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Preface

In recent years, the high-speed railway (HSR) has got remarkable development in
China. By the end of 2016, the total length of HSR lines had been 22,000 km. In
addition, there are more than tens of HSR lines being constructed. According to the
“Thirteenth Five-year Plan” of China, the total length of HSR lines will reach
30,000 km by 2020, and it will be further extended to 38,000 km by 2025.

The high-speed railway has the characteristics of high speed and high traffic
density of trains; thus, the problem of train-bridge coupling vibrations is very
prominent. On the one hand, the high-speed train will produce a dynamic impact on
the bridge structure, causing it to vibrate, which directly affects the working status
and the service life of the bridge. On the other hand, the vibration of the bridge will
in turn affect the running safety and stability of the on-bridge train. This makes the
vibration behaviors of train-bridge system become one of the fundamental problems
that need to be solved in the bridge design. It is an actual requirement for engineers
to carry out comprehensive studies on the dynamic interaction of the coupled
train-bridge system. This includes the dynamic analysis and assessment on the
dynamic properties of the bridge structure, as well as the running safety and sta-
bility of the high-speed train. Therefore, great efforts have been continuously made
to study the dynamic interaction between high-speed train and bridge. After years of
development, the coupling vibration of train-bridge system has become a special-
ized research field.

In China, researchers have established a number of analysis models, performed
systematic study on the dynamic responses of train-bridge interaction system, and
achieved remarkable results for the actual engineering projects, making important
contribution to the dynamic design of HSR bridges.

This book is the fruitful result of the research projects sponsored by the National
Key Basic Research Program (“973” Program, 2013CB036203), the National High-
technology Research and Development Program (863 Program, 2011AA11A103-
3-2-1), the Natural National Science Foundations (Grant No. 51078029, 511780255,
51208027, 51208028, 51308034, 51308035, U1434205, U1434210, and 51678032),
the Research Fund for Doctoral Program of Higher Education (20130009110036), and
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the Supporting Program for New-century Excellent Talents in Universities (NCET-
10-0219) of China, the Science and Technology Research Plans of China
Railway Corporation (2013G001-A-1, 2013G001-B, 2013G004-C, 2015G002-A and
2015G006-M), and the Flanders (Belgium)-China Bilateral Project (Grant No. BIL
07/07).

In Chap. 1, starting with a general overview of HSR developments in China and
abroad, the key technologies of HSR bridge construction in China are introduced,
the research history and status quo of train-bridge coupling vibration are reviewed,
the dynamics problems of HSR bridges are summarized, and the research contents
and analysis methods for coupling vibrations of train-bridge system in HSR are
expounded.

In Chap. 2, some fundamental theories and methods for vibration analysis of
simply-supported beams under moving loads are presented. The analytical solutions
of beam vibrations induced by a moving concentrated load, a moving harmonic
load, and a moving wheel-spring-mass load with varying speed are deduced, and
the vibration characteristics of them are investigated in several case studies. As one
of the important phenomena related to the train-bridge coupling vibration, the
mechanisms of vibration resonance, suppression, and cancellation happened in the
moving-load and beam system are analyzed.

In Chap. 3, the self-excitations of train-bridge coupling vibration system are
introduced. The characteristics and control standards of track irregularities, and the
mechanism and description of vehicle hunting movement are summarized. The AR
(auto-regressive) model simulation method of random excitations on the
train-bridge system is studied.

In Chap. 4, the vibration criteria for HSR bridges and train vehicles in China are
summarized, including a series of codes, standards and specifications related to the
dynamic coupling analysis and test of train-bridge system, the control criteria for
running safety of high-speed train due to bridge and train vibrations, the riding
comfort of passengers on running train vehicles, and the structural safety service-
ability of bridge due to vibrations. The conditions unnecessary to conduct coupling
dynamic analysis of train-bridge system are also introduced.

Chapter 5 recapitulates the dynamic analysis models for train-bridge coupling
system and the solution methods. The motion equations for the train-bridge cou-
pling vibration system are derived. The solution methods for motion equations of
train-bridge system, such as the direct coupling method, the in-time-step iteration
method, and the intersystem iteration method, are studied. By taking a
Pioneer EMU running through a multi-span simply-supported PC box-beam bridge
on the Qinhuangdao-Shenyang HSR line as an illustrating example, the dynamic
responses of train-bridge system are analyzed and the convergence in equation
solution procedure is investigated.

Chapter 6 studies the vibration of coupled train-bridge system subjected to
crosswinds. The influences of wind barriers on the wind velocity field around
bridge structure and the aerodynamic behaviors of train vehicles are investigated.
A spatial dynamic analysis model of train-bridge system subjected to crosswinds is
established. The dynamic responses of the Tsing Ma Suspension Bridge in Hong
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Kong are calculated, and some results are compared with the measured data, from
which the threshold curve of train speed and wind velocity for ensuring the running
safety of the train on the bridge is proposed. Considering the aerodynamic effect of
wind barriers on a simply-supported PC girder bridge, the dynamic responses of the
wind-train-bridge system are calculated, and the windbreak effect of different wind
barriers is evaluated.

