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Abstract: Considering the new challenges for high-speed railway bridges, the early warning of abnormal train-induced vibrations is neces-
sary for ensuring the operation safety of both the bridge structures and the trains on the bridge. In this study, an online monitoring system for
detecting abnormal train-induced vibration responses is developed, and the Dashengguan Yangtze River Bridge is used for illustration. First,
to accurately investigate the influence of different train lanes and the number of carriages on train-induced vibrations, the speed-acceleration
(train speed-bridge acceleration) correlations under different loading cases are obtained using an online identification method. Then, a two-
stage method for early warning of abnormal train-induced acceleration responses of the bridges is developed using wavelet packet decomposi-
tion and interval estimation theory. Finally, the early warning method for identifying abnormal train-induced transverse vibrations is pre-
sented. The results show that (1) the train lane and the number of carriages affect the speed-acceleration correlations, and the identification of
loading cases is needed for the accurate monitoring of speed-acceleration correlations; (2) by using wavelet packet decomposition, the median
line of speed-acceleration correlations can be optimally extracted, and the early warning thresholds for abnormal train-induced acceleration
responses can be properly determined using the interval estimation theory compared with the point estimation theory; and (3) the train running
parameters of the Dashengguan Yangtze River Bridge are all within safe limits, but the wheel unloading rate and derailment coefficient have
reached 60% of the limits due to the train-induced transverse vibrations. The effects of train-induced transverse vibration on the train running
stability is worthy of attention.DOI: 10.1061/(ASCE)BE.1943-5592.0001143.© 2017 American Society of Civil Engineers.

Author keywords: Structural health monitoring; Steel-truss arch railway bridge; Train-induced vibration; Early warning threshold; Train
running parameter.

Introduction

High-speed railways have provided remarkable convenience for
passenger transportation, and bridges play a vital role. Because
high-speed trains are one of the main excitation sources for high-
speed railway bridges in service, the bridge vibration responses
under the excitation of trains become an important research topic in
bridge engineering.

The numerical simulation for dynamic responses of bridges under
the action of high-speed trains is an important research focus in bridge

engineering. Ju and Lin (2003a), Lacarbonara and Colone (2007), and
Zhao et al. (2017) studied the dynamic responses of arch bridges
induced by high-speed trains. Dinh et al. (2009) explored the bridge
dynamic responses using a three-dimensional bridge-train interaction
model considering the wheel–rail contact. Zou et al. (2016) predicted
the upper and lower bounds of vehicle-induced bridge responses using
the interval analysis method. The high running speed is an important
characteristic for high-speed railway bridges, and a higher train speed
generally results in more significant dynamic responses.Many studies
have focused on the train speeds at which the resonance of the train-
bridge systemmay occur. Li and Su (1999) established the formula of
bridge response for a simply supported girder bridge under the action
of high-speed trains and analyzed the train speeds that lead to the
train-bridge resonance. Ju and Lin (2003b), Martinez-Rodrigo et al.
(2010), and Xia et al. (2006) investigated the vibration mechanism of
existing high-speed railway bridges under train loads and discussed
the critical speed of resonance. Mao and Lu (2013) analyzed the criti-
cal speed that leads to resonance and put forward a Z-factor to describe
the severity of bridge resonance. Deng et al. (2015) analyzed the speed
influence on the dynamic impact factors for shear and bending
moment of both simply supported and continuous concrete girder
bridges using a vehicle-bridge vibration model. However, numerical
simulation cannot fully consider all the factors that affect the vibration
of the train-bridge system, such as the environmental effects, track
irregularities, and other random factors.

With the rapid development of testing technologies in civil engi-
neering, the vibration responses of railway bridges under the action
of high-speed trains can be accurately measured. Some promising
work considering vehicle-induced bridge vibrations, which is based
on field tests or structural health monitoring (SHM) systems, has
been conducted in recent years. Ju et al. (2009) studied the dominant
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frequencies of train-induced bridge vibrations based on the meas-
ured accelerations. Xia and Zhang (2005), He et al. (2008), Mellat
et al. (2014), and Feng and Feng (2015) used field test results or the
SHM system to update the finite-element (FE) model and analyzed
the dynamic response of railway bridges. Nonetheless, most of
these studies were based on the analysis of short-term data, which
cannot reflect the long-term degradation of railway bridges.

