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Abstract: The high-speed railway in China passes through various seismic zones. As the
track geometric irregularity is a critical aspect impacting train operation safety and train-
induced vibration, it is meaningful to investigate the influence of earthquakes on the
seismic-induced track geometric irregularity of high-speed railways. To determine the
impact of earthquakes on track conditions, a complete study was conducted using various
earthquake magnitude levels (3.0 to 7.0), varied limiting train speeds, and different track
structural types (ballasted and ballastless track). The track quality index, long-wave
irregularities, 10 m chord measurement, and vehicle vibration are analysed to suggest the
change of track geometric irregularity and its influence after the earthquake. At the same
time, the vehicle-track analysis model is used to calculate the difference in vehicle
vibration under different seismic-induced track conditions. The vehicle acceleration, the
rate of wheel load reduction, derailment coefficient indicators are investigated. These
results imply that earthquakes have an impact on high-speed railways, causing track
geometric irregularities to shift, which may contribute to increased vibration while trains
are running. Compared to the ballasted track, whose normal speed is 250 km/h, the
ballastless track, whose nominal speed is 350 km/h, was affected by the earthquake less.
According to data, earthquakes have an influence on long waves greater than 1 m. While
small and moderate earthquakes have a minor effect on railway safety, they do have an
effect on train operating comfort because vehicle vibration is amplified as a result of the
seismic-induced track geometric irregularity being worse.

Keywords: High-speed railway; track geometric irregularity; seismic-induced response;
train vibration; track quality index
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1 Introduction

In recent years, the development of high-speed railways (HSR) has made
significant progress in some regions such as East Asia, Europe, and Africa. More
HSRs are being built in hilly areas and coastal seismic fault belts with significant
seismic intensity [1], such as in western China and Japan. Due to this situation, the
probability of high-speed railways interfering with earthquakes has also grown
significantly. In natural disasters that endanger railway safety, earthquakes are
difficult to forecast. Destructive earthquakes not only inflict direct damage to
railway infrastructure, but can produce a variety of secondary catastrophes and
even result in accidents such as high-speed train derailment and overturning.
Therefore, the effect of earthquakes on high-speed rail systems has garnered
increased attention.

Destructive earthquakes not only inflict direct damage to railway infrastructure,
but can produce a variety of secondary catastrophes and even result in accidents
such as high-speed train derailment and overturning [2, 3]. Thus, there is
considerable interest in the damage to the railway structure caused by earthquakes,
and various studies are being undertaken in this field. Seismic-induced track
damage and deformation may be classified into two types: failure of track
structural stability, e.g., track irregularities [4, 5], and failure of track underlying
structures such as embankments [6, 7] and bridges [8]. Because bridges are the
critical components of railway systems, the seismic response of bridges has
attracted considerable research, including different bridge types: long-span
bridges, [9], steel truss girder bridges [10], cable-stayed bridges [11]. Also, some
numerical [12, 13] and analytical [14, 15] train-track-bridge models are
established to investigate the dynamic seismic-induced response of the track
structure.

Although certain extremely severe earthquakes might cause damage to the railway
structure, the majority of earthquakes are less severe. It can be found that the
earthquake will not cause damage to the track's subgrade or bridge construction,
but it will impair the track's stability, irregularity, and residual stress and
deformation [16]. These irregularities grow may lead to extra train vibration.
Track irregularity is one of the main factors for the vibration of railway vehicles.
If the roughness of the track is severer after the earthquake, the train vibration and
the wheel-rail force induced by the track irregularity will grow with the increase
of the speed of the vehicle, which cannot be ignored. The earthquakes and track
irregularities are often combined considered. Stochastic analysis model is built for
investigating the dynamic track response [17]. The influence of train speed and
seismic wave propagation velocity on the random vibration characteristics of the
bridge and train are discussed by using the pseudo-excitation method [18].
However, the above studies mainly focused on the track irregularities influence
when the earthquake occurred. Actually, the earthquake could induce more
severer track irregularities. The seismic-induced geometric irregularity of rail
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alignment is investigated. The amplitude for seismic-induced track irregularity
significantly increases with the increase of earthquake intensity [19]. Additionally,
the power spectral density curve of track geometry irregularity is considered and
studied when transverse random earthquakes occur [20, 21]. The effects of track
irregularity and seismic stresses on the dynamic response of the vehicle system
demonstrated that track irregularity may greatly enhance the vehicle system's
dynamic response [22]. Using both measured U.S. earthquake data and a finite
element model, the frequency-domain distribution of earthquake-induced track
irregularities was investigated [23]. However, the majority of these conclusions
are based on model analysis and earthquake database library. Inadequate
validation of track irregularities test data affected by the earthquake. The analysis
of high-speed railway seismic-induced track geometric irregularity based on in-
situ measurement data needs further explanation.