Chapter 7 deals with the vibration of train-bridge system subjected to earthquake
action. The spectral theory-based simulation method for seismic ground motion
considering spatial variation and the method for obtaining consistent earthquake
record are summarized. The dynamic analysis models of a single wheel-spring-
mass unit (series) passing through a simply-supported beam as well as the train-
bridge system subjected to earthquakes are established. The dynamic responses of
an ICE3 train passing through a steel trussed-arch bridge subjected to earthquakes
are calculated, and the influences of the seismic characteristics and the input
manners on the dynamic responses of train-bridge system are investigated. The
running safety criteria and evaluation process of train vehicles on bridge subjected
to earthquakes are proposed.

Chapter 8 is devoted to the vibration of train-bridge system subjected to collision
loads. The characteristics of various collision loads on bridge are summarized.
A dynamic analysis model is established for a coupled high-speed train and bridge
system subjected to collision loads. An HSR double-track continuous bridge with
(32+48+32) m PC box-girders is considered as an illustrative case study. The
dynamic responses of the bridge and the running safety indices of the train on the
bridge under three types of collision loads are analyzed. The results show that the
large responses of the bridge induced by collision may strongly threaten the running
safety of the train. An assessment procedure is proposed for the running safety of
high-speed trains on bridges subjected to collision loads, and related threshold
curves for train speed versus collision intensity are proposed.

Chapter 9 deals with the vibration of train-bridge system under differential
settlement and scouring effect of foundations. The influence factors of differential
settlement and the mechanism of scouring effect of pier foundations are summa-
rized. A prediction method for cumulative settlement of bridge foundations caused
by cyclic train loading is proposed, and the settlement of existing bridge founda-
tions induced by the nearby bridge construction is calculated. The influence of
differential settlement of bridge foundations on dynamic responses of train-bridge
system is studied, and the train speed-settlement threshold curves for running safety
and riding comfort of train are proposed. The stiffness of a single pile and the
equivalent stiffness of group piles are studied, and the scouring effect on the
stiffness of bridge foundations and the dynamic responses of the train-bridge system
is investigated.

Chapter 10 deals with the vibration of train-bridge system under beam defor-
mation induced by concrete creep and temperature effect. The numerical simulation
method for PC beam creep camber is introduced. The vibration responses of
train-bridge system excited by creep camber deformation are analyzed, and the
safety threshold curves of creep camber under different train speeds are proposed, to
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ensure the running safety and stability of train vehicles. By numerical simulation
and field measurement, the characteristics of bridge sidewise-bending and track
slab-warping deformation under non-uniform temperature field are studied, and
their influences on the dynamic response and running safety of the train-bridge
system are investigated.

This book will not only provide theoretical formulations and various solutions
for coupling vibrations of train-bridge system, but also describe the ways to extend
the life of existing bridge structures and present a guide to the rational design of
new bridges. It can also be referenced for solving vehicle—structure dynamic
interaction problems in the design and the research of various types of highways,
railways, and other transport structures.

This book is chiefly authored by H. Xia, N. Zhang, and W.W. Guo, with Chapter 1
written by H. Xia, N. Zhang, W.W. Guo, and Y.M. Cao; Chapter 2 by H. Xia,
H.L. Li, K.P. Wang, and S.Q. Wang; Chapter 3 by W.W. Guo; Chapter 4 by
N. Zhang; Chapter 5 by N. Zhang and X. Wu; Chapter 6 by W.W. Guo and
T. Zhang; Chapter 7 by X.T. Du; Chapter 8 by C.Y. Xia; Chapter 9 by Y.M. Cao
and K.P. Wang; and Chapter 10 by J.W. Zhan and K.P. Wang. In addition, the
work by Y. Tian, K.B. Li, J.J. Yang, H. Qiao, M. Xu, S. Zhou, Y.J. Wang, Q. Sun,
G.H. Ge, G.L. Xiao, and other graduate students also contributed to the related
chapters.

In writing this book, we drew much on the knowledge and experience acquired
from collaboration with many colleagues in China and abroad. We wish to express
our deep appreciation to them. We also acknowledge the information and inspi-
ration derived from the references listed at the end of the chapters.

He Xia
Beijing, China
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Chapter 1
Introduction

Since its occurrence, railway has been the focus of the world transportation.
Entering the twenty-first century, railway construction has been speeded up in
China to improve the passenger and freight transports. Especially, the development
of high-speed railway has made remarkable achievements. As an infrastructure,
bridges play a very important role in high-speed railway. With continuous raise of
train speed, the bridge vibrations and their influences on running safety and stability
of trains have drawn more attention. This chapter summarizes the key dynamics
problems of high-speed railway bridges, reviews the research background and
current status of train-bridge coupling vibration, and expounds the corresponding
research contents and analysis method for coupling vibrations of train-bridge sys-
tem in high-speed railway.

1.1 High-Speed Railways in China

1.1.1 Development of High-Speed Railways

The railway traffic has got great development with its safety, punctuality, and high
efficiency since it appeared in England in 1825. With the progress of society and the
development of science and technology, the demand for railway transport capacity
is increasing, as well as for the train speed. According to UIC (Union Internationale
des Chemins de Fer) in 1996, “new tracks specially constructed for high speeds,
allowing a maximum running speed of at least 250 km/h, or existing tracks spe-
cially upgraded for high speeds, allowing a maximum running speed of at least
200 km/h” are defined as high-speed railway (HSR).