The effects of high-speed trains (e.g., fatigue) and the environment
(e.g., corrosion) will continuously deteriorate the performance of
high-speed railway bridges and the train running stability. Although it
may not result in catastrophic failure of bridge structures, it causes
changes in bridge vibration performance, leading to passenger dis-
comfort or premature wearing of rail vehicle wheels. Therefore, early
detection of abnormal train-induced vibration responses based on
long-term monitoring data is of great interest to bridge management.
In view of this challenge, this paper presents a case study of two early
warning methods for abnormal train-induced vibration responses of
the Dashengguan Yangtze River Bridge. The first method is based on
the acceleration responses of the bridge, which aims to ensure the
serviceability of the bridge regarding passenger discomfort. The sec-
ond method is based on the transverse vibrations of the bridge, which
aims to ensure running stability of high-speed trains and to prevent
derailment. The detailed process of the two early warning methods is
introduced using the long-term monitoring data from January 1, 2014
to December 31, 2015, and the warning thresholds are determined for
the Dashengguan Yangtze River Bridge based on analysis of themon-
itoring data.

Case Study

Bridge Description and Monitoring System

The Dashengguan Yangtze River Bridge is the longest six-lane
high-speed railway bridge in the world. It has two 336-m long main
spans and consists of six lanes, including two lanes on the down-
stream side for the Beijing-Shanghai (B-S) high-speed railway, two
lanes on the upstream side for the Shanghai-Wuhan-Chengdu
(S-W-C) Railway, and two lanes on the outer sides of the bridge
deck for the Nanjing Metro. The four lanes of the B-S high-speed
and S-W-C railways have been put into operation. The design load
of the six lanes is more than 600 kN/m along the longitudinal direc-
tion of the bridge. The design train speed of 300 km/h is among the
highest in the world. As shown in Fig. 1, the bridge consists of two
continuous steel-truss arches and approach spans, with a span con-
figuration of 108þ 192þ 2� 336þ 192þ 108 m. As shown in
Fig. 2, the arches feature three main trusses spaced 15 m apart in the
transverse direction.

Because of the unusual characteristics of the Dashengguan
Yangtze River Bridge, including the long span of the main girders,
the heavy design loads, and the high train speeds, a long-term SHM
system was installed. In this monitoring system, acceleration sen-
sors are used to measure the dynamic responses of the bridge. The
bridge sections on which acceleration responses are measured are

shown in Fig. 1. Six sections are instrumented, among which
Section 1 is on the end span on the Beijing side, Section 2 is on the
side span on the Beijing side, Section 3 is on the middle span on the
Beijing side, Section 4 is on the middle span on the Shanghai side,
Section 5 is on the side span on the Shanghai side, and Section 6 is
on the end span on the Shanghai side. A vertical acceleration sensor
is used at Sections 1 and 6. A vertical acceleration sensor and a
transverse are used at Sections 2–5. The locations of acceleration
sensors in their measured sections are show in Fig. 2. The sampling
rate of the acceleration sensors is set to 200 Hz. All acceleration
data measured in the Dashengguan Yangtze River Bridge are fil-
tered with a low-pass digital filter of 20 Hz to reduce the high-
frequency noise in the dynamic signals, and the acceleration
responses of the bridge under the action of high-speed trains are
finally obtained. In addition, the SHM system on the Dashengguan
Yangtze River Bridge also includes fiber Bragg grating (FBG)
strain sensors (Fig. 2), FBG thermal sensors, and speedometers to
monitor the strain of key structural members, the temperature of the
bridge structure, and the train speeds, respectively.

Bridge Acceleration Responses under the Action of
High-Speed Trains

To investigate the long-term vibration performance of the
Dashengguan Yangtze River Bridge under the action of high-speed
trains, the maximum amplitudes (absolute values) of bridge acceler-
ation in each measured section when each train crosses the bridge
were calculated.

When a train crosses the bridge, the speedometer will record its
train speed and crossing time, and the corresponding maximum am-
plitude of the train-induced acceleration responses can be obtained
from the acceleration sensor. The train load is the main excitation of
the high-speed railway bridges. Therefore, it is important to

108 192 336 336 192 108

(South) ShanghaiBeijing (North)

31 2 4 65

Fig. 1. DashengguanYangtze River Bridge and acceleration measurement sections (Units: meters)