This paper measures and analyses the impact of track irregularities on several
railway lines in China when subjected to seismic activity. Additionally, choose
several typical irregularities from the measured data and do additional analysis
using the vehicle-track coupling model. The impact of the track on the vibration of
the vehicle is described when the track is affected by an earthquake and the track
irregularity becomes severe. The in-situ measurement of track irregularities
affected by the earthquake is introduced in Section 2. Then, the measurement data
is statistically analysed in Section 3. Combined with a train-track model, the
introduction of the model and calculation results are drawn in Section 4.
The conclusion is shown in the end.

2 On-Site Measurement of Seismic-induced
Geometric Irregularity

In reaction to the earthquakes that occurred in China during the last decade,
special attention has been devoted to the railway infrastructure around the
epicentre. Sense,t track irregularities impair driving safety and cause vibrations, it
is essential to consider the effect of earthquakes on track conditions. The geometry
of the track was compared before and after the earthquake. Track Quality Index
(TQI) variation and the amplitude of track irregularities were determined twice
before and following the earthquake. The measurement data is shown below,
including the train's limited speed 250 km/h ballasted track and 350 km/h
ballastless track that was severely damaged by the earthquake in all tested cases.

Numerous in-situ measurements were performed including the track irregularity of
longitudinal level, alignment level, gauge, cross-level, and twist on the ballastless
track designed for 350 km/h HSR, and ballasted track designed for 250 km/h HSR.
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The situation of the site is shown in Figure 1 (a). The deformation and track
irregularity under earthquake effects can be observed in the photographs of the
site and detected by the track geometry car shown in Figure 1 (b).

(b)

Figure 1
On-site measurement (a) Track geometry and (b) Track geometry car

The original data of the track longitudinal level, alignment, cross level and twist
for ballastless track is shown in Figure 2. The red dashed box shows a distinct
difference in the track geometric irregularity from the pre- and post-earthquake.
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Figure 2
Original measurement data of track geometric irregularity.

The in-situ measurements data in Figure 2 indicated that the track geometric
irregularity varies dramatically at the HSR beam junction locations.
The earthquake caused the bridge piers to vibrate, which in turn caused the girders
to vibrate and then lead to track deformation. Figure 3 illustrated the special sites
where deformation is expected to occur marked in red dashed line.
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Figure 3

Beam junction locations

2.1 Track Geometric Irregularity

The waveform of long wave (1-120 m) and medium wave (1-42 m) can be
analysed based on in-situ track irregularities data. The long wave affects the low
frequency of the vehicle and vehicle ride comfort. Therefore, the long waveform
of the track irregularity was selected for analysis. The details of the waveform of
three cases are shown in Figure 4. As can be observed, the track irregularity has

altered significantly in many areas with the effects of the earthquake.
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Long-waveform longitudinal level in (a) 250 km/h HSR track (b) 350 km/h HSR track
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Long-wave track irregularity values up to 7 mm in certain locations of the 250
km/h HSR track owing to seismic events. The considerable change spans around
100 m. For the ballastless 350 km/h HSR track, the difference is also up to around
2 mm, the span of this area is nearly 40 m. These results demonstrate that the
earthquake had a major effect on the rail structure's long-wave irregularity.
The track's long-wave irregularity will affect the low-frequency train-induced
vibration.

2.2 10 m-chord Measurement Method

The medium wave affected train safety. In this paper, the 10 m chord
measurement method, a suitable method to describe the medium wave of track
geometric irregularity, is used to measure the track irregularity data. The Chord
measurement method [24] is a typical method to measure the track irregularities.
Based on measurement data for pre-earthquake and post-earthquake, the left and
right longitudinal level and alignment difference is shown in Figure 5.
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The difference of track irregularity based on 10m-chord method of 250 km/h HSR track including (a)
longitudinal level and (b) alignment
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According to the data in Figure 5. there is a significant disparity in longitudinal
level and alignment. The longitudinal level has a maximum value of 1.4 mm.
There is, however, no noticeable difference between the data for the left and right
rails.