© Beijing Jiaotong University Press and Springer-Verlag GmbH Germany 2018 1
H. Xia et al., Dynamic Interaction of Train-Bridge Systems in High-Speed Railways,
Advances in High-speed Rail Technology, https://doi.org/10.1007/978-3-662-54871-4_1
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Fig. 1.1 Shinkansen train
passing by Mountain Fuji
(wikipedia 2006)

The idea of high-speed train was firstly proposed and started to try by Germany
in the late nineteenth century. On October 23, 1903, the S&H-equipped railcar
achieved a speed of 206.7 km/h, demonstrating the feasibility of electric high-speed
railway. However, regularly scheduled electric high-speed railway travel was still
more than many years away. In 1964, the first high-speed railway in the world was
built in Japan, namely the Tokaido Shinkansen line connecting Tokyo and Osaka
(Fig. 1.1). The Shinkansen train speed was 200 km/h and gradually speeded up to
270 ~ 300 km/h and used to have a record of 443 km/h in an experiment (1996,
955 Series 300X). On April 21, 2015, the new type “L0” maglev train with seven
carriages achieved the world record of train speed of 603 km/h in a test (Fig. 1.2).
In 1981, the articulated high-speed train TGV (Train a Grande Vitesse) was put into
service on the Paris-Lyon HSR in France, and on April 3, 2007, it created the world
record of 574.8 km/h for wheeled trains (Fig. 1.3). In 1971, Germany started the
construction of Hanover-Wiizburg HSR and completed it in 1991, with the oper-
ation train speed of 280 km/h (Fig. 1.4).

Up to now, high-speed railways have been constructed in many countries, such
as China, Spain, Japan, Germany, France, Sweden, Italy, Korea, Belgium,
Netherlands, Switzerland, and Turkey and are planned or scheduled to construct in

Fig. 1.2 “L0” maglev train
in Japan (world.huanqgiu
2013)




1.1 High-Speed Railways ... 3

Fig. 1.3 World record of
train speed by TGV (060s
2016)

Fig. 1.4 ICE high-speed
train in Germany (eurail
2016)

the USA, UK, Russia, India, Indonesia, Thailand, Vietnam, South Africa, Nigeria,
and other countries. By November 1, 2013, except China, the total operation
mileage of high-speed railways in the world reached 11,605 km; moreover, there
were 4,883 km under construction and 12,570 km in plan, according to the
statistics of UIC.

The development of high-speed railway can be divided into three stages. In the
initial stage, Japan, France, and Germany started and constructed their HSR lines.
In the second stage, the technology for HSR was improved and got matured in
Japan and several European countries and then extended to some other countries. In
the third stage, high-speed railways are constructed and planned in more countries
worldwide.

1.1.2 Development of High-Speed Railways in China

Since 1990s, China’s railway has accelerated its modernization process. During
1997-2007, six round large-scale speed-up campaigns were conducted, raising the
highest speed of passenger trains from 120 km/h to 200 km/h on more than
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6,000 km rail lines. Meanwhile, theoretical and experimental researches on
high-speed trains and HSR infrastructures were started.

The Qin-Shen (Qinghuangdao-Shenyang) HSR, started to construct in August
1999, was the first high-speed railway in China, with total length of 404 km and
design train speed of 200 km/h (reserved to 250 km/h). In December 2002, the
China made “Pioneer” EMU and “China Star” high-speed train achieved the highest
test speed of 292 km/h and 321.5 km/h on this line, respectively. The Qin-Shen
HSR was opened to service on October 12, 2013, being the pioneer of high-speed
railways in China.

The Suining-Chonggqing Railway was constructed from 2003 to 2006, with total
length of 155 km and design train speed of 200 km/h. In May 2005, a test speed of
234 km/h was achieved by the “Changbai Mountain” EMU in the test section of
this line.

The Guangzhou-Shenzhen Railway built in 2007 was the first four-track railway
in China, with two tracks for 200 km/h high-speed trains and two for common
passenger trains and freight trains, which realized the passenger\freight separation
transport, being the first intercity rail transit in China.

On January 7, 2004, the first “National Medium-and-long Term Railway
Development Program” was approved by the China State Council and began to
implement. According to the program, by 2020, the overall railway operation
mileage would reach 100,000 km; the passenger\freight separation transport would
be realized on the main lines; the percentages of double-track and electrified lines
should be increased to 50%; the technical standards for main railway facilities
should reach or approach to advanced international level, to meet the requirement of
national economy and social development on railway transport capacity. In the
program, one of the important plans was to speed up the construction of high-speed
railways. As shown in Fig. 1.5, the HSR network composed of “Four-vertical and
Four-parallel” trunk lines and three Regional FRT (fast rail transit) systems was
scheduled, to build more than 12,000 km high-speed railways.