Downstream Upstream

B-S high speed
railway

S-W-C railway Nanjing
metro

Nanjing
metro

Transverse acceleration sensor Vertical acceleration sensor

FBG strain sensor FBG strain sensor

Fig. 2. Locations of the acceleration sensors (Note: FBG = fiber Bragg
grating)
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understand the influence of train speed on the acceleration response
of the bridge. The relationship between the collected bridge acceler-
ations and the train speed data is described using scatterplots. Fig. 3
shows the scatterplots of acceleration amplitudes in Section 2 in
both the transverse and vertical directions and train speed from
January 1, 2014 to December 31, 2015. As seen in Fig. 3, the data of
the bridge acceleration and train speed show no obvious correlation.
This is because the four running lanes of the Dashengguan Yangtze
River Bridge and different types of high-speed trains (with 8 or
16 carriages) generate different speed-acceleration correlations.
Therefore, the correlation scatterplots of speed acceleration without
considering different loading cases cannot accurately reflect the
train-induced vibration of the bridge. It is necessary to analyze the
correlation scatterplots of speed acceleration in different loading
cases to investigate the train-bridge interaction accurately.

Methodology

Correlation Analysis of Speed Acceleration Based on
Online Identification of Loading Cases

The Dashengguan Yangtze River Bridge carries four high-speed
railway lanes: two lanes of the B-S high-speed railway (250 km/h or
higher speeds) and two lanes of the S-W-C railway (200 km/h or
higher speeds), respectively [Fig. 4(a)]. The bridge acceleration
responses are influenced by the different railway lines (B-S high-
speed railway or S-W-C railway), the location of the train lane
(loads in different lanes create eccentric loads of different magni-
tudes), and the number of carriages of a train. The speedometer
installed on the bridge can only obtain the train speed data. The
information of running lines, running direction (running lane),
and number of carriages of the crossing train cannot be directly

obtained from the speedometer. To analyze the correlation between
the bridge acceleration response and the train speed in different load-
ing cases, an online identification of loading cases for bridge vibra-
tion responses was developed. The SHM system installed on the
Dashengguan Yangtze River Bridge includes various sensors (accel-
eration sensors, FBG strain sensors, and speedometers), and the
online identification of loading cases can be conducted by the proper
selection of sensor signals from the acceleration and FBG strain sen-
sors [Fig. 4(b)] as shown in the following:
1. Identification of different railway lines: As shown in Fig. 5(a),

the occurrence of obvious peaks from the signal of FBG strain
sensors installed on the diaphragms of two box girders (Fig. 2)
are used to determine the railway line.

2. Identification of different running directions: From the time the
speedometer begins to record the train speed, the data of the
acceleration sensors installed at the two ends of the bridge are
used to determine the running direction of the train. As shown
in Fig. 5(b), the two signals are collected from the two accelera-
tion sensors in Section 1 (Beijing side) and Section 6 (Shanghai
side) of the bridge when a train crosses the bridge from Beijing
(North) to Shanghai (South). The solid line is the signal from
Section 1, and the dashed line is the signal from Section 6. It
can be seen that the vibration of Section 1 occurs earlier than
Section 6, indicating that the Beijing side is first subjected to
the train loading, which reflects the fact that the train runs from
Beijing (North) to Shanghai (South).
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Fig. 3. Scatterplots of bridge acceleration and train speed: (a) trans-
verse vibration; (b) vertical vibration

Fig. 4. Online identification of loading cases: (a) railway lanes of the
Dashengguan Yangtze River Bridge; (b) selected sensors for online
identification of loading cases
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3. Identification of different numbers of carriages: As shown in
Fig. 5(c), the number of obvious peaks (9 or 17) from the signal of
the FBG strain sensors installed on the diaphragms of two box gird-
ers areused todetermine thenumberof traincarriages (8or16).
Based on this online identification method, the acceleration

responses can be divided into nine parts corresponding to nine load-
ing cases. The first eight loading cases only involve single trains
running on the bridge, whereas the ninth loading case involves mul-
tiple trains running on the bridge. The first step of the online identi-
fication method is to distinguish the loading cases with a single train
(Cases 1–8) and loading cases with multiple trains (Case 9). The
loading cases with a single train (Cases 1–8) crossing the bridge
refer to the acceleration responses featured by a single peak.
Acceleration responses presenting multiple peaks belong to Case 9,
with multiple trains crossing the bridge. Because of the complex
characteristics of the multiple trains running on the bridge, this
study only selects the responses of the first eight loading cases to an-
alyze the correlations of speed acceleration. The eight loading cases
with single trains running on the bridge are listed in Fig. 6.

