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Abstract

High-speed railways are expanding into seismic zones, where earthquakes severely threaten
the safety of vehicles on bridges. Existing seismic studies of high-speed railway bridges
mainly address the structural fragility of the overall bridge, piers, and bearings. However,
field observations show vehicles often derail before major bridge damage during earth-
quakes. Fragility analysis based on vehicle derailment as the failure criterion is urgently
needed. A core task in fragility analysis of vehicle derailment is to select an optimal ground
motion intensity measure (IM). In this study, the dynamic analysis of the vehicle–bridge
interaction system under earthquakes was conducted using the incremental dynamic anal-
ysis (IDA) method. The characteristics of the IDA curves of the derailment coefficient
and the wheel unloading were investigated. Ground motion IMs are classified into time-
history-related and spectrum-related categories. The derailment coefficient and wheel
unloading are adopted as engineering demand parameters (EDPs). Probabilistic seismic
demand models (PSDMs) are established, and 22 candidate IMs are evaluated based on
efficiency, practicality, and proficiency criteria. The results revealed that the proficiency of
spectrum-related IMs is better than that of time-history-related IMs. The Sa(T1) performs
the best among the 22 candidate IMs for the derailment coefficient, and ASI performs the
best for the wheel unloading.

Keywords: bridge; running safety; derailment; intensity measure; PSDM; vehicles

1. Introduction
High-speed railway, with large capacity and high punctuality, has become one of the

core modes of transportation. As the global high-speed rail network continues to expand,
the vehicle running safety and reliability are becoming increasingly prominent. However,
due to geographical limitations, high-speed rail lines inevitably pass through seismically
active areas; earthquakes are characterized by suddenness and destructive power, posing
a serious threat to the high-speed railway system. Ensuring the vehicle’s running safety
(avoiding derailment) and structural safety (preventing collapse or serious damage) of high-
speed railway lines under earthquakes has become a core issue in the fields of earthquake
engineering and structural engineering [1–4].

Currently, seismic research on high-speed railway bridges mainly focuses on the
fragility analysis of the bridge structure itself, i.e., assessing the damage probability of key
components such as piers and bearings under a given seismic intensity [5–7]. However, the
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threat of earthquakes to railway systems is not limited to the collapse of bridge structures
but is more significantly manifested in the risk of vehicle derailment on the bridges [2,8].
Existing seismic damage surveys and numerical simulations show that vehicle derailment
caused by earthquakes often occurs before the bridge structure suffers serious damage [9],
which means that the threshold for vehicle derailment may be significantly lower than
the threshold for structural damage. Seismic design based solely on the fragility of bridge
structures cannot guarantee the running safety of vehicles on the bridge during an earth-
quake. Thus, establishing a fragility analysis method based on vehicle derailment as the
failure criterion has become an urgent need [10].

Fragility analysis is used to assess the probability of damage to dynamic systems
under seismic loading, and some of these include hybrid frameworks that combine artificial
intelligence, computer vision [11], and probabilistic mechanics, which have been developed
in recent years. One of the core tasks of fragility analysis is to select an optimal ground
motion intensity measure (IM) [12]. An optimal IM can accurately predict the structural
response and greatly improve the precision of the seismic fragility curve. Research on
the selection of ground motion IM for bridges has been well established. Chen et al. [13]
studied the influence of ground motion characteristics on the PSDM of a long-span cable-
stayed bridge and pointed out that the amplitude, frequency contents, and time duration of
ground motion have a significant impact on the PSDM of the bridge. Zhong et al. [14] con-
ducted finite element analysis on a cable-stayed bridge using pulse-like near-fault ground
motions. Based on a comprehensive evaluation of the near-fault seismic response and
ground motion IM selection criteria, they recommend that PGA is suitable for short-period
components (e.g., piers), while PGV is suitable for long-period components (e.g., towers).
The optimal IM has been found to vary significantly across different bridge types and
seismic contexts. For highway bridge portfolios in the Central and Eastern United States,
Padgett et al. [7] compared ten candidate IMs and identified PGA as the preferred choice.
In contrast, for extended pile-shaft-supported bridges in liquefiable and laterally spreading
soils, Wang et al. [15] examined 26 IMs and demonstrated that velocity-related measures
outperform acceleration-, displacement-, or time-related IMs in producing reliable PSDMs.
Similarly, Wei et al. [16] investigated multi-pylon cable-stayed bridges with super-high
piers and reported that PGV serves as the optimal IM for seismic design of this bridge type.
Matsuzaki [17] investigated the optimal IM for the life-cycle seismic fragility assessment of
isolated bridges. Results show that SI is optimal for the lead rubber bearings, and PGV is
optimal for the columns. These findings highlight that the optimality of an IM is highly
case-dependent and may not be directly transferable across different structural systems.

