-4]. The performance-based seismic design framework has gained widespread
recognition in engineering practice due to its rational multi-scale assessment framework
through well-defined performance indicator systems [5-9]. The evaluation approach not
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only ensures structural safety before and during earthquakes but also considers post-
earthquake functionality and reparability. Therefore, it has significantly advanced the
development of seismic resilience concepts for underground rail transit systems and has
emerged as a focal research area in recent scientific studies [10].

The prevailing consensus acknowledges that establishing a well-defined classifica-
tion of performance levels and constructing a seismic performance indicator system for
structures serve as prerequisites for advancing the seismic design methodology of un-
derground structures. Various approaches exist for formulating seismic performance
indicators, with common systems including those based on strength failure criteria, defor-
mation failure criteria, and energy dissipation failure criteria [11]. Among these, the widely
adopted strength-based performance indicator employs sectional flexural capacity as its
basis [12-16]. The indicator, first proposed by Argyroudis et al. [15,16], was defined as
the ratio between the actual bending moment (M) and the bending moment resistance
(MR) at critical cross-sections of underground structures. The seismic performance of
underground structures could be categorized into five distinct damage states utilizing
this indicator, namely, no damage, slight damage, moderate damage, severe damage, and
complete collapse, with corresponding threshold values, as summarized in Table 1.

Table 1. The performance indicators based on the bending moment capacity [12].

Performance Level Range of Performance Indicator
No damage M/MR?2<1.0

Slight damage 1.0<M/MR <15

Moderate damage 1.5<M/MR <25

Severe damage 25<M/MR <35

Complete damage M/MR > 3.5

2 represents the ratio of the actual bending moment to the bending moment resistance.

Beyond strength-based performance indicators, current seismic performance evalu-
ations for underground structures predominantly employ deformation-based indicators.
The interstory displacement angle (IDA) has been widely adopted as a primary perfor-
mance indicator for frame-type underground structures [17-24]. Notable achievements
have been made in this domain by researchers. Du Xiu-L et al. [17] conducted pushover
analyses on 18 shallow-buried rectangular station structures with different cross-sectional
configurations. Their findings proposed more stringent quantitative criteria than those
stipulated in the Code for Seismic Design of Urban Rail Transit Structures [5], challenging
the applicability of above-ground structure performance indicators for the seismic design
of underground structures. Wang Guo-B et al. [18], referencing China’s Code for Seismic
Design of Buildings (GB50011-2010) [19], developed component deformation and strength
evaluation methodologies. Their analysis suggested that the code-specified elastic IDA
limit of 1/550 appears overly conservative, while the elastoplastic limit of 1/250 might
be insufficiently rigorous. Huang Zhong-K et al. [20] systematically traced the histori-
cal development of seismic performance indicators and performance level classification
systems for underground structures through comprehensive vulnerability concept and
global literature review. Zhong Zi-L et al. [21] established a dual-index system combining
IDA and crack width for subway stations, defining five distinct performance levels and
corresponding assessment criteria. Zhuang Hai-Y et al. [22,23] formulated complete failure
criteria for both two-story-three-span and three-story-three-span station structures, devel-
oping site-specific performance level classifications with physical descriptions based on
IDAs. Wang Jian-N et al. [24] delineated the seismic damage progression in irregular-span
frame-type underground structures and developed corresponding performance evaluation
approaches integrating IDA with damage states. Bao X et al. [11] conducted comparative
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analyses across four typical frame-type configurations, establishing quantitative seismic
performance thresholds considering structural typology, site conditions, material proper-
ties, and burial depths. Qiu D-P et al. [25] performed vulnerability analyses using both
IDAs and rotation angles, elucidating their interrelationships. Ma C et al. [26] proposed a
methodology for evaluating the seismic vulnerability of underground structures by con-
sidering the combined effects of horizontal and vertical ground motions. Additionally,
they established a seismic vulnerability surface based on component damage weights and
analyzed the seismic vulnerability characteristics of underground structures. Huang P-F
et al. [27] proposed a novel PSDM for conducting fragility analysis of subway stations
based on artificial neural network. Compared with the traditional PSDM, this method
could better evaluate the structural performance of subway stations. Dalmasso M et al. [28]
proposed a conditional generative adversarial Network technique, thereby incrementing
the available data on seismic damage to underground structures and overcoming the data
scarcity issue.

Research has demonstrated that in underground structures, the peak IDA and peak
axial compression ratio of interior columns do not occur simultaneously. The degree of
structural damage may vary considerably under identical IDAs [20,29]. This suggests that
relying solely on the interlayer displacement angle may be insufficient for a comprehensive
evaluation of the seismic performance of underground structures. Therefore, this study
proposes a novel seismic performance indicator for frame-type underground structures—
the sectional curvature. This proposed indicator offers a more thorough characterization
of structural damage behavior compared to the IDA and exhibits notable advantages in
assessing the overall seismic performance of underground structures.

2. Numerical Simulation Method

This section presents a comprehensive overview of the numerical simulation method-
ologies utilized in the study.