The HSR network was planned as follows:

(1) The Four Vertical HSR Trunk Lines

e Beijing-Shanghai HSR. Total length 1,318 km, passing through three
municipalities (Beijing, Tianjin, and Shanghai) and four provinces (Hebei,
Shandong, Anhui, and Jiangsu), connecting two important economic zones
(the Circum-Bohai Sea and the Yangzi River Delta).

¢ Beijing-Wuhan-Guangzhou-Shenzhen HSR. Total length 2,260 km, con-
necting the northern, central, and southern zones of China.

e Beijing-Shenyang-Harbin HSR. Total length 1,700 km, connecting the
Northeast China to the inside Shanhaiguan zones.

e Hangzhou-Ningbo-Fuzhou-Shenzhen HSR. Total length 1,600 km, con-
necting the Yangzi River Delta, Pearl River Delta, and southeast coastal
zones of China.



1.1 High-Speed Railways ...

\,
A ¥

L/\ Har‘bin (’J

)
r_/ 350km/hY/ A
Shenyang,‘ S

A
L

e -HoﬁBot P
o Bl
~200-230km/h Tign nD i
Shijiazhu! Lil !Q: ut\ EDly

N 350km/h| Yinchuan- leyu““]maq — ngho

Xining-— 350km/h
LanLh(;iT“ Zhenth()l;(uZhOLﬁ m

Xi’an 1 300-3 350km/h
. anjing <
- 200-250km/h ?i()km/h/ | J glfmghax 350km/h |
asa h
: = - Hefel angznou
Chengdu », hongqlr‘lyumn. :i'_LSSOkm/h
Nﬂnchdng %SOkm/h|
b= 300- 350km/h Shangsha
v—‘ P \ Xi F uZhO‘} . Taipei
ulydng 1amen/
unming -~ Guangzhou P
= Nannmg “« Shénzhen

-"\f %/ A1ong Kong
/

Fig. 1.5 Planned HSR network in China by 2020

(2) The Four Parallel HSR Trunk Lines

e Xuzhou-Zhengzhou-Lanzhou-Urumqi HSR. Total length 3,177 km, con-

necting the northwest and eastern zones of China.

e Hangzhou-Nanchang-Changsha HSR. Total length 880 km, connecting the

central and eastern zones of China.

¢ Qingdao-Shijiazhuang-Taiyuan HSR. Total length 770 km, connecting the

northern and eastern zones of China.

¢ Nanjing-Wuhan-Chongqing-Chengdu HSR. Total length 1,600 km, con-

necting the southwest and eastern zones of China.

(3) The Three Regional FRT Systems

The three regional FRT systems include the Yangtze River Delta, the Pearl River
Delta, and the Circum-Bohai Zone (Beijing, Tianjin, and Hebei Province),

respectively, covering the major cities in their regions.

e The Yangzi River Delta FRT System. With Shanghai, Nanjing, and Hangzhou
as the centers, forming a Z-shaped traffic framework to connect nearby main

cities.
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e The Pearl River Delta FRT System. With the 105 km Guangzhou-Shenzhen and
the 143 km Guangzhou-Zhuhai intercity lines as a main axis, forming an
A-shaped traffic framework and connecting nine large and medium cities to
build up the one-hour economic circle around this area including Hong Kong
and Marco.

e The Circum-Bohai FRT System. With Beijing and Tianjin as the centers, and
the 115 km Beijing-Tianjin intercity HSR as a main axis, forming an outward
radiation traffic framework to the surrounding cities.

On November 27, 2008, according to the national development strategy and the
demand for a resource-saving and environment-friendly society, the National
Development and Reform Commission adjusted and optimized the scale and layout
arrangement of the planned railway network issued in the “National
Medium-and-long Term Railway Development Program” in 2004, increasing the
development target of total railway mileage by 2020 from 100,000 km to over
120,000 km. According to the updated program, the target mileage of high-speed
railway was adjusted from 12,000 km to 16,000 km. The Ningbo-Shenzhen HSR
was extended northward to Shanghai, and the Hangzhou-Changsha HSR was
extended westward to Kunming. To further expand the HSR network, several new
HSR lines, such as Lanzhou-Urumqi, Bengbu-Hefei, Nanjing-Hangzhou,
Nanchang-Jiujiang, Liuzhou-Nanning, Mianyang-Chengdu-Leshan,
Harbin-Qiqihar, Harbin-Mudanjiang, Changchun-Jilin, Shenyang-Dandong, and
Jinzhou-Yingkou, were scheduled to construct. Meanwhile, more regional FRT
systems would be constructed for economically developed and densely populated
areas, such as in Chengdu-Chongqing region, Changsha-Zhuzhou-Xiangtan region,
Central China cities, Wuhan city circle, Guanzhong city group, and East coast
economic zone, covering the major cities and towns within their respective regions.

During “The Eleventh Five-year Plan for National Economic and Social
Development” period (2006-2010) of China, the significant investment was put
into HSR construction, which not only promoted the development of HSR tech-
nologies, but also increased the construction scale and operation mileage of China’s
HSR to the leading position in the world. The main target of railway development
in “The Eleventh Five-year Plan” was to construct 17,000 km new railway lines,
including HSR lines of 7,000 km, to double-track reform existing lines of
8,000 km, and to electrify existing lines of 15,000 km.