Figure 6 depicts the cumulative distribution of the difference between the output
values of the 10 m-chord measurement before and after the earthquake at the
ballasted track designed for 250 km/h HSR.
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Figure 6
Cumulative distribution of the value difference of track irregularity

For 250 km/h high-speed railways, 95% of the cumulative distribution of the 10 m
chordal measurements of track height before and after the earthquake is within 2
mm. Because the red and black lines, which indicate longitudinal level track
irregularities, are lower than the blue and green lines, which show alignment track
irregularities, particularly in the 0.5-1 mm difference range. As a result, the
longitudinal level is more changeable than the track alignment, and the difference
in track irregularities between the left and right rails is more noticeable.

2.3 Track Quality Index

Track Quality Index (TQI) [25] is a comprehensive index and assessment system
that uses quantitative statistics to characterise the track's overall quality. It is the
total of the standard deviations of the track irregularity in the vertical and
horizontal direction, gauge, and twist irregularities elements. This number is
directly connected to the overall track irregularity state, which shows the degree of
dispersion of the track state in the 200 m segment. The larger the value, the more
uneven and irregular the track is. It can be denoted as
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TQI:i /%Z(Xj -Xx7) ()

where Xj; means the magnitude of each geometric deviation in 200 m range of
track. There are 7 standard deviations of items involved in evaluating track
irregularities including the left longitudinal level, right longitudinal level, left
alignment, right alignment, the track gauge, cross level and twist. 7 is the number
of sampling points in 200 m range. X, is the mean value of each project

describing the track irregularities. It can be denoted as

X, ==>X, ()
Jj=1

In this part, three cases reflecting the track irregularity difference are chosen based
on the measured track deformation degree data after the earthquake.
The significant TQI changes measured data of 250 km/h and 350 km/h HSR track
is chosen. A value is recorded every 200 metres, and the most visible gap of 10
kilometres is picked and shown in Figure 7.
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Figure 7

TQI difference influenced by the earthquake in (a) severe case from 350 km/h HSR ballastless track (b)
severe case from 250 km/h HSR ballasted track (c) slight case from 350 km/h HSR ballastless track and
(d) slight case from 250 km/h HSR ballasted track
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It can be known that after the earthquake, although the TQI values have changed
in selected regions, the difference is not statistically significant when observed in
raw data. Sense, TQI is a comprehensive index for evaluating track conditions, it
incorporates not only track height irregularity but also horizontal irregularity,
gauge, and so forth. As a result, the general status of the track does not alter much
after the earthquake.

The percentage of the seven components of the TQI evaluation indicators is
shown in Figure 8. It includes the standard deviation for longitudinal level,
alignment, track gauge, cross-level, and twist for ballasted and ballastless track
that was severely and slightly impacted by the earthquake.
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Figure 8

The percentage of 7 indicators from TQI evaluating the track influenced by the earthquake (a)
severe case and (b) slight case

It can be seen that longitudinal level and twist account for a reasonably substantial
amount of the overall TQI value when it comes to the contribution of each sub-
factor to TQI values. Alignment track irregularities have a negligible impact on
the TQI value. Less than track gauge and cross-level. The ballasted track exhibits
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a comparatively high shift in longitudinal level and the gauge during seismic
activity as compared to the ballastless track. In the case that the track is influenced
by the earthquake significantly, due to seismic influences, the standard deviation
of the longitudinal level is lower for the ballastless track, while the percentage
rises for the ballasted track. Twist standard deviation demonstrates the inverse
pattern. Therefore, the longitudinal level of track irregularities is the indicator
most affected by the earthquake.

3 Analysis of Seismic-induced Geometric Irregularity
of Track

Based on over 30 observations of the effect of earthquakes on track geometry
during the last decade, the statistical results of TQI difference maximum value,
long-waveform variations in the vertical direction, 10m-chord measurement value,
and vehicle vertical acceleration are analysed. All statistical data of the earthquake
is shown in Figure 9. This figure contains TQI difference maximum value, long-
wave vertical differences, 95% cumulative value of 10 m-chard measurements and
vehicle acceleration measured data of all the cases at 250 km/h HSR whose track
form is mainly ballasted track (red) and 350 km/h HSR track whose track form is
mainly ballastless track (blue). Different train speeds may cause different train-
induced vibrations. The location of each bubble means the corresponding
earthquake magnitude and peak ground acceleration (PGA, unit: cm/s?) of each
earthquake case. The size of each bubble means the evaluated value.
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Figure 9
Statistical value of track irregularities (a)TQI difference max value (b) long wave vertical differences
(unit: mm) (c¢) 95% cumulative value of 10 m chard measurement (unit: mm) (d) vehicle acceleration

(unit: m/s?).