2.1. Material Constitutive Model

The constitutive models for concrete and steel reinforcement are implemented through
the development of corresponding UMAT and VUMAT (User-defined Material) subrou-
tines. For the concrete material, a modified Kent-Park uniaxial constitutive model is
employed [30], with its backbone curve and loading /unloading rules illustrated in Figure 1.
In the figure, Ej represents the initial stiffness under compression, f. denotes the axial
compressive strength of concrete; f, corresponds to the residual compressive strength of
concrete, taken as fo, = 0.2f.; fi represents the axial tensile strength; -y is the tensile soften-
ing coefficient, set to 0.1. gy and ¢; indicate the strain corresponding to the peak compressive
and tensile strengths, respectively; €., and ¢, represent the ultimate compressive strains
for unconfined and confined concrete, respectively; K denotes the confinement improve-
ment factor; and d. and d; represent the damage stiffness coefficients under compression
and tension, respectively.

For steel reinforcement, a bilinear elastoplastic model is adopted with loading-
unloading rules based on the Clough model [31], incorporating failure criteria for both
tensile and compressive stresses, as shown in Figure 2. In the figure, Ey represents the
elastic modulus of the steel; f, denotes the yield strength; ey corresponds to the yield strain;
« is the post-yield stiffness coefficient, set to 0.001.

To verify the accuracy of the above constitutive models for concrete and reinforc-
ing steel, a numerical model of a cantilever column referenced from prior work was
developed [32]. The quasi-static pushover test was numerically replicated and evaluated.
Figure 3 presents the comparative curves of the experimental measurements and numer-



Buildings 2025, 15, 4035

40f23

ical simulation results at the same location. At lower loading amplitudes, the simulated
reaction force closely matches experimental observations, accurately capturing the load-
unload behavior of the component. However, as the loading amplitude increases, minor
discrepancies emerge between the numerical and experimental results. These deviations
are hypothesized to stem from two factors: (1) misalignment between the vertical actuator
and column axis at high loads, introducing errors in axial compression ratio (ACR) measure-
ments, and (2) unaccounted damage at the column-base interface in the simulation. Despite
these limitations, the constitutive models effectively simulate the mechanical response and
damage progression of reinforced concrete members under cyclic loading conditions.
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Figure 1. Uniaxial constitutive models for concrete. (a) Stress—strain envelope curve; (b) loading—
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Figure 2. Uniaxial constitutive model for reinforcement [1].

An extended Drucker-Prager constitutive model is adopted for the soil constitutive
model, which extends the classical Drucker-Prager constitutive model by adopting a non-
associated flow rule to avoid the phenomenon of non-unique plastic flow directions at the
sharp corners of the yield surface. The soil properties are determined by the equivalent
linear method (EERA) based on frequency domain analysis to approximately characterize
the nonlinear properties of soil under dynamic loads. The relationships between the dy-
namic shear modulus ratio, damping ratio, and shear strain are illustrated in Figure 4. The
equivalent damping of soil is represented by the Rayleigh damping, which can be reflected
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by the coefficients « and 3. Considering that the seismic response of soil-underground
structure system is dominated by low-order vibration mode, the first natural frequency of
the site and the dominant frequency of the ground motion were adopted for calculating
the coefficients o and 3, as suggested by Du Xiu-L et al. [33] in their study. The values o
and (3 are 0.21938 and 0.01116, respectively. The specific solution principles, formulas and
procedures are detailed in the first reference [1].
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Figure 3. Comparison between experimental results and numerical analysis results [1].
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Figure 4. Dynamic shear modulus ratio and damping ratio with dynamic shear strain of soil [34].

2.2. Model Parameters

This study examines a typical cut and cover two-story-three-span underground sub-
way station, with its standard cross-section simplified as a plane-strain problem. The
dimensions of the subway station are presented in Figure 5, with interior columns spaced
at 8 m longitudinally. Longitudinal beams connect the interior columns to the top, middle,
and bottom plates. The interior columns utilize C50 concrete, while C35 concrete is used
for other structural components. The longitudinal reinforcement and column stirrups
employ HRB400 and HPB300 grade steels, respectively. The structure features symmetric
reinforcement to meet seismic design and durability requirements. The structural material
parameters and reinforcement ratios of main components are listed in Tables 2 and 3. The
middle and bottom plates bear combined decoration, equipment, and crowd loads totaling
16 kPa.
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Figure 5. Dimensions of subway station.
Table 2. Structure parameters.
Type Density/kg-m—3  Elasticity Modulus/GPa Poisson Ratio
C35 2500 31.5 0.2
C50 2500 34.5 0.2
HRB400 7850 200 0.3
HPB300 7850 200 0.3

Table 3. Reinforcement ratios of underground structure.

Component Ratio/% Component Ratio/%

Top plate 12 Sidewall 1.4
Middle plate 1.0 Interior column 1.6
Bottom plate 1.1

The sites in the analysis are composed of sandy soil, underlain by rigid bedrock. The
soil thickness is 70 m. Disregarding soil stratification and earthquake liquefaction effects, a
set of validated soil parameters implemented are listed in Table 4 [1,35].

Table 4. Soil parameters [1].