On June 24, 2008, the China CRH3 EMU achieved a maximum speed of
394.3 km/h in the operation tests on Beijing-Tianjin Intercity HSR. On September
28, 2010, the CRH380A EMU broke the record with a maximum speed of
416.6 km/h in the operation test on Shanghai-Hangzhou Intercity HSR. On
December 3, 2010, the new generation high-speed EMU renewed the record and
created a speed of 486.1 km/h in the Bengbu-Zaozhuang test section located on
Beijing-Shanghai HSR, which is the worldwide highest train speed on operation
railway. In China, the train speed used to be 350 km/h (the highest operational train
speed in the world) on Beijing-Tianjin, Wuhan-Guangzhou, Shanghai-Nanjing, and
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Shanghai-Hangzhou HSR lines. Moreover, the designed operation train speed on
Beijing-Shanghai HSR was up to 380 km/h.

“The Twelfth Five-year Plan” started in 2011 proposed to further speed up HSR
construction. The objective was to build a rapid railway network with total length of
45,000 km, including 16,000 km HSR lines. Meanwhile, the construction standard
and initial operation train speed of high-speed railways were further clarified.

In recent years, the construction of high-speed railways in China was further
accelerated. A number of HSR lines have been put into operation, such as
Dalian-Harbin Line (921 km), Hangzhou-ChangshaLine (927 km), Lanzhou-Urumgqi
Line (1,776 km), Guiyang-Guangzhou Line (857 km), Nanning-Guangzhou Line
(577 km), Chengdu-Chongging Line (308 km), and Hefei-Fuzhou Line (808 km).
With the opening and operation of the Shanghai-Kunming HSR line in the end of 2016,
the total operation mileage of Chinese HSR reached 22,000 km, ranking first in the
world. At present, the HSR operation mileage in China has far exceeded the total
mileage of other countries in the world. China owns the world’s most extensive HSR
network with the fastest-growing, most comprehensive technology, strongest inte-
gration capability, longest operation mileage, highest operation speed, and largest
construction scale.

According to the “National Medium-and-long Term Railway Development
Program” and the current construction progress, by 2020, the total HSR operation
mileage in China is predicted up to 25,000 km. Together with other new and
existing railways, a 50,000 km rapid railway network will be completed, con-
necting all the provincial capitals and big cities with more than half million pop-
ulation, covering over 90% of the whole Chinese population. In general, the railway
transport capacity will be able to meet the requirements of national economy and
social development. The one-hour regional traffic networks will be established
around the provincial capitals. The traveling time from Beijing to most of the
provincial capitals will be less than 8 h.

According to the 2016-updated version of the “National Medium-and-long Term
Railway Development Program,” during the “Thirteenth Five-year Plan” period,
China will continue to extend its HSR lines. The target of the program is to form an
HSR framework with “eight vertical and eight horizontal channels,” as shown in
Fig. 1.6, and by 2025, the total mileage of China’s HSR lines will reach 38,000 km.

The main contents of the HSR framework with “eight vertical and eight hori-
zontal channels” are as follows:

(1) The eight vertical channels

V1: The East Coastal Channel. This channel starts from Dalian to Zhanjiang,
via Shenyang, Qinhuangdao, Tianjin, Weifang, Qingdao (Yantai), Lianyungang,
Yancheng, Nantong, Shanghai, Hangzhou, Ningbo, Fuzhou, Xiamen and
Shenzhen, which connects the east coastal areas of China, through cities in the
Eastern-Southern Liaoning Peninsula, the Beijing-Tianjin-Hebei area, the
Shandong Peninsula, the east coastal areas, the Yangtze River Delta, the Pearl River
Delta, and the Beibu Gulf coast.
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Legend

== Vertical channel
Horizontal channel

—— Current main HSR line

—— Planned main HSR line
Current local HSR line

— Planned local HSR line

- Forward planned HSR line

Current double track railway -
Current single track railway

Fig. 1.6 HSR framework with “eight vertical and eight horizontal channels”

V2: The Beijing-Shanghai Channel. This channel starts from Beijing to
Shanghai, and extends to Hangzhou, via Tianjin, Jinan and Nanjing, which con-
nects the north and east areas of China, through cities in the Beijing-Tianjin-Hebei
area, Shandong, Anhui and Jiangsu provinces, and the Yangtze River Delta.

V3: The Beijing-Shenzhen (Hong Kong) Channel. This channel starts from
Beijing to Shenzhen, and extends to Hong Kong (Kowloon), via Hengshui, Heze,
Shanggqiu, Fuyang, Hefei, Jiujiang, Nanchang and Ganzhou, with a Branch Channel
from Hefei to Fuzhou, via Nanchang. This channel connects the north, central, east
and south areas of China, through cities in the Beijing-Tianjin-Hebei area, the
middle reaches of Yangtze River, the west coast of Taiwan Strait, and the Pearl
River Delta.