However, research on IMs for running safety assessment of vehicles running on bridges
remains limited. The IMs commonly used in the seismic analysis of bridge structures (such
as PGA, PSA, and Sa) mainly reflect the structure’s inertial forces or damage conditions
and are unable to effectively characterize the effects of ground motions on the wheel–rail
contact conditions [2,18]. Some scholars have carried out preliminary explorations: Luo [19]
proposed a simple bridge deck vibration IM (spectral intensity, SI) to assess the running
safety of vehicles on bridges under earthquakes, and it was incorporated into the Japanese
standard [20] to guide the design of railway bridges. This IM is obtained by integrating
the velocity response spectrum of deck acceleration during earthquakes based on the
vehicle–bridge decoupling method from 0.1 s to 2.5 s. By limiting bridge deck vibration
(limiting SI value), the running safety of vehicles on bridges during earthquakes can be
ensured. Jin and Liu [21] adopted a vehicle–bridge decoupling approach and used the
relative wheel–rail displacement as a derailment criterion. They analyzed the correlation
between IMs of the bridge deck vibration and the wheel lift and subsequently developed the
derailment fragility cloud map to evaluate the vehicle safety on bridges during earthquakes.
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Liu et al. [22] evaluated the correlation between some IMs and vehicle running safety
and found that velocity spectral intensity (VSI) and Housner intensity (HI) have good
correlations for a wide range of structural periods, and recommended them as optimal
IMs for safety analysis of vehicles running on bridges during earthquakes. Although some
work was done on selecting optimal IMs to assess the safety of vehicles running on bridges
during earthquakes, the PSDM relationship between these IMs and derailment indexes has
not yet been systematically established. The applicability of different IMs for assessing the
safety of vehicles is not yet sufficient.

In this study, the PSDM based on the classical Cornell formulation was adopted
for the vehicle–bridge interaction (VBI) system, and the applicability of this modeling
framework to vehicle–bridge coupling problems was examined. Dynamic analysis of the
vehicle–bridge interaction (VBI) system during earthquakes based on the IDA method was
conducted. The ground motion IMs are classified into two categories: time-history-related
and spectrum-related IMs. Taking the derailment coefficient and wheel unloading as the
engineering demand parameters (EDPs), probabilistic seismic demand models (PSDMs)
are established. Based on the selection criteria of efficiency, practicality, and proficiency
for IMs, the optimal IMs for evaluating the running safety of vehicles on bridges during
earthquakes were identified.

2. Probabilistic Seismic Demand Models and Optimal IM
Selection Criteria
2.1. Probabilistic Seismic Demand Model

The PSDM is a core component in performance-based seismic design for structural
engineering [23]. Its function is to establish a statistical relationship between the IMs and
the EDP, quantify the probability that a structure will reach the specific damage state under
a given seismic intensity, and provide key support for the construction of seismic fragility
curves. The PSDM was proposed by Cornell et al. [24] in the dynamic analysis of building
frames. This method assumes that the seismic response EDP is a random variable that
follows a log-normal distribution [25]. Therefore, under a given ground motion IM, the
probability that the structural EDP exceeds a certain damage state limit d can be written as

P(EDP ≥ d|IM) = 1 − Φ(
ln(d)− ln(EDP)

βEDP|IM
) (1)

where Φ(·) is the standard normal cumulative distribution function; EDP represents the
median of the structural EDP; It is assumed that the relationship between the median
structural EDP and the ground motion IM is

EDP = a · (IM)b (2)

where the parameters a and b are the corresponding estimated parameters obtained using
the least squares method.

Equation (2) can be written in an equivalent logarithmic form as

ln(EDP) = b · ln IM + ln a (3)

The relationship between IM and EDP is assumed to follow a linear form in loga-
rithmic space established by Equation (3). ln(a) and b are the vertical intercept and slope,
respectively, obtained from the least squares method. The dispersion of the EDP prediction
is quantified by the logarithmic standard deviation βEDP|IM. Generally, βEDP|IM is related
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to the value of IM. In PSDM analysis, βEDP|IM is assumed to be a constant and is calculated
by the following formula:

βEDP|IM =

√
∑
(
ln(EDPi)− ln(a · IMb)

)2

n − 2
(4)

where EDPi represents the extreme value of the response under the i-th earthquake; n
represents the number of ground motion records.

2.2. Optimal IM Selection Criteria

The use of the optimal IM enables a more accurate assessment of the running safety of
vehicles on bridges during earthquakes [26]. In the PSDM, the optimal IM is selected based
on the selection criteria suggested in references [7,26–28]. In this study, three different
criteria (efficiency, practicality, and proficiency) were examined to determine the optimal
IMs for the VBI dynamic system. The candidate IM that consistently performs best across
all three criteria is selected as the optimal IM.

(1) Efficiency: It directly reflects the uncertainty of the EDP of the structural dynamic
system under a given IM. The efficiency of the IM can be quantified by the logarithmic
standard deviation βEDP|IM (see Equation (4)) from the linear regression of EDP
against IM in log-space. When IM is given, the lower the dispersion of the structural
response, the more accurately the EDP can be predicted. Furthermore, under the same
accuracy requirements, an efficient IM can significantly reduce the number of ground
motion records required for analysis and the computational cost of nonlinear dynamic
time history analysis. Efficiency is measured by the dispersion of the linear regression
between the EDP and the ground motion IM in logarithmic space [29]. A smaller
dispersion value βEDP|IM indicates higher efficiency of the ground motion IM.