Early Warning of Abnormal Train-Induced
Bridge Vibration

In the long-term service period of high-speed railway bridges, the
serious overload of trains, deterioration of track irregularity on the
main spans and approach spans, or damaged bridge components
may lead to abnormal changes of train-induced vibration, especially
the abnormal increase of acceleration responses. Therefore, it is
very important to detect the abnormal changes of train-induced
vibrations as early as possible, and it is meaningful to determine
early warning thresholds of abnormal vibration for high-speed rail-
way bridge maintenance. However, due to their random nature, the
bridge acceleration responses have random fluctuations at different
train speeds. Thus, it is necessary to determine the normal upper
and lower thresholds of train-induced vibration responses from the
viewpoint of probability. A two-stage method is developed to
obtain the early warning thresholds of abnormal train-induced
vibration by (1) extracting the median line of speed-acceleration
correlations by wavelet packet decomposition and (2) calculating
the early warning thresholds of acceleration fluctuation around the
median line by interval estimation theory.

Median Line of Speed-Acceleration Correlation

After establishing the scatterplots of bridge acceleration amplitude
and train speed, a median line of speed-acceleration correlation was
constructed to analyze the trend of bridge acceleration amplitude
varying with train speed.

First, sort a sequence of bridge acceleration amplitude data as

As ¼ As1;As2; � � �;Asi; � � �;Asn½ � (1)

where n = length of As; and Asi = ith element of As, where the sub-
script si is the corresponding train speed of Asi; and s1< si< sn.

Then, the sequence of bridge acceleration amplitude As was
decomposed by a wavelet packet. The wavelet packet can decom-
pose the speed-acceleration data to different scales (in appropriate
scale), and the first decomposed sequence (in the lowest frequency
band) of the last layer was extracted, which represents the trend of
bridge acceleration amplitude varying with train speed. After multi-
ple trials and reasonable selection of decomposition parameters, the
median line of speed-acceleration correlation that best reflects the
trend of bridge acceleration amplitude varying with train speed can

Fig. 5. Online identification for loading cases: (a) different railway
lines (data of the FBG strain sensor under B-S high-speed railway); (b)
different running direction (data of the acceleration sensors in Sections
1 and 6); (c) different numbers of carriages (data of the FBG strain sen-
sor under B-S high-speed railway)

UpstreamDownstream

S-W-C railwayB-S high speed
railway

Case 1
(8 carriages).

Case 3
(16 carriages).

Shanghai

Beijing

Case 2
(8 carriages).

Case 4
(16 carriages).

Case 5
(8 carriages).

Case 7
(16 carriages).

Case 6
(8 carriages).

Case 8
(16 carriages).

Fig. 6. Loading cases adopted for the Dashengguan Yangtze River
Bridge
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then be obtained. The principle of wavelet packet decomposition
for a signal is as follows.

Based on two quadruple mirror filters h0(k) and h1(k), one dis-
crete signal x(d) can be decomposed scale by scale into different fre-
quency bands (Figlus et al. 2014)

x0;0 dð Þ ¼ x dð Þ (2)

xjþ1;2l dð Þ ¼
X
i2Z

h1 ið Þxj;l 2ji� dð Þ (3)

xjþ1;2lþ1 dð Þ ¼
X
i2Z

h0 ið Þxjþ1;l 2
ji� dð Þ (4)

where xjþ1,2l(d) and xjþ1,2lþ1(d) denote the dth values of the signal in
the 2lth and (2lþ 1)th frequency bands of the (jþ 1)th scale, respec-
tively. The signal values in the (jþ 1)th scale can be obtained by the
jth scale; thus, signal values in all scales can be obtained through se-
quential analogy. The 2lth and (2lþ 1)th frequency bands are
2l� 1ð Þfs=2jþ1; 2lfs=2jþ1

� �
and 2lfs=2jþ1; 2lþ 1ð Þfs=2jþ1

� �
, respec-

tively, where fs is the sampling frequency. Furthermore, Fig. 7 shows
the wavelet packet tree of the signal x(d), where x(d) = As; and its
decomposed sequence in the mth frequency bands of the jth scale =
Asj;m.

After the N-scale wavelet packet decomposition of bridge accel-
eration amplitude As, the 0th decomposed sequence of theNth layer
is extracted by theN-scale wavelet packet decomposition as the trial
value

Aw
s ¼ Aw

s1;A
w
s2; � � �;Aw

si ; � � �;Aw
sn

� �
(5)

Different trials have a different parameter N, and the mean of
bridge acceleration amplitude of several subsequences with certain
length can be used to determine the optimal value of the trial results.
The processes are as follows.