The x axies is the earthquake magnitude scale, y axies is PGA values, which are
critical for describing the effect and damage caused by earthquakes on
infrastructure. In China, it can be determined by

PGA=C,+CM +C,1gR+C,T 3)

where C, is the factor, M represents earthquake magnitude, R means Epicentre
distance. T is horizontal earthquake vector. More details can be found in [26].

Focus on the maximum difference value between TQI before the earthquake and
after the earthquake, the value is located approximately in the range of 0-1.6.
The value is greater for the ballasted track, indicating that the form of the ballasted
track changes dramatically as a result of the earthquake. The long-wave
irregularity and vehicle acceleration values follow the same rule, whose range is
around 1-7 mm and 0-0.12 m/s? respectively. 95% cumulative value of 10 m chard
measurement is in the range of 0.2-0.65 mm. It can be found that the larger the
PGA value, the larger the 95% cumulative value of the 10 m chard measurement.
According to data, TQI's different maximum values for 350 km/h tracks are less
than 1, whereas some 250 km/h HSR tracks exceed 1. Similarly, the 350 km/h
HSR track caused a change in vehicle vibration of less than 0.05 m/s? after the
earthquake, but some of the 250 km/h HSR tracks induced a vehicle vibration
change of more than 0.1 m/s? following the earthquake. Based on the monitoring
and analysis of over 30 ballasted and ballastless tracks influenced by the seismic
dynamics, it can be shown that earthquakes impair track geometric irregularities
and further influence the safety and comfort of the train.
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4 Vehicle-Track Analysis Model

4.1 Vehicle Model

The vehicle is modelled as a multibody system with 35 degrees of freedom (DOF).
The vehicle is made up of one car body, two bogie frames, and four wheels. Each
component has five DOFs, which include lateral movement, vertical movement,
roll, pitch, and yaw. The sketch of the vehicle model is shown in Figure 10.

—_— Me  Iex b Yc

Car Body me I, Be

Bogie

Figure 10

Vehicle dynamic analysis model (a) Side view of vehicle model(b) Front view of vehicle model

Kelvin springs, which are composed of a spring and a damping element, could be
used to replicate the first and second suspensions, which can connect different
multibody.

The model of the rail subsystem is constructed using two-layer nodes that
correspond to the top and lower layers. The rail is a continuous Euler beam
supported at discrete nodes by an elastic spring. The bottom node corresponds to
the fastener position, and the spring-damper element between the upper and lower
nodes corresponds to the elastic constraint imposed by the rubber pad under the
rail.

4.2 Vehicle-Track Coupling Equation

The dynamic simulation analysis system is composed of the vehicle, track, which
are connected by wheel-rail force. At all times, the system's vibration should
adhere to force balance and deformation compatibility. The system's motion
equation is as follows:

M +H[CHx )+ [KRxi=t P} 4)

where [M], [C], and [K] represent the mass, damping and stiffness matrix of the
whole vehicle-track coupling model respectively. Thus, Eq. (4) can be written as
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M c X c Cu: Cz'(r ').Cc K cc K cc X })L 5
Mr xl + C/'c Crr Crh xr + Krc Krr Krh xr = R ( )
M, || %, Co Gl % K, Kyl x B

The subscript ¢ means car, » means rail, and b means ballast.

The details of the train and track parameters are shown in Ref. [27]. These values
are expected to stabilise after the earthquake. The rail pad has a vertical static
stiffness of 60 MN/m and a vertical damping of 75 kNs/m. The rail pad has a
lateral static stiffness of 20 MN/m and a horizontal damping of 60 kNs/m.

The wheel-rail interaction force is simulated by Hertz nonlinear elastic contact
theory. This theory can be adopted in the normal direction of wheel-rail contact.
The vertical wheel-rail interaction force is denoted as

N, ()= {é 52(;)} / (6)

where G is the wheel-rail contact constant factor, whose unit is m/N?3. §Z(¢) is

the elastic compression deformation between wheel and rail whose unit is m.