(2) Practicality: This is an indicator that measures whether there is a direct correlation
between the EDP and the ground motion IM of the dynamic system [30]. It measures
the sensitivity of the EDP to changes in the IM, reflecting the dependence of the
EDP on changes in the IM. The stronger the dependence of the EDP on the IM, the
more significant the change in EDP caused by a small change in IM. Practicality
is quantitatively characterized by the linear regression slope b in the PSDM (see
Equation (3)). A larger value of b indicates that the IM has good practicality.

(3) Proficiency: This is an indicator that comprehensively considers efficiency and practi-
cality, aiming to balance the accuracy of prediction and the sensitivity to changes in
IM. It avoids the bias in evaluation results caused by using efficiency or practicality
alone. Substituting Equation (3) into Equation (1) gives

p(Dm ≥ d|IM) = ϕ(
ln IM − ln d−ln a

b
βEDP|IM

b

) (5)

where ln d−ln a
b = (ln IM)middle represents the median value of the ground motion IM cor-

responding to the critical derailment condition of the VBI system. The denominator of
Equation (5) is the modified logarithmic standard deviation, which is called proficiency
by Padgett [7]. The proficiency ξ is defined by the ratio of dispersion βEDP|IM to the
practicality b:

ξ =
βEDP|IM

b
(6)

In terms of proficiency, IMs with lower ξ are preferred, as they combine stronger
correlation with the EDPs and lower prediction dispersion.
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3. Vehicle–Bridge Interaction Model and EDPs
3.1. Vehicle–Track Model

The vehicle system is established within the framework of multi-rigid-body dynamics.
Each vehicle comprises seven rigid bodies: one car body, two bogies, and four wheelsets.
All components are treated as rigid bodies, neglecting elastic deformation. The longitudinal
DOFs are omitted under the assumption of constant vehicle speed. Consequently, each
car body and bogie possesses five DOFs. Given constant rotational speed, the wheelset
pitch is neglected, leaving four DOFs per wheelset. The four-axle vehicle is simplified as a
dynamic model with 31 degrees of freedom.

Each component of the vehicle system is simplified as being connected by spring-
damping elements. The car body is connected to two bogies through a secondary suspen-
sion, and the bogies are connected to the wheelsets through a primary suspension. The
secondary suspension consists of four sets of three-dimensional spring-damping elements,
and the primary suspension consists of eight sets of three-dimensional spring-damping
elements. A simplified diagram of the vehicle dynamics model of the high-speed railway
vehicle is shown in Figure 1. The values of the vehicle’s suspension parameters and spatial
parameters are from Ref. [31].
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Figure 1. Schematic diagram of a typical vehicle model.

The dynamic equation of the vehicle system can be written as

MV
..
YV + CV

.
YV + KVYV = Fwr + Fseis

V (7)

where Mv, Cv, and Kv are the mass, damping matrix, and stiffness matrix of the vehicle,
and Yv(t),

.
Yv(t), and

..
Yv(t) are the displacement, velocity, and acceleration vectors.

The rail is simulated using an elastic beam, and its vibration includes two degrees of
freedom: lateral and vertical. The fastening system is simulated as a linear spring-damped
element, connecting the rail nodes to the track slab nodes and providing both lateral and
vertical stiffness. The motion equations of the rail can be written as

Mr
..
Yr(t) + Cr

.
Yr(t) + KrYr(t) = Frw(t) + Frb(t)− MrRra(t) (8)

where Mr, Cr, and Kr are the mass, damping matrix, and stiffness matrix of the rail,
respectively, and Yr(t),

.
Yr(t) and

..
Yr(t) are the displacement, velocity, and acceleration

vectors, respectively. Frw(t) is the force vector acting on the rail from the vehicle, and Frb(t)
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is the force vector acting on the rail from the bridges. The vector Rr is used to apply seismic
force on the DOFs of the track structure. If the DOF of the track structure represents the
lateral direction, the element of Rr is equal to 1; otherwise, the element of Rr is set to 0. a(t)
is the acceleration of the ground motion.

The nonlinear wheel–rail contact model consists of three parts: wheel–rail geometric
contact problem, wheel–rail normal force, and wheel–rail tangential force. In this study,
the trace curve method [32] is used to find the contact point between wheel and rail. The
wheel–rail normal force was calculated using the Hertz nonlinear contact theory [33];
and the frictional force in the tangential direction is calculated using the Shen–Hedrick
formula [34].

To verify the accuracy of the vehicle–track model, the track vibration excitation from
Ref. [9] was input into the vehicle–track system, and the calculated result in the present
study was compared with that in Ref. [9]. Figure 2a shows the input track displacement
excitation from the literature, and Figure 2b shows the comparison of wheel–rail forces.
The blue solid line in the figure represents the simulation results in this study, and the black
dots represent the results from Ref. [9]. It can be seen that the simulation results match the
results in the literature well, proving the accuracy of the model.

Figure 2. Verification of the current simulation.