Parameter Value Parameter Value
Density /kg-m 3 1970.0 Dilation angle/° 15.0
Cohesion/kPa 3.0 Poisson ratio 0.26
Friction angle/° 29.0

2.3. Finite Element Model

A two-dimensional (2D) numerical model is constructed, as depicted in Figure 6. The
model dimensions are set to 200 m in width and 70 m in height to minimize lateral and
bottom boundary effects on the dynamic response of underground structures [36,37]. A
mesh size sensitivity analysis for the model was discussed. The sensitivity analysis results
in Table 5 demonstrate that the selected maximum grid size of 2 m is sufficiently refined to
ensure computational accuracy. Moreover, this grid size can effectively reproduce all wave-
forms across the frequency range, ensuring the spatial resolution of each element remains
below 1/8 to 1/10 of the wavelength corresponding to dominant seismic frequencies [38].
The grid density increases near the underground structure.
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Figure 6. Two-dimensional numerical model.

Table 5. Grid sensitivity analysis.

Grid Sizes/m Mises 11 7 4 2 1
Mises stress @ /Mpa 16.83 17.88 18.62 18.95 19.01
Sectional curvature ?/x1073 m~1 1.386 1.505 1.593 1.643 1.653
IDA ¢/ %1073 1.523 1.662 1.755 1.804 1.821

2 represents the stress at the top of the interior column within the top story; P represents the peak curvature at
the top of the interior column within the top story. ¢ represents the peak interstory displacement angle of the
top story.

The model thickness is set to one column spacing (8 m) to prevent interior column
stiffness degradation from affecting results. A simplified 3D beam-shell model (Figure 7)
was developed for direct comparative analysis against the aforementioned 2D plane-strain
model. Table 6 provides the structural response results under different earthquake intensi-
ties. The comparative analysis demonstrates that the sectional curvature demand, contact
slip/separation, and key force resultant are insensitive to the out-of-plane assumption,
thereby validating the reliability of the 2D simulation results presented in this study.

Location of contact displacement

Figure 7. Three-dimensional beam-shell model.
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Table 6. Comparative analysis results of 2D and 3D models.
0.1 0.3 0.5
PGA/g
2D 3D 2D 3D 2D 3D
Sectional curvature/x107° m™! 0.98 0.96 3.85 3.74 8.12 7.81
Axial force/kN 936.87 918.22 1030.25 984.95 1190.07 1119.68
Bending moment/kN-m 98.91 97.04 141.87 136.95 201.25 191.28
Contact displacement 2/ x1073 m 0 0 0 0 6.89 6.59

2 represents the tangential sliding displacement between soil and structure.

The soil is modeled using four-node plane strain elements, while the station structure
employs fiber beam elements [39]. The longitudinal beams connecting the interior column
at top, middle, and bottom levels are treated as linearly elastic components, excluding
potential failure modes. The reinforcement is represented by longitudinal beam elements
(Stringer element) with shared nodes. The concrete beam element and reinforcement beam
element share nodes and deform coordinately, without considering concrete-reinforcement
slip. The concrete section is divided into 19 x 19 fibers, with their sectional distribution
shown in Figure 8. The cross-sectional dimensions of the reinforcement elements are
determined through equivalent transformation, considering distribution positions and
cross-sectional areas (Figure 5 and Table 3). Distinct reinforcement section geometries are
employed in interior columns and other structural components, namely rectangular and
I-section configurations, respectively, as detailed in Figure 8. The web thickness of the
equivalent I-shaped section adopts a tiny value so that its effect can be ignored. A “hard
contact” model addresses mutual sliding and local detachment between the underground
structure and surrounding soils, allowing only compressive force transmission across
contact surfaces, permitting separation but preventing mutual penetration. Tangential
contact follows the Coulomb friction law using the penalty function method, with a friction
coefficient of 0.4 [2]. Energy transmitting boundary and viscous boundary are implemented
along the lateral boundaries of the explicit dynamic analysis model through the integration
of spring and dashpot elements, as suggested by Lysmer and Kuhlemeyer [40,41]. Free
field responses are considered as force boundaries along lateral boundaries. The bottom
boundary represents the underlying bedrock formation interface, where seismic wave
inputs are applied as horizontal acceleration time histories (Figure 6). Unified static soil
mechanical parameters determine initial site soil stress for subsequent explicit dynamic
analysis. The specific analysis procedure is detailed in the first reference [1].

A, A

Confined concrete Unconfined concrete
\\
-
Z Z
Reinforcement
. Reinforc nt
Unconfined concrete  (a) (b) EEOREIE

Figure 8. Diagram of Sectional distributions. (a) Interior column section. (b) Other section.
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2.4. Input Ground Motion

The selection of input ground motions should adequately capture the inherent ran-
domness and general applicability of seismic responses of the underground structure [41].
According to the research by Vamvatsikos et al. [42], employing 15 to 20 ground mo-
tion records with considerable variations in magnitude, location, and epicentral distance
within the IDA analysis framework could effectively represent the uncertainty arising from
differences in ground motion characteristics.