First divideAs intoM subsequences as

As ¼ As1;As2; � � �;Ask; � � �;AsM½ � (6)

Then, the mean of bridge acceleration amplitudes of every sub-
sequence �Ask and the mean of the corresponding speeds �sk can be
calculated. The mean of the acceleration amplitudes at the speed
range of �sk � 0:5;�sk þ 0:5½ � can also be calculated from the trial
resultsAw

s fN 0g and is defined as �Aw
sk.

The mean square error (MSE) between �Ask and �Aw
sk at the same

speed�sk can be calculated as

MSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PM
k¼1

�Ask � �Aw
sk

� �2

M

vuuut
(7)

The values of the parameter N with the minimum value of the
MSE can be used to gain the median line of the speed-acceleration
correlation

Am
s ¼ Aow

s ¼ Aow
s1 ;A

ow
s2 ; � � �;Aow

si ; � � �;Aow
sn

� �
(8)

Determination of Warning Thresholds of Abnormal
Train-Induced Vibration

Once the median line of the speed-acceleration correlation is
obtained, the fluctuation of bridge acceleration amplitudes around
the median line can be calculated. The fluctuation of bridge acceler-
ation amplitudes comes mainly from the random passenger capacity
of the train and track irregularity (track irregularity refers to the
deviation of the actual geometrical line from the ideal line of the
tracks, which will induce acceleration fluctuations due to dynamic
interaction of the train wheel and the track). Effective estimation of
the fluctuation of bridge acceleration amplitudes can help determine
the warning thresholds of train-induced vibration. The fluctuation
of bridge acceleration amplitudes can be expressed as

FA ¼ As � Am
s (9)

Denoting the mean of FA as m and the standard deviation of
FA as s , according to the probability estimation of bridge accel-
eration fluctuation and the median line value, the upper and
lower limits of the warning threshold of train-induced vibration
can be expressed as

Iai ¼ Am
si � m þ rsð Þ

Ibi ¼ Am
si þ m þ rsð Þ (10)

where Iai and Ibi = lower and upper limits of the warning threshold
of Asi, respectively; Am

si = corresponding median line value of Asi;
and r is a correction coefficient that describes the dispersion degree
of the fluctuation and is based on experience.

Because the bridge vibration responses vary with train speed, the
estimation of m ands should be an interval corresponding to differ-
ent train speeds. However, the point estimation method uses the
same estimation parameters to describe the entire interval of

)(0,0 dx

)(0,1 dx )(1,0 dx

)(0,2 dx )(1,2 dx )(2,2 dx )(3,2 dx

)(22, dx jj −)(1, dx j)(0, dx j
)(

12,
dx jj −.....

... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
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2

,0[ 1
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f ]
2
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ff ... ... ... ... ]

2
,
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1
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+
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Fig. 7. Wavelet packet tree of the signal x(d)
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samples, which will result in serious estimation errors for some
speed intervals and cause a large number of sample points outside
of the interval at a particular confidence level. This is known as
the marginal effect. The marginal effect will lead to many speed-
acceleration points overflowing the upper and lower limits when
using the point estimation method. In the case of interval estimation
(Chen and Cheng 2017), different probability parameters are used
for different sample intervals, and this refinement probability esti-
mate is needed for a better probabilistic description of bridge accel-
eration fluctuation.

Based on the interval estimation theory, the upper and lower lim-
its of the fluctuation of bridge acceleration amplitudes can be
obtained. DividingFA intom subsequences

FA ¼ FAs1;FAs2; � � �;FAsj; � � �;FAsm½ � (11)

wherem = number of subsequences and them should be set accord-
ing to the density of the speed-acceleration data; and FAsi = jth sub-
sequence. In the following analysis it is assumed that every subse-
quence obeys a normal distribution, the mean of the jth
subsequence is m j, and the standard deviation of the jth subse-
quence is s j. The estimated interval of m j and s j is m ja; m jb½ � and
s ja;s jb½ � in the 1� að Þ � 100% confidence level.
Assuming that s j is unknown, then m ja; m jb½ � satisfies the fol-

lowing relationship:

m ja ¼ �Xj � Sj
n=m

ta=2 n=m� 1ð Þ (12)

m jb ¼ �Xj þ Sj
n=m

ta=2 n=m� 1ð Þ (13)

where �Xj = mean of the jth subsequence; Sj = standard deviation the
jth subsequence; and ta=2 n=m� 1ð Þ = value of the quantile point for
n/m – 1 samples on the Student distribution.