3.2. Bridge Models

In this study, the running safety of a vehicle crossing a series of simply supported
bridges under earthquakes was examined. The bridges were modeled using the finite
element method (FEM), as illustrated in Figure 3. Both the beams and piers were modeled
by 3D beam elements, each containing two nodes with six degrees of freedom: three
translations and three rotations. The bridge span was set to 32 m with a box-section beam
that is commonly adopted in China’s high-speed railway systems. The bridge is composed
of 50 spans with a total length of 1600 m. For simplicity of the bridge model, the heights of
the piers were kept constant, which was chosen as 23 m. The main girder in each span is
divided into 18 elements, while each pier is modeled with 17 elements. Mesh refinement is
implemented at the span-to-span connections of the girder and at the pier bases. The piers
feature a variable cross-section along their height. The sectional properties of beams and
piers are from Ref. [35] and are shown in Table 1. The main girders are constructed with C50
concrete, while the piers are made of C35 concrete. The secondary dead loads of the bridge
are considered in the material density of the beam. A simply supported boundary condition
at both ends of the bridge girder is considered in this study, with the left end constrained
in the longitudinal, transverse, and vertical translations, and the right end constrained in
the transverse and vertical translations while allowing longitudinal displacement. The
pier bottoms are fixed at the foundation level (all translational and rotational degrees of
freedom are restrained). The bearings are modeled as elastic connection elements with
specified stiffnesses in the longitudinal, transverse, and vertical directions.

https://doi.org/10.3390/app16157643

https://doi.org/10.3390/app16157643


Appl. Sci. 2026, 16, 7643 7 of 21

Figure 3. Finite element model of bridge.

Table 1. Sectional properties of the bridge.

Elements Area
(m2)

Torsional Moment
(m4)

Bending Moment
in Plane (m4)

Bending Moment out
of Plane (m4)

Girder 8.7 22.0 10.9 86.1
Pier (Top) 20.2 47.1 15.5 69.6

Pier (Bottom) 28.3 98.6 34.2 120.3

The connection between the rail and the bridge is simplified to a linear spring and
damping connection. The interaction force between the bridge and the rail can be obtained
from their relative displacement and velocity, as shown in the following formula:{

Fh = Kh(yr − yb − ϕbHr) + Ch(
.
yr −

.
yb −

.
ϕbHr)

Fv = Kv(zr − zb + ϕbLr) + Cv(
.
zr −

.
zb +

.
ϕbLr)

(9)

where Fh represents the lateral force between the bridge and rail; Fv represents the vertical
force between the bridge and rail; Kh and Ch represent the lateral stiffness and damp-
ing, respectively; Kv and Cv represent the vertical stiffness and damping of the vertical
constraint, respectively; yr and zr represent the lateral and vertical displacements of the
rail, respectively; Lr is the lateral distance between the rail and the centroid of the main
beam; yb, zb and ϕb represent the lateral displacement, vertical displacement, and angular
displacement of the centroid of the main beam, respectively; Hr is the height from the
centroid of the main beam to the bottom of the rail.

The initial conditions of the VBI system are set as follows: the gravitational loads of
the vehicle are applied as static loads before the seismic excitation begins, and the initial
equilibrium state of the vehicle–bridge system is determined through static analysis. The
dynamic equation of the bridge structure is

Mb
..
Yb(t) + Cb

.
Yb(t) + KbYb(t) = Fbr(t)− MbRba(t) (10)

where Mb, Cb, and Kb are mass, damping, and stiffness matrices of the bridge dynamic
system, respectively. Fbr is the force vector from the rail. Regarding the system’s damping,
the Rayleigh damping matrix is used in this study:

Cb = αMb + βKb (11)

where α and β are Rayleigh damping coefficients. The Rayleigh damping coefficients can
be calculated as

α =
2ζωiωj

ωi + ωj
(12)

https://doi.org/10.3390/app16157643

https://doi.org/10.3390/app16157643


Appl. Sci. 2026, 16, 7643 8 of 21

β =
2ζ

ωi + ωj
(13)

where ωi and ωj are the natural angular frequencies of two selected vibration modes.
The damping ratio ζ, which is determined by the materials, is chosen as 0.05 in this
study. Figure 4 illustrates the modal shapes for both lateral and vertical vibrations. The
corresponding fundamental frequencies are 2.58 Hz (lateral) and 4.45 Hz (vertical). The
direct integration method (Newmark-β) was used to solve the dynamic response of the
bridge system. The two dominant modal frequencies are adopted to determine the Rayleigh
damping coefficients (α and β) for constructing the structural damping matrix, which are
essential for the time-history analysis of the bridge dynamic system.

Figure 4. Bridge modes and natural frequencies.

3.3. Derailment Criteria and Engineering Demand Parameters

The EDP is a measure for quantifying the structural seismic response. For the VBI
system, two commonly used EDPs for evaluating vehicle running safety were adopted in
this study. They provide a comprehensive assessment of running safety from both lateral
and vertical perspectives: the derailment coefficient quantifies the lateral stability of the
wheel–rail contact; the wheel unloading captures the risk of overturning or a decrease in
vertical force. The derailment coefficient and the wheel unloading are denoted as EDP1
and EDP2, respectively.

The derailment coefficient is defined as the ratio of the lateral force Q acting on the
wheel to the vertical force P. It was used to quantify the tendency of the wheel flange to
climb along the rail head due to the lateral force. The critical value of this index is derived
from a theoretical model established by Nadal based on static equilibrium conditions.
When the derailment coefficient exceeds a critical threshold, the wheel flange is highly
prone to climb along the side of the rail head, thus triggering geometric derailment.