Therefore, the study selected 16 ground motion records from the PEER database based
on the key criteria of epicentral distance, ground motion intensity, and site conditions,
following the ground motion selection principles outlined in FEMA P695 [43]. Among
these records, eight represent far-field events and eight represent near-field events, with
moment magnitudes (My ) ranging from 6.5 to 7.5 and epicentral distances varying from
2.7 to 131.2 km, as detailed in Table 7.

Table 7. Ground motion records.

No. Earthquake Year Station Magnitude/M,,  Epicentral Distance/km
1 San Fernando 1971 LA-Hollywood 6.6 228
Stor FF
2 Friuli 1976 Tolmezzo 6.5 15.8
3 SupIe_;risiEtlon 1987 Poe Road (temp) 6.5 11.2
4 Landers 1992 Yermo Fire 73 23.6
Station
Beverly
5 Northridge 1994 Hills-14145 6.7 17.1
Mulhol
6 Kobe 1995 Nishi-Akashi 6.9 7.1
7 Duzce 1999 Bolu 7.1 12
8 Hector Mine 1999 Hector 7.1 11.7
9 Gazli 1976 Karakyr 6.8 55
10 Imperial Valley 1979 Bonds Corner 6.5 2.7
11 Nahanni 1985 Site 2 6.8 49
12 Loma Prieta 1989 BRAN 6.9 10.7
13 Irpinia 1980 Sturno 6.9 10.8
14 Erzican 1992 Erzincan 6.7 44
15 Cape Mendocino 1992 Petrolia 7.0 8.2
16 Kocaeli 1999 Duzce 75 131.2

The selected input ground motions derive from distinct seismic events and represent
surface acceleration data recorded at individual stations. Their response spectra are pre-
sented in Figure 9a. In seismic analysis of underground structures, direct application of
surface ground motion records at the bedrock level is inherently inappropriate. Therefore,
the surface ground motion records undergo inversion based on the frequency-domain
equivalent linearization method to obtain acceleration time-histories of bedrock ground
motion, with corresponding response spectra shown in Figure 9b. The inverted bedrock
ground motions were filtered and their peak accelerations scaled to 0.05 g, 0.10 g, 0.20 g,
0.30 g, 0.40 g,0.50 g, 0.60 g, and 0.70 g, respectively.
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Figure 9. Acceleration response spectra of seismic waves. (a) Surface response spectra. (b) Bedrock
response spectra.

3. Seismic Performance Indicator and Seismic Performance Levels
3.1. Seismic Performance Indicator

Seismic performance indicators, which quantitatively characterize the degree of struc-
tural seismic damage, should comprehensively reflect both seismic response and damage
failure mechanisms. Previous studies indicated that typical failure modes of underground
structures under strong seismic loading, including top plate collapse, middle plate settle-
ment, and sidewall overturning, frequently initiated from damage or failure of structural
members such as interior columns and top plates [2,44]. This demonstrates that local
structural member performance inherently relates to overall structural seismic performance.
Therefore, utilizing damage parameters of local structural members as indicators of overall
structural performance aligns with the seismic damage characteristics of underground
structures. To accurately quantify seismic damage degree and facilitate performance evalu-
ation, the sectional curvature of components is selected as the seismic performance demand
measure (DM). As a linking parameter between concrete material strain and structural
component deformation, sectional curvature provides a superior characterization of in-
ternal damage states compared to displacement-based indicators. Furthermore, it proves
operationally more advantageous than strain or energy indicators [45].

In subway station structural systems, the underground structure consists of multiple
tiers, each supported by load-bearing structural members. The failure of any critical
member within a designated tier may initiate localized collapse propagation, potentially
leading to global structural failure. This establishes the most severely compromised cross-
section within each tier as the representative critical section, where its performance indicator
defines the seismic performance threshold of that tier. Similarly, the critical tier exhibiting
the most severe structural damage within a subway station serves as the representative tier
for seismic assessment, with its corresponding seismic performance indicator functioning
as a reliable measure for evaluating overall structural seismic performance.

In summary, the seismic performance level of underground structures is primarily de-
termined by the most severely damaged structural components, while seismic performance
levels of their components are quantified by their most severely compromised cross-sections.
Additionally, structural components designed with appropriate shear considerations demon-
strate improved shear capacity, effectively preventing pure shear failure. Consequently,
the proposed seismic performance indicator focuses on the bending failure mechanism of
cross-sections, temporarily excluding shear failure mechanism considerations.
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3.2. Classification of Seismic Performance Levels

The typical framework structure of underground stations consists of interior columns,
top plates, bottom plates, middle plates, and sidewalls. As discussed in the paper, the
overall structural seismic performance level significantly depends on the degree of struc-
tural component seismic damage. Therefore, the paper categorizes underground structural
seismic damage degree based on cross-section deformation failure criteria while providing
comprehensive descriptions of structural performance status.