V4: The Harbin-Beijing-Hong Kong Channel. This channel starts from
Harbin to Hong Kong, via Changchun, Shenyang, Beijing, Shijiazhuang,
Zhengzhou, Wuhan, Changsha, Guangzhou and Shenzhen, including the
Guangzhou-Zhuhai-Macao HSR. It connects the northeast, north, central and south
areas, and the Hong Kong and Macao regions of China, through cities in
Heilongjiang, Jilin and Liaoning provinces, the Beijing-Tianjin-Hebei area, the
central plains, the middle reaches of Yangtze River, and the Pearl River Delta.

V5: The Hohhot-Nanning Channel. This channel starts from Hohhot to
Nanning, via Datong, Taiyuan, Zhengzhou, Xiangyang, Changde, Yiyang,
Shaoyang, Yongzhou and Guilin, which connects the north, central and south areas
of China, through cities in the Hohhot-Baotou-Erdos area, the Central Shanxi area,
the central plains, the middle reaches of Yangtze River, and the Beibu Gulf coast.
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V6: The Beijing-Kunming Channel. This channel starts from Beijing to
Kunming, via Shijiazhuang, Taiyuan, Xi’an and Chengdu, which connects the
north, northwest and southwest areas of China, through the cities in
Beijing-Tianjin-Hebei area, the Central and South Shanxi area, the Central Shaanxi
plain, the Chengdu-Chongqing area, and the Central Yunnan area.

V7: The Baotou-Hainan Channel. This channel starts from Baotou to Sanya, via
Yan’an, Xi’an, Chongqing, Guiyang, Nanning, Zhanjiang and Haikou, including the
Yinchuan-Xi’an HSR and the Hainan island-loop HSR. It connects the northwest,
southwest and south areas of China, through the cities in the Hohhot-Baotou-Erdos
area, the Ningxia Along-Yellow River areas, the Central Shaanxi plain, the
Chengdu-Chongqing area, the Central Guizhou area, and the Beibu Gulf coast.

V8: The Lanzhou (Xining)-Guangzhou Channel. This channel starts from
Lanzhou (Xining) to Guangzhou, via Chengdu, Chongqing and Guiyang, which
connects the northwest, southwest and south areas of China, through the cities in
the Lanzhou-Xi’an area, the Chengdu-Chongqing area, the Central Guizhou area,
and the Pearl River Delta.

(2) The eight horizontal channels

H1: The Suifenhe-Manzhouli Channel. This channel starts from Suifenhe to
Manzhouli, via Mudanjiang, Harbin, Qiqihar and Hailar, which connects the
Eastern Heilongjiang area and the Eastern Inner Mongolia area.

H2: The Beijing-Lanzhou Channel. This channel starts from Beijing to
Lanzhou, via Hohhot-Yinchuan, which connects the north and northwest areas of
China, through cities in Beijing-Hebei area, the Hohhot-Baotou-Erdos area, the
Ningxia Along-Yellow River areas, and the Southern Gansu area.

H3: The Qingdao-Yinchuan Channel. This channel starts from Qingdao to
Yinchuan, via Jinan, Shijiazhuang, Taiyuan and Zhongwei, which connects the
east, north and northwest areas of China, through cities in Shandong Peninsula,
Beijing, Hebei, Shanxi, Shaanxi and Ningxia provinces.

H4: The Continental-bridge Channel. This channel starts from Lianyungang
to Urumqi, via Xuzhou, Zhengzhou, Xi’an, Lanzhou and Xining, which connects
the east, central and northwest areas of China, through cities in east coastal area, the
Central Plains, the Central Shaanxi Plain, and the Lanzhou-Tianshan Mountain
corridor.

H5: The Along-Yangtze River Channel. This channel starts from Shanghai to
Chengdu, via Nanjing, Hefei, Wuhan and Chonggqing, including the Nanjing-Anqing-
Jiujiang-Wuhan-Yichang-Chongqing HSR and the Wanzhou-Dazhou-Suining-
Chengdu HSR, which connects the east, central and southwest areas of China,
through cities in the Yangtze River Delta, the middle reaches of Yangtze River, and
the Chengdu-Chongqing area.

H6: The Shanghai-Kunming Channel. This channel starts from Shanghai to
Kunming, via Hangzhou, Nanchang, Changsha and Guiyang, which connects the
east, central and southwest areas of China, through cities in the Yangtze River
Delta, the middle reaches of Yangtze River, and the Guiyang-Kunming area.
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H7: The Xiamen-Chongqing Channel. This channel starts from Xiamen to
Chongqing, via Longyan, Ganzhou, Changsha, Changde, Zhangjiajie and
Qianjiang, which connects the west coast of Taiwan Strait, and the central and
southwest areas of China, through cities in the west coast of Taiwan Strait, the
middle reaches of Yangtze River, and the Chengdu-Chongqing area.

H8: The Guangzhou-Kunming Channel. This is the Guangzhou-
Nanning-Kunming HSR, which connects the south and southwest areas of China,
through cities in the Pearl River Delta, the Beibu Gulf, and the Central Yunnan
area.

In Taiwan Province, the high-speed railway was proposed in 1980s and started
to construct in 1998, adopting the Japanese Shinkansen technology. The HSR line
in Taiwan passes through the west coast of the island, connecting the two cities of
Taipei and Kaohsiung, with the total length of 345 km. The line was opened to
service on January 5, 2007, with the maximum train speed of 300 km/h.