The threshold of derailment coefficient differs among national standards [36,37]: the
International Union of Railways (UIC) adopts 1.2, while 0.8 is used for German ICE
trains and Chinese high-speed railways. Experiments and simulations show that during
earthquakes, the derailment coefficient of a vehicle running on bridges can momentarily
exceed the safety limit. Shaking table tests reveal that even when the instantaneous
coefficient reaches twice the limit, actual derailment does not occur, suggesting a safety
margin in current standards under seismic conditions. Although there is no specific
threshold for the derailment coefficient under seismic conditions, it remains an important
indicator for assessing the safety of vehicles on bridges during earthquakes.
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Wheel unloading is defined as the ratio of the reduction in wheel–rail vertical force ∆P
to the static wheel load P0. It is used to evaluate the risk of wheel derailment due to a sharp
decrease in vertical force, which may lead to the wheel detaching from the rail surface.

The limit values for wheel unloading differ among countries. In China, the limit is set
at 0.8. Some other countries have specified limits for dynamic wheel unloading. Germany
and the United States adopt a limit of 0.9, and Japan adopts a limit of 0.8. The Ref. [36]
shows that even when the wheel unloading reached 1 under certain operating conditions,
the vehicle did not derail. Under seismic excitation, the wheel unloading is a relatively
conservative derailment criterion. Namely, the threshold may overestimate the actual
derailment risk. Despite this conservatism, it still holds engineering value as an early risk
warning indicator, capable of identifying potential derailment trends.

4. Ground Motion Selection and Intensity Measures
4.1. Selection of Ground Motion Records

The strong randomness of ground motion means that a single or a small number of
ground motion samples cannot cover the uncertainties in amplitude, spectrum, and time
duration. To cover a wide range of uncertainties in ground motions, this study introduces
a set of 50 ground motion records (22 far-field and 28 near-field sets) recommended by
FEMA P695 as excitation inputs [38]. The magnitudes and fault distances are shown in
Figure 5a. This ground motion set contains far-field, near-field non-pulse and near-field
pulse ground motions, systematically covering the characteristics of strong ground motions
under different fault distances, magnitudes, and site conditions.

Figure 5. The selected ground motion characteristics.

Figure 5b shows the normalized Acceleration Response Spectrum (NARS) and sta-
tistical characteristics for all selected ground motions. The NARS are obtained from the
acceleration response spectra divided by the peak acceleration of the ground motion. The
solid black line in the figure represents the mean of the response spectrum, while the red
and blue dashed lines correspond to the 16th and 84th percentile spectra, respectively.
These visually reflect the dispersion among the ground motion records. The red vertical
solid line in the figure represents the first-order period of the bridge structure. As can be
seen from the figure, at the bridge’s fundamental period T1 = 0.39, the mean peak amplifi-
cation factor of the ground motion reaches 2.1. Furthermore, near the bridge’s first-order
fundamental period, the 16th–84th percentile range (i.e., the 68% confidence interval) is
quite wide. The representativeness and comprehensiveness of the selected ground motions
in terms of spectral shape can provide sufficiently stringent and diverse input conditions
for the seismic assessment of vehicle running safety on bridges. This helps avoid overly
optimistic analysis results that may arise from overly homogeneous selection of ground
motion records.
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4.2. Candidate Ground Motion Intensity Measures

Intensity measures (IMs), as parameters for quantifying the potential destructive
power of ground motions, are core input variables in structural seismic design and perfor-
mance assessment. There are significant differences in the effectiveness of different IMs
in predicting the seismic response of vehicles. Therefore, selecting the optimal IM with a
good correlation to EDPs of the VBI system is of significant research importance.

The optimal ground motion IM should comprehensively reflect characteristics of
amplitude, spectrum, and time duration. Taking into account the three factors above,
22 IMs commonly used in engineering are selected in this study as a candidate IM library.
These IMs are divided into two categories: (1) time-history-related IMs, such as PGA, PGV,
PGD, etc.; (2) spectrum-related IMs, such as PSA, PSV, PSD, etc. The specific definitions of
the candidate IMs are shown in Table 2.

Table 2. Candidate ground motion IMs.

No. Names (Notation) Definition and Equation

(a) Time-history-related IMs
(1) Peaks of ground motion acceleration PGA PGA = max|a(t)|
(2) Peaks of ground motion velocity PGV PGV = max|v(t)|
(3) Peaks of ground motion displacement PGD PGD = max|d(t)|
(4) Root-mean-square of acceleration ARMS ARMS =

√
1

ttot

ttot∫
0
(a(t)2)dt

(5) Root-mean-square of velocity VRMS VRMS =

√
1

ttot

ttot∫
0
(v(t)2)dt

(6) Root-mean-square of displacement DRMS DRMS =

√
1

ttot

ttot∫
0
(d(t)2)dt

(7) Cumulative absolute velocity CAV
ttot∫
0
|a(t)|dt

(8) Cumulative absolute displacement CAD
ttot∫
0
|v(t)|dt

(9) Cumulative absolute intensity CAI
ttot∫
0
|d(t)|dt

(10) Characteristic intensity Ic Ic = (ARMS)
3/2√ttot

(11) Specific energy density SED
ttot∫
0

v(t)2dt

(b) Spectrum-related IMs
(1) Peak spectral acceleration PSA PSA = max(Sa)
(2) Peak spectral velocity PSV PSV = max(Sv)
(3) Peak spectral displacement PSD PSD = max(Sd)