Kalker linear creep theory [28] is used to calculate the longitudinal, lateral, and
rotational creep forces between wheel and rail.

F;c = _filg.x
F;; = _fzzgy _f23§¢ (7)
M, = ./-235}7 _f33§¢

where f; is the Kalker creep coefficient. ¢ is creepage.

The Shen-Hedrick-Elkins theory [29] is utilised to perform nonlinear adjustments
on the longitudinal and lateral creep slip forces between the wheel and rail.

The Newmark-§ technique approach is used to solve the dynamic equations of the
train, track, and under-track structure once they have been determined. Multiple
iterations are required because the interaction between the subsystems at each time
step is reliant on the system's response at that moment in time. The conditions of
equilibrium of forces were used to calculate the interaction between the
subsystems. As a consequence, the displacement difference between two
successive iterations of the vehicle, rail, and under-rail structure at each time step
meets the convergence condition's accuracy criterion. The highest precision in
displacement is 0.1 pm.
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4.3 Calculation Results

Four scenarios are selected to investigate the impact of seismic-induced track
irregularity. It is said to include two types of tracks, ballastless track, and ballasted
track, as well as two levels of earthquake-affected track irregularities. The term
'severely' refers to the fact that the track irregularities alter much after the
earthquake. The term 'slightly’ refers to the track irregularities not altered notably
as a result of the earthquake. Four cases information is summarised in Table 1.

Table 1
Case summary
Case number Track type Track affected by earthquake
Case A Ballastless track Severely
Case B Ballastless track Slightly
Case C Ballasted track Severely
Case D Ballasted track Slightly

The power spectrum density of track longitudinal level is shown in Figure 11.
From the PSD plot, it can be seen that the earthquakes have an influence on long
waves from track irregularities greater than 10 m. For ballasted track, there is also
a difference zone at wavenumber 0.1-0.3 (1/m) range which corresponding to the
wavelength range 3-10 m.
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Figure 11

PSD of track irregularity longitudinal level from (a) Case A, (b) Case B, (c) Case C and (d) Case D.

The vehicle vibration, the rate of wheel load reduction, and derailment coefficient
in time domain are shown in Figure 12. It can be known that within the green
dashed line, the track geometric irregularity generated by the earthquake results in
a more apparent deviation.
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Figure 12
Vehicle vibration, the rate of wheel load reduction, and derailment coefficient in time domain.

4.3.1 Vehicle Acceleration

Focus on the vehicle acceleration, the maximum value and root mean square
(RMS) value of acceleration in time domain is shown in Figure 13 corresponding
to four cases introduced in Table 1.
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The vehicle acceleration value and differences (a) maximum value and (b) RMS value

The RMS value is calculated based on:

(®)

where X; means the data sample and N is the number of sampling point.

From Figure 13, it is shown that there is a considerable rise in the maximum value
of vehicle vibration for conditions that are badly affected by the earthquake, and
the difference in the maximum value of vehicle vibration for circumstances that
are slightly impacted by the earthquake is not significant. Focus on the RMS value
of vehicle acceleration increase based on seismic-induced track geometric
irregularities increased, the ballasted track can lead to more vibration increase
compared with the ballastless track.

All the results presented above assume that after the earthquake, the track
irregularity is altered while the track parameters remain unchanged. In this section,
the RMS values of the vehicle are investigated when the track's vertical
parameters are modified after the earthquake. Case C after the earthquake is
selected as the reference case, and the RMS values of the vehicle are summarized
in Table 2.

Table 2

RMS value under different track parameters

Parameters: changed item RMS value (m/s?)
Vertical stiffness: 48 MN/m (increase 20%) | 0.115
Vertical stiffness: 72 MN/m (decrease 20%) | 0.111
Vertical damping: 60 kNs/m (increase 20%) | 0.116
Vertical damping: 90 kNs/m (decrease 20%) | 0.111

—66 -



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024

From the results, it is evident that reducing the vertical stiffness and damping of
the track after the earthquake leads to an increased response of the train (Case C
exhibits an RMS value of the vehicle as 0.1125 m/s?).