Assuming that m j is unknown, then s ja;s jb½ � satisfies the
following:

s ja ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n=m� 1

p
Sj=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x 2
a=2 n=m� 1ð Þ

q
(14)

s jb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n=m� 1

p
Sj=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x 2
1�a=2 n=m� 1ð Þ

q
(15)

where Sj = standard deviation the jth subsequence; and
xa=2 n=m� 1ð Þ and x 1�a=2 n=m� 1ð Þ = values of quantile point
a=2 and quantile point 1� a=2 for n/m – 1 samples on the Chi-
square distribution.

After obtaining the estimated intervals of m j and s j
�½m ja; m jb�

and ½s ja;s jb�
�
of each subsequence, the fluctuation interval can be

defined as

Fja ¼ m ja � rs ja

Fjb ¼ m jb þ rs jb (16)

where Fja and Fjb = lower and upper limits of the fluctuation
interval of the jth subsequence; and r is a correction coefficient
based on experience, which describes the dispersion degree of
the fluctuation.

The upper and lower thresholds of the warning thresholds for
bridge acceleration on each subsequence can be calculated by the
superposition of the fluctuation interval andmedian line

Iwja ¼ �Am
sj þ Fja

Iwjb ¼ �Am
sj þ Fjb (17)

where �Am
sj = mean of median line value of speed-acceleration corre-

lation of the jth subsequence. Then, the upper and lower thresholds
of the warning thresholds for bridge acceleration amplitude can be
expressed as

Iwa ¼ Iw1a; Iw2a; � � �; Iwja; � � �; Iwma½ �
Iwb ¼ Iw1b; Iw2b; � � �; Iwjb; � � �; Iwmb½ � (18)

Early Warning of Train Running Stability

The crossing high-speed train will excite the vertical, transverse,
and longitudinal vibrations of the bridge structure, and the trans-
verse vibration of the bridge will greatly affect the running stability
of the train or even cause the derailment of the train. The results
of the derailment test by the Technical Committee on Railways
and Rolling Stock of Japan indicated that the train can be easily
derailed when the transverse acceleration (TA) of the bridge
reaches 0.1–0.2 times gravitational acceleration (JISC 2004).
Therefore, the early warning of train running stability due to ex-
cessive transverse vibration is an important consideration in high-
speed railway engineering.

Because the train-induced transverse vibration has a large
effect on the running stability of high-speed trains, the early
warning thresholds of train running stability should be deter-
mined. The European Committee for Standardization (CEN
2000), the Japanese Industrial Standards Committee (JISC
2004), and the National Railway Administration of the People’s
Republic of China (2016) used the wheel unloading rate (WUR),
derailment coefficient (DC), transverse force (TF) between the
wheel and the rail, and TA of the train to guide the design of
high-speed railway bridges. The WUR is the ratio of the reduc-
tion of wheel vertical load caused by vibration to the static axle
weight, and the DC is the ratio of TF to the vertical force
between the wheel and the rail. The three codes give the same
safe limits of train running parameters (Table 1) and suggest
that these train running parameters should not go beyond the
limits. The static axle weight of the electric multiple units
(EMUs), which runs on the Dashengguan Yangtze River Bridge,
is 166.6 kN (Chai et al. 2014; Zhao et al. 2017). Based on the
calculation results of the train-bridge coupled model of the
Dashengguan Yangtze River Bridge (Wei 2012), the WUR, DC,
wheel–rail TF, and TA of the train are linearly related to the TA
amplitude of the bridge. Table 1 shows the safe limits and the
linear fitting functions with bridge TA [using the results by Wei
(2012)].