(4) Acceleration response spectrum intensity ASI
2.5∫

0.1
Sa(ξ = 5%, T)dT

(5) Housner spectral intensity SI
2.5∫

0.1
Sv(ξ = 5%, T)dT

(6) Spectral acceleration at T = 0.2 s Sa,0.2 Sa,0.2 = Sa(ξ = 5%, T = 0.2 s)
(7) Spectral acceleration at T = 1.0 s Sa,1.0 Sa,1.0 = Sa(ξ = 5%, T = 1.0 s)
(8) Spectral acceleration at T = 2.0 s Sa,2.0 Sa,2.0 = Sa(ξ = 5%, T = 2 s)
(9) Spectral acceleration at T1 Sa(T1) Sa,T1 = Sa(ξ = 5%, T = T1)

(10) A two-parameter scalar IM in Ref. [39] IMc IMc = Sa(T1) •
[

Sa(T2)
Sa(T1)

]0.5
; T2 = 2T1

(11) A two-parameter scalar IM in Ref. [23] IMc1 IMc1 = Sa(T1) •
[

Sa(T2)
Sa(T1)

]0.5
; T2 = 1.5T1
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5. Incremental Dynamic Analysis of Vehicle–Bridge Interaction System
5.1. IDA Procedure

The IDA method is adopted to prepare the IM-EDP data for the construction of PSDM.
IDA performs nonlinear time-history analysis on the VBI system by incrementally scaling
the ground motion IM (e.g., PGA) across multiple ground motion records. When applied
to the running safety assessment of vehicles on bridges during earthquakes, IDA offers
two key advantages. (1) It can characterize the dynamic response characteristics of vehicles
on the bridge under different ground motion intensity levels, such as the development
process and limit state of the derailment coefficient and wheel unloading. (2) By selecting
multiple representative ground motion records for IDA, it is possible to examine the effect
of ground motion uncertainties on the vehicle response.

Using the IDA method, the EDP values of the vehicle under different intensity levels
of ground motion are obtained for each ground motion record. The specific steps of IDA
are as follows: (1) scaling of the ground motions is done such that the vehicle will reach
the derailment state under earthquakes. In the IDA, each ground motion is scaled from
0.025 g to 0.7 g. (2) Then, for each earthquake intensity increment, the time history analyses
are performed for the VBI system, and the vehicle seismic response is monitored. (3) IDA
curves were plotted with the ground motion IM, such as peak ground acceleration (PGA),
on the x-axis and derailment indicators, such as the derailment coefficient and wheel
unloading, on the y-axis.

5.2. IDA of the EDPs

Given that the IDA curve contains a large amount of data and that there are differ-
ences between each curve, it is necessary to quantify this randomness. The IDA data are
statistically analyzed assuming a log-normal distribution. For each IM intensity, the EDP
mean and standard deviation are evaluated, and the response distribution is characterized
by the 16%, 50%, and 84% quantile curves.

(1) Derailment coefficient

Figure 6 shows the IDA curves of the derailment coefficient for each ground motion.
As can be seen from the figure, in the initial stage (PGA < 1.75 m/s2), the IDA curve of
the vehicle derailment coefficient shows a linear upward trend with very little dispersion.
When PGA exceeds 1.75 m/s2, the slope of the curve increases, indicating a certain degree
of nonlinearity in the VBI system during earthquakes.

Figure 6. Derailment coefficient IDA curves.
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Furthermore, it is observed that as PGA continues to increase, the IDA curves display a
hysteresis phenomenon. That is, with the increase in ground motion PGA, some IDA curves
no longer increase monotonically at certain points but instead exhibit characteristics such
as fluctuations and hysteresis. This may be due to the following reasons: when the PGA
exceeds a certain threshold, the vehicle system will experience a large-amplitude response,
and nonlinear behaviors such as lateral sliding or wheel–flange contact may occur between
the wheel and rail. This causes the lateral and vertical forces to change asynchronously,
resulting in fluctuations and hysteresis in the IDA curve of the derailment coefficient.

When PGA = 4 m/s2, the mean derailment coefficient is close to 1.1. Additionally, the
width between the 16th and 84th percentiles of the derailment coefficient gradually widens
with increasing PGA, reflecting uncertainty and dispersion in the VBI system response
under extreme seismic conditions.

(2) Wheel unloading

Figure 7 shows the IDA curves for the wheel unloading for each ground motion. As
can be seen from the figure, in the initial stage (PGA < 1.5 m/s2), the IDA curve for the
wheel unloading shows a linear upward trend with very little dispersion, indicating that
the wheel and rail are still in close contact, and the entire VBI system is still approximately
a linear system. At this stage, different ground motion records have little effect on the
running safety evaluation of the vehicle during earthquakes.

Figure 7. Wheel unloading IDA curves.

As the seismic ground motion intensity increases, the slope of the IDA curve for the
wheel unloading increases, indicating a certain degree of nonlinearity. It can be seen that the
hysteresis phenomenon of the wheel unloading IDA curve is less pronounced compared to
that of the derailment coefficient. This may be due to the following reasons: the derailment
coefficient involves both the lateral and vertical forces between the wheel and rail. Under
strong earthquakes, nonlinear behaviors such as lateral slipping and wheel–flange contact
are prone to occur between the wheel and rail. In contrast, the wheel unloading only
reflects the relative unloading degree of the vertical force, and its nonlinear response trigger
threshold is higher.