Using the interior column of a two-story subway station as an example, Figure 10
demonstrated the moment-curvature relationship curve of its cross-section under a specific
ACR. These values of this curve are structure-specific, which means that each type of
cross-section will yield a specific curve. However, the flexural state of sectional curvature
under loading in reinforced concrete structures exhibits universality [46,47]. This study
employs the farthest-point method to determine the yield point of the cross-section. In
this method, the point on the curve farthest from the line connecting the origin and the
peak point is identified as the yield point [48]. Draw a line connecting point O with the
extremum point of the generalized force. Draw a parallel line to this line and find the
farthest point B on the curve from this parallel line, which is the yield point (Figure 11).
This approach offers clear physical significance and demonstrates strong applicability.
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Figure 10. Flexural performance states of structural cross-section.
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Figure 11. The farthest-point method.

Based on previous numerical simulations and experimental tests, structural compo-
nents with limited cross-sectional deformation demonstrate the following characteristics:
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both concrete and reinforcing steel remain in the elastic phase, with only localized micro-
cracks appearing on the concrete cover surface. During this phase (Stage I, as shown
in Figure 10 before performance point P1), the bending moment and curvature of the
cross-section display an approximately linear relationship, indicating that the structural
integrity remains intact in this elastic regime. Increased loading leads to macroscopi-
cally visible cracks on the concrete surface, accompanied by localized plastic deformation
regions. The cross-sectional response progresses through this transitional phase until reach-
ing yield deformation (Stage 11, as depicted in Figure 10 between performance points P1
and P2). Throughout this mechanical behavior progression, the cross-section maintains
structural integrity with limited damage accumulation, showing only minor degradation
in load-carrying capacity. As loading continues, both concrete and reinforcing steel plastic
deformation intensify, resulting in significant crack widening on the structural surface. The
mechanical progression reaches its peak when the cross-section achieves its ultimate bend-
ing capacity (Stage 111, as illustrated in Figure 10 between performance points P2 and P3).
At this stage, the cross-sectional properties exhibit moderate damage characteristics. After
reaching peak bending moment, the cross-sectional moment begins to decline progressively.
When the bending moment decreases to 85% of the peak value, the cross-section enters a
state of severe damage (Stage IV, as shown in Figure 10 between performance points P3
and P4). Simultaneously, significant material property degradation occurs, characterized
by extensive concrete spalling with interconnected cracks, rendering the structure unable
to sustain additional loads. Post-peak moment reduction exceeding 15% residual capac-
ity (<85% of peak bending moment) indicates structural failure criteria. This threshold
corresponds with irreversible material deterioration characterized by complete loss of
load-bearing capacity, structural instability, and collapse mechanism initiation, as shown in
Figure 10 after performance points P4 (Stage V). Based on the four performance points on
the moment-curvature relationship curve of its cross-section, the entire loading process can
be divided into five distinct stages, each corresponding to a specific damage grade of the
cross-section, as presented in Table 8.

Table 8. Seismic performance levels of underground structure.

Performance Level

Range of Performance

Indicator Description of Performance Level

I Basically intact

The structure as a whole remains within the elastic working range and is

<
k<Pl capable of maintaining normal functionality following an earthquake.

II Slightly damaged

The majority of the structural components remain within the elastic
Pl<k<P2 working range and can resume normal operation with minimal repairs
following an earthquake.

III Moderately damaged

The majority of the structural components transition into the
elastic-plastic working state. Following an earthquake, the structure
must undergo comprehensive repair and reinforcement before it can
resume normal operation.

P2 <k <P3

IV Severely damaged

The structure has entirely transitioned into the elastoplastic working
state; however, neither local nor overall collapse has occurred. Given the
relatively high difficulty and cost associated with repairs, demolition and
reconstruction are being considered as viable options.

P3<k <P4

V Collapsed

The majority of the structural components have lost their load-bearing
K>Pr4 capacity, resulting in either local or overall collapse of the structure.
Consequently, demolition and reconstruction are deemed necessary.

The seismic performance of interior columns demonstrates high sensitivity to ACRs,
necessitating the determination of performance levels based on either the initial ACR of
interior columns or the critical ACR corresponding to peak sectional curvature response.
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Conversely, flexural members such as plates and walls, due to their inherently larger cross-
sectional dimensions, exhibit substantially reduced sensitivity to axial loading effects on
load-bearing capacity. This fundamental characteristic eliminates the necessity to consider
the ACR, enabling direct evaluation of seismic performance levels of these flexural members
through cross-sectional moment-curvature analysis under conventional axial load ranges.

4. Result Analysis

The section conducted seismic vulnerability analysis on frame-type underground
structures utilizing incremental dynamic analysis. Using structural seismic damage grade
as the benchmark, comparative analyses evaluated the validity of employing IDAs to evalu-
ate the seismic performance of underground structures. Additionally, seismic vulnerability
curves were developed using sectional curvature and IDA as performance indicators. The
analysis examined structure exceedance probabilities at different performance levels.