Thus, the ratio of early warning thresholds to the safe limits in
design code for train running parameters can be used to describe the
safety level of the train–bridge system in this method

Ratio ¼ Trpew
Trplimit

(19)

where Trpew and Trplimit = monitoring value and safe limit value
for train running parameters, respectively. If the ratio of one
running parameter is near 100%, it indicates that the train is at
risk of derailing and that the running stability of trains should be
addressed.
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Table 1. Safe Limit in Code and Linear Fitting Function of Train Running Parameters

Train running parameter Safe limit Linear fitting with bridge TA (mm/s2)

WUR 0.6 WUR = 0.006639aþ 0.1117
DC 0.8 DC = 0.009605aþ 0.0488
Wheel–rail TF 10þ (static axle weight)/3 (kN) TF = 0.4757aþ 9.27
TA of train 0.1� (gravitational acceleration) (mm/s2) TA = 1.056aþ 49.86

Note: a denotes the TA amplitude of the bridge.
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Fig. 8. Correlation scatterplots of TA and train speed: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; (g) Case 7; (h) Case 8
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Results

Speed-Acceleration Correlations in Different
Loading Cases

After distinguishing the bridge responses by the online identifica-
tion of loading cases, the correlation scatterplots of TA and train
speed in Cases 1–8 and correlation scatterplots of vertical accelera-
tion and train speed in Cases 1, 3, 5, and 7 in Section 2 are shown in
Figs. 8 and 9.

As shown in Figs. 8 and 9, the speed zone in Cases 2, 4, 6, and 8
is small and the data of train speeds are mostly based around the
two speeds of 250 and 205 km/h. Therefore, it is difficult to investi-
gate the correlations between bridge acceleration and train speed in
Cases 2, 4, 6, and 8. Thus, the following correlation analysis
between bridge acceleration and train speed will focus on Cases 1,
3, 5, and 7, in which it is found that the transverse and vertical accel-
eration amplitudes of the bridge increase at some specific train
speeds, which are referred to as the peak speeds of the acceleration
amplitude hereafter. The correlation scatterplots of bridge accelera-
tion and train speed in Cases 1 and 3 show two peak speeds of
bridge acceleration amplitude, whereas the correlation scatterplots
of bridge acceleration and train speed in Cases 5 and 7 show only
one peak speed of bridge acceleration amplitude. This phenomenon
may be due to the different transverse loading positions between
Cases 1 and 3 and Cases 5 and 7. For a four-lane wide bridge, such
as the Dashengguan Yangtze River Bridge, different transverse
loading positions of the train will excite different transverse or tor-
sional mode shapes of the bridge, changing the train-induced vibra-
tions and corresponding correlation scatterplots of bridge accelera-
tion and train speed. This phenomenon is very complicated and
should be investigated in future research. Furthermore, the speed-
acceleration correlations in Cases 1 and 3 show similar trends, and
the acceleration amplitude in Case 3 (with 16 carriages) is larger
than the acceleration amplitude in Case 1 (with 8 carriages). Cases
5 and 7 have similar characteristics. Thus, the following early

warning of train-induced vibration will focus on Cases 3 and 7 with
16 carriages.

Early Warning of Abnormal Train-Induced Vibration

As shown in Figs. 8 and 9, the scatterplots of the bridge acceleration
and train speed show obvious correlations. A two-stage method is
developed to obtain the early warning thresholds of abnormal train-
induced vibration. As shown in Fig. 10(a), the four trials use the 0th
sequence of the Nth layer with Nth scale wavelet packet decomposi-
tion, whereN = 6, 7, 8, and 9. The correspondingMSEs of the four tri-
als are 0.6926, 0.5737, 0.4105, and 2.3121 mm/s2, respectively. The
wavelet basis of symlets (Goswami and Chan 2011) is used for these
trials of wavelet packet decomposition. Fig. 10(b) shows the optimal
median line usingwavelet packet decomposition (N = 8 and I = 0).

Then, based on the probability estimation theory, the lower and
upper limits of the typical correlation scatterplots of bridge acceler-
ation and train speed for Case 3 in Section 2 are shown in Fig. 11.
As shown in Fig. 11, the probability estimation can only give two
lines for the lower and upper limits with similar fashion, and the
probability estimation shows a significant marginal effect for the
data at a train-speed range of 2 4 5–255 km/h. Therefore, the warn-
ing thresholds obtained using the probability estimation theory will
lead to a false alarm.