The median IDA curve of the wheel unloading shows that for most ground motions,
the corresponding PGA value is around 2.75 m/s2 when the wheel unloading is 0.5, and
around 3.5 m/s2 when the wheel unloading is 0.8. Furthermore, as the PGA of the ground
motion increases, the dispersion of the IDA curve also shows a gradually increasing trend.
During this stage, there are significant differences between different IDA curves, indicating
that the wheel unloading of vehicles on the bridge during an earthquake is closely related
to the characteristics of the input ground motion.
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6. Optimal IMs Analysis
6.1. PSDM of Vehicle–Bridge Interaction System

The PSDM establishes a relationship between vehicle response peaks (derailment
coefficient and wheel unloading) and ground motion IMs. It is key to quantifying the prob-
abilistic relationship between engineering demand parameters (EDPs) and seismic motion
intensity measures (IMs). The PSDM is developed using two EDPs (derailment coefficient
and wheel unloading) and 22 candidate IMs for the VBI model. A linear regression is
performed using the engineering demand parameter ln(EDP) against the ground motion
intensity measure ln(IM), with data points obtained through time-history dynamic analysis
of the VBI system under 50 ground motions. It should be noted that an IDA of the VBI
system with amplitude adjustment is performed for each ground motion.

Figures 8 and 9 present the results of PSDM analyses using the derailment coeffi-
cient and wheel unloading as EDPs, and Peak Ground Acceleration (PGA) as the ground
motion IM. The data are presented in arithmetic and logarithmic coordinate systems, re-
spectively. Figures 8a and 9a show the data plotted in an arithmetic coordinate system, and
Figures 8b and 9b show the data presented in a logarithmic coordinate system.

Figure 8. Results of derailment coefficient in (a) arithmetic scale and (b) logarithmic scale.

Figure 9. Results of wheel unloading in (a) arithmetic scale and (b) logarithmic scale.

It can be seen from Figures 8 and 9 that, with regard to the EDPs (derailment coeffi-
cient and wheel unloading), in the arithmetic coordinate system, the relationship between
the engineering demand parameters and the ground motion IM exhibits a power-law
curve (consistent with the assumptions in Section 2.1). Applying a logarithmic transfor-
mation linearizes the relationship, thereby greatly improving analytical efficiency and
model feasibility.

The selection of IMs for the specific EDP is a noteworthy step in the IDA method
to build PSDM of the VBI system. This section presents the results of 44 PSDM analyses
(22 IMs × 2 EDPs = 44 groups) obtained from combinations of two EDPs and 22 candidate
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ground motion IMs. Figure 10 and Figure 11 present the PSDM results for a subset of IMs,
using derailment coefficient and wheel unloading as EDPs, respectively. The figures display
scatter plots of ln(EDP) versus ln(IM) for these selected IMs, along with fitted regression
lines, to visually illustrate the EDP–IM relationships. As can be seen, the choice of ground
motion IM directly affects the PSDM of the VBI system.

 

 

 

 

 

Figure 10. Cont.
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Figure 10. PSDMs for derailment coefficient with various IMs.

Figure 11. Cont.
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Figure 11. PSDMs for wheel unloading with various IMs.

6.2. Evaluation of the Efficiency, Practicality, and Proficiency

A linear regression analysis was performed on the IDA data for the derailment coef-
ficient and wheel unloading, and the PSDMs for each IM and EDP were developed. To
quantitatively and accurately evaluate the relationships among different IM-EDP combi-
nations, this section presents a comprehensive correlation analysis of different IMs and
EDPs in terms of efficiency, practicality, and proficiency. The aim is to identify the optimal
ground motion IM for evaluating the safety of vehicles on bridges during earthquakes.

Efficiency: The efficiency reflects the degree of variability of EDPs around the re-
gression model. Figure 12 presents the efficiency results of the relationship between
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two different EDPs of vehicle response (derailment coefficient and wheel unloading) and
22 candidate IMs.

Figure 12. Efficiency for the candidate IMs.

Regarding the derailment coefficient, Sa(T1), IMc, IMc1, and ASI are the four most
efficient IMs, with βEDP1|IM values of 0.32, 0.328, 0.333, and 0.39, respectively. SED exhibits
the greatest dispersion, with a βEDP1|IM value of 0.87, making it the least efficient. Next
are CAI and DRMS, with corresponding dispersion values of 0.867 and 0.83, respectively,
which are slightly lower than that of SED. For the wheel unloading, the βEDP2|IM ranges
from 0.26 to 0.71. Among the 22 candidate ground motion IMs, ASI, PSV, and SI exhibit
the best efficiency, with βEDP2|IM values of 0.257, 0.311, and 0.313, respectively. The larger
dispersions are observed for CAI, SED, and DRMS, which show the worst efficiency, with
corresponding values of 0.71, 0.706, and 0.67, respectively.