1.2 Overview of HSR Bridges in China
1.2.1 Characteristics of HSR Bridges in China

The high-speed railway bridges in China have the following characteristics:
(1) Large proportion of elevated bridges

To meet the requirements on strict horizontal and vertical alignment parameters and
the high track smoothness and stability, and for easier implementation of fully isolated
operation pattern, the HSR lines usually adopt larger proportion of bridges than
common railway. Especially in densely populated regions or unfavorable geological
conditions, elevated bridges are used to cross the existing roads, reduce urban block
segmentation, save land resource, and avoid uneven settlement of high embankment.
Summarized in Tables 1.1 and 1.2 are the HSR bridges in China and abroad.

As shown in the tables, the highest proportion of HSR bridges abroad occurs in
Japan, in which the percentages of bridge length on the Joetsu Shinkansen Line and
Tohoku Shinkansen Line are 61.5% and 58.1%, respectively. In China, the average
percentage of HSR bridges is 58.74%, in which, the percentage of bridge length on
the Beijing-Shanghai HSR is 80.7%, on the Beijing-Tianjin intercity HSR is 87.7%,
on the Shanghai-Hangzhou intercity HSR is 89%, and on the Guangzhou-Zhuhai
intercity HSR is as high as 94.2%. By contrast, the average percentage of bridge
length in common railways in China is only 4%.

(2) Mainly adopting small and medium spans

In China, HSR mainly adopts small-and-medium common-span bridges. It is not
only because of the strict limits on stiffness and deformation, but also due to their
advantages in standardized design, industrialized production, mechanized erection,
high quality and fast construction speed that the bridge span should not be too large,
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Table 1.1 Overview of HSR bridges abroad

Country HSR lines Line Bridge Percentage of bridge
length (km) length (km) length (%)

Germany | Cologne-Frankfurt 177 4.8 2.7
Hanoverian-Wurzburg | 327 41 12.5
Mannheim-Stuttgart 99 6 6.1

France LGV Paris-Lyon 417 25 6
LGV Atlantique 282 36 12.8
LGV Nord-Europe 330 72 21.8
LGV Rhone-Alpes 121 39 322

Japan Tokaido Shinkansen 515 173 33.6
Sanyd Shinkansen 554 211 38.1
Joetsu Shinkansen 270 166 61.5
Tohoku Shinkansen 493 344 58.1
Hokuriku Shinkansen 117 39 333

Spain Madrid-Sevilla 471 15 32
Madrid-Barcelona 621 75.8 12.2

Italy Rome-Florence 254 32 12.6
Rome-Naples 204 39 19.1
Florence-Milan 260.4 23.1 8.9

Korea Seoul-Busan 412 111.8 27.1

generally less than 100 m. Through years of research, the series of
simply-supported double-track box-beams with common spans of 32, 24, and 20 m
are proposed, which can be ballasted or ballastless. According to the statistics, in
the built HSR bridges, the total amount of standardized 32 m simply-supported PC
box-beams is more than 300,000 spans, and the extended length is over 10,000 km,
occupying 98% of the total bridge length.

In addition to the extensive application of prefabricated simply-supported PC
box-beams, continuous beams, continuous rigid frames, arches, and composite
beams are also adopted to cross valleys, rivers, railways, and roadways, in which
the double-track PC box-section is prior to use.

(3) High rigidity and good integrity

To ensure the running safety and riding comfort of high-speed trains, HSR
bridges should have sufficient stiffness and integrity in both vertical and lateral
directions, to avoid too large deflection and amplitude. Besides, deformations
induced by concrete creep and uneven temperature difference should be restricted,
to ensure good smoothness of the track. Therefore, the design of HSR bridges is
mainly controlled by stiffness rather than by strength. Although the live load for a
HSR bridge is smaller than that for common railway, both the height and the weight
of a HSR beam are larger than those of a common railway beam.
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Table 1.2 Overview of HSR bridges in China

HSR line Line Bridge Percentage of bridge
length (km) length (km) length (%)
Beijing-Shanghai 1314 1060.9 80.7
Shanghai-Chengdu 1223 586 479
Shanghai-Kunming 2261 1207 534
Beijing-Wuhan 1121.7 858.7 76.5
‘Wuhan-Guangzhou 968.2 465.244 48.1
Nanning-Guangzhou 577.1 180.7 31.2
Hangzhou-Shenzhen 1508 565 37.5
Shijiazhuang-Taiyuan 189.93 39.2 20.6
Hefei-Nanjing 187.1 312 16.7
Zhengzhou-Xi’an 486.9 283.5 58.0
Beijing-Harbin 1713 1269 74.1
Harbin-Dalian 903.9 663.3 73.3
Beijing-Kowloon 2193 1384 63.1
Qingdao-Taiyuan 679 329 48.4
Xuzhou-Lanzhou 1360 822 60.5
Hainan Eastern Loop 308.11 102.95 334
Beijing-Tianjin 115.2 101.0 87.7
Shanghai-Nanjing 301 215.8 71.7
Guangzhou-Zhuhai 142.3 134.1 94.2
Shanghai-Hangzhou 160 142.4 89.0
Changchun-Jilin 96.26 30.3 31.5
Nanchang-Jiujiang 91.58 31.96 34.9
Taipei-Kaohsiung 345 257 74.5

(4) Extensive use of ballastless slab tracks

According to the operation experiences in China and abroad, both ballasted and
ballastless tracks can meet the requirement of high-speed railway on high
smoothness, reliability, and stability, but they have different characteristics. Bridges
with ballastless track can reduce the secondary dead load, increase the natural
frequency, and improve the dynamic behavior of train-bridge system. Therefore, the
ballastless track is commonly used in HSR bridges in China. However, as a new
type of track structure, the ballastless track brings new requirements on how to
control the deformation, foundation settlement, and longitudinal force transmission
in the bridge track system, which is one of focuses in the design of HSR bridges.