By using the interval estimation theory, the upper and lower limits
of the typical correlation scatterplots of bridge acceleration and train
speed can be obtained with a confidence level of 95% (with
a = 0.05). Fig. 12 shows the lower and upper limits of the fluctuation
interval for the typical correlation scatterplots of bridge acceleration
and train speed for Case 3 in Section 2. As shown in Fig. 12, the upper
and lower limits obtained using interval estimation theory can be used
to describe the random fluctuations of bridge accelerations around the
median line regarding different train speeds. Figs. 13 and 14 show the
typical early warning thresholds for train-induced vibration in
Section 2. When the speed-acceleration data exceed the warning
thresholds, it indicates abnormal changes of train-induced
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Fig. 9. Correlation scatterplots of vertical acceleration and train speed: (a) Case 1; (b) Case 3; (c) Case 5; (d) Case 7
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vibration, which is likely due to the serious overload of trains,
deterioration of track irregularity on the main spans and
approach spans, or damaged bridge components. Thus, more
attention should be paid to the bridge and maintenance may be
needed.
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Fig. 11. Early warning threshold in Case 3 in Section 2 using the prob-
ability estimation
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Fig. 10. Determination of median line of speed-acceleration correla-
tions for transverse vibration in Case 3 in Section 2: (a) four trials using
wavelet packet decomposition; (b) optimal value for median line
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Fig. 12. Upper and lower limits of fluctuation interval in Case 3 in
Section 2 using interval estimation (95% confidence)
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Fig. 13. Typical early warning thresholds of train-induced transverse
vibration in Section 2: (a) Case 3; (b) Case 7
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Fig. 14. Typical early warning thresholds of train-induced vertical
vibration in Section 2: (a) Case 3; (b) Case 7
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Early Warning of Train Running Stability

By using the warning thresholds of TA amplitudes obtained
using the interval estimation theory in the previous section, the
warning thresholds of train running parameters can be calcu-
lated by the functions in Table 1. Figs. 15 and 16 and Table 2
show the early warning thresholds of train running parameters

due to train-induced transverse vibrations in Section 2 in Cases
3 and 7.

As shown in Figs. 15 and 16 and Table 2, although the train run-
ning parameters of the Dashengguan Yangtze River Bridge are all
within safe limits, the WUR has reached 70% of the corresponding
limit, and the DC approaches 60% of the limit at the maximum
acceleration amplitude. Therefore, the effects of train-induced
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Fig. 15. Early warning thresholds of train running parameters due to train-induced transverse vibration in Case 3 in Section 2: (a) WUR; (b) DC; (c)
wheel–rail TF; (d) TA of train
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Fig. 16. Early warning thresholds of train running parameters due to train-induced transverse vibration in Case 7 in Section 2: (a) WUR; (b) DC;
(c) wheel–rail TF; (d) TA of train
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transverse vibration on the train running stability are worthy of
attention. If the average train speed reaches 300 km/h or above in
the future, it is necessary to monitor the real-time train running sta-
bility when high-speed trains cross the bridge.

Conclusion

1. The bridge acceleration responses under the action of high-
speed trains are obtained based on the SHM system of the
Dashengguan Yangtze River Bridge. An online identification
method of loading cases is developed using the signal of
multiple FBG strain sensors and acceleration sensors of the
bridge SHM system. The correlations between the train
speed and the bridge acceleration under different loading
cases are obtained. The results reveal that for wide bridges
with four lanes, such as the Dashengguan Yangtze River
Bridge, different loading cases have different features of
speed-acceleration correlations due to the different eccentric
loads caused by different loading positions (outer lane and
inner lane). Loading cases with 8 and 16 carriages in the
same lane show similar trends of speed-acceleration correla-
tions; however, the acceleration amplitudes under the load-
ing cases with 16 carriages are larger than those under the
loading cases with 8 carriages.

2. A two-stage method for early warning of abnormal train-
induced vibration in each loading case is developed. First, the
median line of speed-acceleration correlations is extracted by
wavelet packet decomposition. Then, early warning thresholds
for abnormal vibrations are determined by the interval estima-
tion theory. The results show that the traditional probability
estimation (point estimation) will induce a significant marginal
effect, and the warning thresholds based on the probability esti-
mation theory will lead to a false alarm. The warning thresholds
based on interval estimation theory can be used to describe the
random fluctuation of bridge accelerations in different train
speed ranges and be used for the early warning of abnormal
train-induced vibration.

3. The early warning method for train running stability is pro-
posed. The relationships between train running parameters and
bridge TA are obtained using the numerical results of the train-
bridge coupled model of the Dashengguan Yangtze River
Bridge. Then, the early warning thresholds for train running pa-
rameters can be calculated. The results show that the train run-
ning parameters of the Dashengguan Yangtze River Bridge are
all within safe limits. However, the WUR and DC have reached
over 60% of the limits due to train-induced transverse vibra-
tion. Therefore, the effects of train-induced transverse vibration
on the train running stability is worthy of attention.
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