4.3.2  The Rate of Wheel Load Reduction

The rate of wheel load reduction is an indicator to evaluate the train’s safety.
It can be calculated by:
p_AP_B-R 9)
B P+R
where P is the rate of wheel load reduction AP is lowering load side wheels'
heavy load reduction. Py is the average wheel weight. P; signifies the wheelset's
decreasing wheel side, while P> denotes the wheelset's growing wheel side.
The safety standard from Chinese standard is less than 0.65 for first limit related
to vehicle operation security and less than 0.60 for second limit, which is related
to safety allowance. The maximum value of the rate of wheel load reduction and
the power spectrum density value of the rate of wheel load reduction before and
after the seismic dynamic response is introduced in Figure 14.
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Figure 14
The rate of wheel load reduction (a) maximum value for one wheelset and (b) PSD value for case A

It can be known that for the ballastless track, the rate of wheel load reduction rises
when the track is substantially affected by earthquakes and remains relatively
constant when the track is not disturbed. When the ballasted track is also
extensively affected by the earthquake, the rate of wheel load reduction rises,
although not as much as on the ballastless track. Therefore, focusing on Case A,
the PSD value is investigated. There is a significant difference in the 20-40 Hz
frequency band. The rate of wheel load reduction above 50 Hz does not change
significantly due to the track geometric irregularity caused by the earthquake.
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4.3.3 Derailment Coefficient

The derailment coefficient is defined as the Q/P ratio of the lateral force Q to the
vertical force P operating on the wheel at any given time. It can be denoted as

Q: tana — u (10)
P 1+putana

where O means the lateral force act on the wheel, P means the vertical force act on
the wheel. 4 means the fiction coefficient, o means the maximum flange contact
angle. For rail safety considerations, the Chinese standard specifies that this
indicator be smaller than 0.8.

The maximum value and Case A PSD value of derailment coefficient is shown in

Figure 15.
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The derailment coefficient (a) maximum value and (b) PSD of Case A

From Figure 15, it can be seen that Case A has the highest derailment coefficient,
followed by Case C. After the earthquake, the derailment coefficients for Cases B
and D remain almost unchanged. The maximum value differences of derailment
coefficient are from Case A, thus, the PSD value analysis from Case A is
investigated. The main trend PSD of Case A is similar before and after the
earthquake. There are some not very significant differences at 30 Hz and 150 Hz.

Although the derailment coefficient and rate of wheel load reduction have
increased somewhat in maximum value as a result of the earthquake, they remain
within the specification's normal range. This demonstrates that minor and
moderate earthquakes have little effect on train operation safety.

Conclusion

The seismic-influenced track states of HSR were evaluated, as was the effect of
earthquakes of various magnitudes level (3.0-7.0), different lines, and varied track
types (ballasted and ballastless). Additionally, the impact of various earthquake-
induced track irregularities on vehicle vibration are estimated and investigated
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using the vehicle-track dynamic analysis model. Some conclusions can be
summarised.

According to measurements and statistical analysis of the track state on-site after
the earthquake in China, the earthquake had varying degrees of influence on the
HSR track., The long-wave irregularity, 95% cumulative value of 10 m-chard
measurements, and track quality index vehicle acceleration measured data are seen
as the parameters for evaluating the seismic-induced track geometric irregularity.
These parameters suggest that high-speed railways are affected by earthquakes
which can produce a certain amount of track irregularities changes.

The statistical conclusions of TQI differences value, long-waveform vertical
waveform, 10 m-chord measurement value, and vehicle vertical acceleration are
analysed based on over 30 measurement sites of the influence of earthquakes on
track geometry during the previous decade. For a ballast track with a nominal
speed of 250 km/h, the TQI variation can reach a maximum of 1.6 and the track
geometric irregularity variation of 1.4 mm obtained by 10 m chord measurement,
both of which are greater than for a ballastless track with a nominal speed of 350
km/h, whose TQI variation value is up to 0.75, and track irregularity variation
based on 10 m-chord method is around Imm.

A train-track coupling model is built to calculate the train running safety and
comfort under different track geometric irregularities. The ballasted track can
induce higher train vibration. The maximum value from calculation results is
around 0.45 m/s?. The rate of wheel load reduction and derailment coefficient is
higher for the ballastless track, whose value is up to 0.28 and 0.0476 respectively,
compared with that indicator for the ballasted track. However, all of these
indicators meet the requirement.
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