4.1. Analysis of the Limitations of IDA

During numerical simulation, different ACRs of the interior column were implemented
through ground load application at the top of the model, as shown in Figure 12. ACR
represents the ratio between axial force and the cross-sectional area of the compressive
segment. The damage factor represents the ratio of stiffness degradation to initial stiffness
during reloading under compressive or tensile stress states in concrete materials, with
higher values indicating greater structural damage.
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Figure 12. Time-history comparison curves of IDA and damage factor. (a) Kobe wave; (b) Northridge
wave; (c) Friuli wave.
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Figure 12 illustrates the variation curves of the IDA at the top of the station structure
and the damage factor of the interior column under three seismic waves and three ground
load conditions. The results indicate that despite consistent IDAs, the damage degree of
interior columns varies due to ACR influence. Moreover, under identical IDA conditions,
higher ACR values result in more rapid attainment of the damage limit by the interior
column. Similar phenomena are observed under other earthquake conditions.

These findings indicate that utilizing the IDA alone to characterize and evaluate
seismic characteristics of underground structures lacks sufficient accuracy, suggesting that
the current seismic evaluation methodology for underground structures based on this
indicator requires enhancement.

4.2. Seismic Vulnerability Analysis
4.2.1. Applicability Assessment of the IM

Selecting an appropriate intensity measure (IM) represents a crucial step in developing
seismic vulnerability curves for underground structures. Following an extensive literature
review [49-51], peak ground acceleration (PGA) was adopted as the IM. The rationale
for the IM selection will be validated within this section by demonstrating its efficiency
and sufficiency. Since non-long interior column failure primarily results from damage at
column end sections, with mid-span instability being relatively rare, this study focuses on
analyzing the top and bottom cross-sections of interior columns. The maximum sectional
curvature observed among interior columns served as the DM.

Research indicates that the DM for shallow-buried underground structures exhibits
a generally logarithmic-linear relationship with the IM [52,53], as defined by Equation
In(DM) = AIn(IM) + B. In the formula, both A and B are fitting coefficients.

A total of 256 dynamic working conditions were calculated in the paper. The distribu-
tion of the sectional curvatures of the interior column under different seismic intensities
was statistically obtained, as shown in Figure 13, and the corresponding fitting results were
presented in Figure 14.
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Figure 13. Sectional curvature distribution under different PGAs. (a) Overload of 0 kPa. (b) Overload
of 120 kPa.
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Figure 14. Linear regression of peak sectional curvature. (a) Overload of 0 kPa. (b) Overload of
120 kPa.

The fitting relationships between the sectional curvature of the interior column and
PGA under two working conditions were as follows:

Overload 0 kPa : In(x) = 1.1081In(PGA) — 4.3886 (1)

Overload 120 kPa : In(x) = 1.0381In(PGA) — 4.7932 ()

Table 9 presented linear regression results of IM and DM data samples under two
loading conditions, where B4 denotes the log-standard deviation. A lower B4 value indi-
cates higher efficacy of the corresponding IM. The calculation formula for log-standard
deviation is as follows:

5" [InDM — (AInIM + B))?

_ =
Ba = p— 3)

where 7 is the total number of time-history analysis results.

Table 9. Regression analysis results of efficiency and sufficiency.

_ L p-Value p-Value
Overload/kPa Log-Standard Deviation (Magnitude) (Epicentral Distance)
0 0.383 0.802 0.172
120 0.413 0.781 0.124

Comparative analysis with prior references on IM selection [49-51] reveals that the
PGA adopted in this study demonstrates notably superior efficiency.

Furthermore, regression analyses were performed on the residual-magnitude and
residual-epicentral distance datasets. As demonstrated in Table 9, all obtained p-values
exceed 0.05, indicating no statistically significant correlation between the selection of PGA
as the IM and either seismic magnitude or epicentral distance.
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4.2.2. Seismic Vulnerability Curves Based on Sectional Curvature

Research indicated that the seismic vulnerability curve of shallow-buried underground
structures conformed to a lognormal distribution and could be described using the follow-
ing formula [54]:

In(DM/DC)

VB + BE+ B

In the formula, P denotes the probability of structural response exceeding a specified

Pi= (4)

performance level under a given seismic intensity; ® refers to the standard normal distri-
bution function; DC represents the threshold value for the structural performance level
indicators; B4s quantifies the uncertainty attributed to deviations in structural damage state
definitions and is assigned a value of 0.4 based on recommendations in the HAZUS99; .
characterizes the uncertainty associated with structural form. Given the uniqueness of the
analytical subject in this study, this parameter is omitted in the computational procedure.

Based on the aforementioned fitting formula results and incorporating the seismic
performance level classification presented previously, substituting Equations (1) and (2)
into Equation (4), respectively, yielded the seismic vulnerability curves of underground
structures under 0 kPa overloading and 120 kPa overloading conditions, as shown in
Figure 15. The selection criteria for seismic performance indicators refer to Section 3.2, with
threshold results presented in Table 10.

100
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Figure 15. Seismic vulnerability curves based on the sectional curvature of interior column.

Table 10. Seismic performance levels based on sectional curvature/x10~3 m~1.