Among the time-history-related and spectrum-related IMs, for the efficiency of the
derailment coefficient, acceleration-based IMs performed best, while displacement-based
IMs performed worst. In terms of wheel unloading, the velocity-based IM seems to perform
better, and displacement-based IMs performed worst. For the two EDPs, i.e., the derailment
coefficient and the wheel unloading, it is observed that the efficiency of the wheel unloading
is generally higher than that of the derailment coefficient for most of the candidate IMs.

Practicality: Practicality refers to the degree of dependence of the EDPs on the ground
motion IMs, which is described by the regression parameter b in Equation (3). A larger
value of b indicates a stronger sensitivity between the IM and the vehicle response EDP.
This means that the IM can more sensitively reflect the influence of ground motion input
on the vehicle response, making it more suitable as an indicator for predicting EDPs.

Figure 13 displays the variation in parameter b for the 22 IMs and different EDPs.
As can be seen from Figure 13, for the derailment coefficient, Sa(T1), IMc1, IMc, and PGA
are the four IMs with a good practicality. Their corresponding regression parameter b
values are 1.273, 1.27, 1.25, and 1.21, respectively. The IMs with the poorest practicality are
SED, CAI, and DRMS, with b values of 0.478, 0.511, and 0.578, respectively. For the wheel
unloading: Among the 22 candidate IMs, ASI, IMc, and IMc1 show a good practicality,
with b values of 1.14, 1.11, and 1.09, respectively. The least practical IMs are SED, CAI, and
DRMS, with corresponding b values of 0.46, 0.48, and 0.55, respectively.

Compared to the time-history-related IMs, the spectrum-related IMs are more practical.
For the two EDPs, i.e., the derailment coefficient and the wheel unloading, it is observed
that for most candidate IMs, the practicality of the derailment coefficient is higher than that
of wheel unloading.
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Figure 13. Practicality for the candidate IMs.

Proficiency: Proficiency (denoted as ζ, see Equation (6)) is a comprehensive evaluation
criterion that considers both efficiency and practicality. A smaller ζ value indicates higher
proficiency for the corresponding IM. Figure 14 shows the proficiency for the 22 IMs
corresponding to the vehicle derailment coefficient and wheel unloading, respectively.

Figure 14. Proficiency for the candidate IMs.

For the derailment coefficient, Sa(T1) exhibits the highest proficiency, with the small-
est value of 0.25; followed by IMc, IMc1, and ASI with values of 0.262, 0.263, and 0.33,
respectively. SED, CAI, and DRMS are the three IMs with the lowest proficiency, with corre-
sponding ζ values of 1.82, 1.70, and 1.44, respectively. For the wheel unloading, among
the 22 candidate IMs, ASI, IMc, and PSV show a good proficiency, with ζ values of 0.225,
0.286, and 0.287, respectively. The ground motion IMs with the worst proficiency were
SED, CAI, and DRMS, with corresponding ζ values of 1.54, 1.46, and 1.21, respectively. As
can be seen from Figure 14, the proficiency of spectrum-related IMs is better than that of
time-history-related IMs. The Sa(T1) performs the best among the 22 candidate IMs for the
derailment coefficient, and ASI performs the best for the wheel unloading.

7. Conclusions
This study aims to identify the optimal IMs for the safety evaluation of vehicles

running on bridges during earthquakes. The effects of far-field and near-fault ground
motions are considered. Two EDPs (derailment coefficient and wheel unloading) and 22
candidate IMs were introduced to build the PSDM for the VBI system. Different IM-EDP

https://doi.org/10.3390/app16157643

https://doi.org/10.3390/app16157643


Appl. Sci. 2026, 16, 7643 19 of 21

combinations are compared and analyzed from three perspectives: efficiency, practicality,
and proficiency. The conclusions are as follows:

(1) For the nonlinear VBI dynamic system, with regard to the EDPs (derailment coefficient
and wheel unloading), the relationship between the engineering demand parameters
and the ground motion PGA exhibits a power-law curve.

(2) Once the ground motion PGA reaches a critical intensity, hysteretic behavior emerges
in the IDA curve. Notably, the hysteresis of the wheel unloading IDA curve is less
significant than that of the derailment coefficient.

(3) For the efficiency of the derailment coefficient, acceleration-based IMs performed
best, while displacement-based IMs performed worst; In terms of wheel unload-
ing, the velocity-based IM seems to perform better, and displacement-based IMs
performed worst.

(4) The proficiency of spectrum-related IMs is better than that of time-history-related IMs.
For the vehicle–bridge dynamic system examined in this study, the Sa(T1) performs
the best among the 22 candidate IMs for the derailment coefficient, and ASI performs
the best for the wheel unloading.

While this framework has been successfully applied to the risk assessment of vehicle
running safety on bridges during earthquakes, some limitations should be acknowledged,
as a base for future development. (1) This work constitutes a preliminary study on the
application of the PSDM frame to vehicle–bridge interaction systems. The applicability of
the results is subject to the adopted bridge structures, vehicle type, and operating condi-
tions. The sensitivity of intensity measure ranking to bridge geometry, vehicle type, vehicle
speeds, running safety indicators, and track characteristics will be further investigated in
future work. (2) The vehicle–bridge interaction model in this study is treated deterministi-
cally, and uncertainties in material properties, damping, stiffness degradation, wheel–rail
contact, and suspension characteristics are not propagated through the probabilistic seismic
demand model.
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