Overload/kPa P1 P2 P3 P4
0 0.48 1.02 3.48 9.92
120 0.35 0.84 2.36 6.17

As demonstrated in Figure 15, seismic damage to underground structures intensifies
progressively with increasing PGA. For example, under 0.2 g PGA with 0 kPa overloading,
the probability of the underground station structure exceeding performance point P1 (indi-
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cating slight damage) is 54.97%, while the probability of exceeding performance point P2
(indicating moderate damage) is 15.28%. These results suggest that under PGA below 0.2 g,
underground structures primarily experience minor damage, with relatively low moderate
damage probability. At 0.4 g PGA, the probability of exceeding performance point P2
reaches 55.51%, while the likelihood of surpassing performance point P3 (indicating severe
damage) is 23.07%. These findings demonstrate that when PGA ranges between 0.2 g and
0.4 g, underground structures predominantly experience moderate damage, with relatively
low severe damage probability. At 0.7 g PGA, the probability of exceeding performance
point P2 increases to 86.86%, performance point P3 to 60.76%, and performance point P4 to
32.33%. These results indicate predominantly severe damage state of the station structure,
with significantly elevated collapse and structural failure probability.

Furthermore, the structural vulnerability curves under 120 kPa overloading consis-
tently demonstrate higher values compared to those under 0 kPa overloading condition,
exhibiting increased exceedance probabilities across all seismic performance levels. This
pattern is primarily attributable to the elevated ACR of the interior columns within the
underground structure, resulting from the additional surcharge load, which subsequently
intensifies both the probability and magnitude of structural damage.

4.3. Comparative Analysis
4.3.1. Seismic Vulnerability Curves Based on IDA

Employing the same analytical methodology, the IDA of the underground structure
served as the seismic performance demand measure for structural vulnerability analysis.
The fitting relationships between the sectional curvature of the interior column and PGA
under two working conditions were as follows:

Overload 0 kPa : In(f) = 1.0096 In(PGA) — 0.4540 (5)

Overload 120 kPa : In(6) = 1.0036In(PGA) — 0.4693 (6)

Based on the limit values of the IDA indicator used for classifying seismic performance
of underground structures in existing references (Table 11), the structural vulnerability
curve based on this performance indicator was constructed, as shown in Figure 16.
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Figure 16. Seismic vulnerability curves based on the IDA.
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Table 11. Seismic performance levels based on IDA [17].
Performance Level P1 P2 P3 P4
Values 1/1223 1/343 1/161 1/105

The fragility curves of the station structure under two overloading conditions, based
on the IDA indicator, demonstrate nearly complete overlap, suggesting that the influence
of the overlying load on structural damage characteristics remains undetected. Using the
Kobe wave with a PGA of 0.4 g as an example, the IDA at the top of the structure under
0 kPa overloading and 120 kPa overloading conditions are 1/142 and 1/139, respectively
(a difference of 2.1%), while those at the bottom are 1/158 and 1/152, respectively (a
difference of 3.7%). These findings indicate that the deformation modes and magnitudes of
the underground structure under two loading conditions demonstrate high consistency.

4.3.2. Comparative Analysis of Two Method

The seismic fragility curves derived in Sections 4.2.2 and 4.3.1 (Figures 15 and 16)
were comparatively analyzed, and the areas between the two loading curves under four
performance levels were quantified, as summarized in Table 12.

Table 12. Areas between two loading conditions.

Method Slight Damaged Moderately Damaged Severely Damaged Collapsed
Sectional curvature 5.377 10.492 7.955 5.599
IDA 0.091 0.068 0.171 0.182

Table 12 demonstrates that the area between vulnerability curves corresponding to the
two loading conditions is significantly larger when derived using the sectional curvature
indicator compared to that obtained through the IDA indicator. This phenomenon indicates
that the sectional curvature metric constitutes a more appropriate indicator than IDA for
evaluating the seismic performance of underground structures. Furthermore, the sectional
curvature indicator exhibits heightened sensitivity to the ACR of interior columns (ground
surface overload).

Additionally, seismic vulnerability analyses incorporating diverse site characteristics
were also conducted, and details are omitted in this article due to space limitations. Under
different parametric conditions, the fragility curves derived from the two performance
indicators (sectional curvature and IDA) consistently exhibited significant discrepancies,
similar to those in Figures 15 and 16. The area discrepancies between vulnerability curves
consistently exceeded a factor of 30 across all comparisons.

To further illustrate the limitations of the IDA indicator, concrete compressive dam-
age factors at the critical sections of the structural components are extracted under the
aforementioned conditions, as presented in Figure 17.

As illustrated in Figure 17, under the 120 kPa overloading condition, the concrete
damage factors of component sections of the underground structure exceed those observed
under the 0 kPa condition. The extent of influence from overloading varies significantly
among different component sections. The bottom section at the base of the left interior
column exhibited the most substantial influence, with the compressive damage factor
increasing by 184.4% compared to the 0 kPa condition. Conversely, the bottom section of
the right sidewall showed the smallest increase, with a compressive damage factor rise of
33.3% compared to the 0 kPa condition.
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Figure 17. Concrete compressive damage factors. (a) Critical sections of interior column. (b) Critical
sections of sidewall.

Due to a minimal IDA difference of approximately 3%, a performance evaluation sys-
tem based on IDAs may yield similar assessment outcomes. However, the actual structural
damages show significant variations, with the end section of the interior column displaying
particular sensitivity. This observation indicates that while surface load variations mini-
mally affect the overall deformation behavior (IDA) of the underground structure, they
substantially influence individual structural component damage manifestation.

This evidence suggests that utilizing only the IDA to characterize and evaluate seismic
damage behavior of underground structures may lead to significant inaccuracies. The
performance indicators and evaluation approaches proposed in this study demonstrate
superior alignment with the mechanical behavior and damage characteristics of frame-type
underground structures.

4.3.3. Parametric Sensitivity Analysis

To rigorously validate the robustness of the proposed method, a parametric sensi-
tivity analysis was performed on the numerical model. Critical parameters including
Rayleigh damping parameters and soil-structure interface friction p were investigated,
with their quantitative impacts on curvature response and probability of exceedance under
representative PGAs systematically evaluated, as shown in Table 13.

Tabular evidence establishes that parametric perturbations induce merely marginal
oscillations (<£2%) in derived sectional curvatures and probability of exceedance met-
rics. This quantitatively verifies the methodological insensitivity to interfacial friction
and damping variabilities, thus indicating limited parametric influence on the proposed
methodology. Notably, when conducting comparative analysis between the two methods
(sectional curvature and IDA), such discrepancies become statistically negligible.

Table 13. Parametric sensitivity analysis.

PGA

Parameter Variation Sectional Curvature/x10~—3 m—1

Probability of Exceedance/%
P1 P2 P3 P4

03g

Friction 1

0.3 3.645 79.23 36.96 10.90 242
0.4 3.630 79.20 36.95 10.89 242
0.5 3.622 79.18 36.93 10.88 241
+25% 3.619 79.17 36.92 10.87 240

Rayleigh damping 0 3.630 7920 3695  10.89 242

—25% 3.642 79.23 36.96 10.89 243
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Table 13. Cont.

Probability of Exceedance/%

PGA Parameter Variation Sectional Curvature/x10—3 m—1
P1 P2 P3 P4
0.3 6.456 94.93 72.33 38.05 14.82
Friction p 0.4 6.423 94.88 72.25 37.97 14.73
05¢g 0.5 6.391 94.83 71.19 37.87 14.64
+25% 6.377 94.80 71.16 37.82 14.63
Rayleigh damping 0 6.423 9488 7225 3797 1473
—25% 6.495 94.99 72.45 38.10 14.84
0.3 9.704 98.67 86.98 60.88 32.44
Friction p 0.4 9.651 98.56 86.86 60.76 32.33
07¢g 0.5 9.602 98.44 86.73 60.63 32.22
+25% 9.584 98.43 86.71 60.60 32.20
Rayleigh damping 0 9.651 9856 8686 6076  32.33
—25% 9.722 98.71 87.01 60.94 32.49

5. Limitations and Furthers

The present study intentionally simplifies the numerical simulation by omitting certain
secondary factors that, while influencing computational outcomes, exhibit negligible effects
on the core conclusions. The deliberate simplifications include (1) Soil stratification and
liquefaction characteristics; (2) Concrete-reinforcement interfacial slippage; (3) Spatial
constraints of 3D modeling; (4) Directionality of input ground motion; and (5) Shear-
dominated failure modes.

Furthermore, the performance evaluation indicator presented in this paper exhibits in-
trinsic variability contingent upon cross-sectional configurations of underground structural
components. Consequently, subsequent studies will systematically discuss representative
structural cross-sections to derive design guidelines, facilitating the integration of this
theoretical framework into current specifications.

6. Conclusions

This research presents a systematic analysis of seismic damage characteristics in under-
ground structures and proposes a deformation index-based seismic evaluation approach.
The study refines the categorization criteria for seismic performance levels and details
the performance states corresponding to different damage levels within the proposed
framework. Through application of the new evaluation approach, the seismic performance
of conventional frame-type underground stations is examined, and seismic vulnerability
analyses under two distinct surface loading conditions (0 kPa and 120 kPa) are performed.
The comparative analysis against conventional IDA-based assessment methods validates
the proposed methodology for underground structural systems. Despite certain limitations
in the analysis, the key findings can nevertheless be drawn:

1. For frame-type underground structures, the global seismic performance level is gov-
erned by the most severely damaged structural component. The damage degree of
this critical component can be quantified through sectional curvature at its maximum
damage location.

2. Five distinct damage phases are established based on characteristic points (elastic,
yield, peak, and ultimate) in the moment-curvature relationship of structural members:
(I) Basically intact, (II) Slightly damaged, (II) Moderately damaged, (IV) severe
damaged, and (V) Collapsed.

3. Although the IDA remains the same, the damage degree of the interior column varies
due to the influence of the ACR. Furthermore, under identical IDA conditions, a
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higher ACR leads to a more rapid attainment of the damage limit by the interior
column.

The findings demonstrate that relying solely on the IDA to characterize and evaluate
seismic characteristics of underground structures provides insufficient accuracy. Compared
to the IDR, the method proposed herein enables more precise quantification and assessment
of the seismic performance levels of underground structures. Excluding factors such as
soil liquefaction, directionality of input ground motion and pure shear failure of structural
members, it demonstrates superior efficacy in evaluating the seismic performance of frame-
type underground structures.
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