(5) High longitudinal stiffness of pier foundation

In China, most HSR lines adopt CWR (continuous welded rail). Under condi-
tions of temperature variation, train braking, and span deflection, the bridge will
produce longitudinal displacement, which induces additional stresses in the rails on
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the bridge. In turn, the additional stress of rails may cause instability of CWR track
on the bridge, thus affecting the running safety of trains. Therefore, the high lon-
gitudinal stiffness is required for pier foundation of HSR bridges, to minimize the
additional rail stresses and the related displacement between beam and track.

(6) High structural durability and convenient maintenance

High-speed railway is an extremely important transportation facility, and any
interruption of it will cause huge economic losses and social influences. Therefore,
less maintenance or maintenance-free should be one of the targets for the HSR
bridge construction, which requires that the structural durability should be ensured
by reasonable design of structure and construction details and strict quality process
control in construction. According to the design code for high-speed railways in
China, as the main bearing structure, a bridge should have 100 years of durability
under the predetermined actions and maintenance conditions. On the other hand, it
is very difficult to maintain a HSR bridge due to the busy operation, high train
speed, and limited maintenance windows of high-speed railway; therefore, the
bridge structure should have efficient access for routine inspection and
maintenance.

(7) Nice looking appearance and good coordination with environment

As the important modern transportation facility, in addition to safety and
economy, the architecture esthetics of bridges should be taken into account in HSR
design, by emphasizing the coordination of bridge structures with the natural and
cultural environment, as well as the structural appearance and colors. Moreover,
special attentions should be paid to ecological environment protection, by reducing
train-induced noises, and avoiding pollution and damage to the ecological envi-
ronment during construction and service of the bridge. Figures 1.7, 1.8, 1.9, and
1.10 give several typical HSR bridges in China.

It is seen that these bridges are designed with coordinated dimensions and fluent
appearance, well-matched superstructure and substructure, open and wide clear-
ance, and harmony with surroundings, forming a magnificent landscape.

Fig. 1.7 Nanjing
Dashengguan Yangzi River
Bridge
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Fig. 1.8 Wuhan Tianxinzhou
Yangzi River Bridge (blog.
alighting 2012)

Fig. 1.9 Zhengzhou Yellow
River Rail-cum-Road Bridge
(Zheng et al. 2008)

Fig. 1.10 Bridge on Hainan
East Circum HSR (kankanews
2014)

1.2.2 Key Technologies of HSR Bridge Construction
in China

Bridges are one of the important infrastructure works constituting the high-speed
railway, and also one of the key technologies in HSR construction. In addition to
cross rivers, valleys, and other railway or road lines, HSR bridges are built to
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support smooth and stable tracks for high-speed trains to ensure the running safety
and comfort. Therefore, the superstructures of HSR bridges are supposed to have
enough bending and torsional stiffness. The structure deformations induced by
concrete creep and uneven temperature difference should be strictly limited, to
ensure stability and maintain a highly smooth state of tracks on the bridge.
Meanwhile, the substructures such as piers and abutments should have sufficient
longitudinal and lateral stiffness. The superstructure of a HSR bridge can be either
simply-supported or continuous, composed of either PC (prestressed concrete)
box-beams, PC rigid frames, steel plate beams, steel truss beams, or steel-concrete
composite beams. Sometimes, long-span structures such as trussed-arch bridges and
cable-stayed bridges are also used.

Based on the successful practice of China high-speed railway, and by refer-
encing the advanced technologies and experiences from Germany, Japan, and other
countries, a set of key technologies with Chinese characteristics are created for the
design and construction of HSR bridges.

(1) Design and construction technologies for common-span bridges

In China, the common-span bridges mainly adopt standardized 32 m simply-
supported PC box-beams, which are prefabricated in beam yards, using
pre-tensioned or post-tensioned method, transported by beam carriers, and erected
by beam erection machines. In design, the stiffness of the beams is determined by
train-bridge dynamic analysis, and verified by field experiments. Through contin-
uous scientific and technological researches, engineers mastered the design theory,
construction method, precise deformation control and, other key technologies in
ballastless bridges, established a set of technology systems for bridge design,
fabrication, transport, erection, check and acceptance, operation, and maintenance,
and developed the corresponding standards.

(2) Design and construction technologies for long-span bridges

For crossing large rivers and valleys, the long-span bridges are necessary.
Because the target train speed on a long-span bridge is supposed to keep consistent
with the other sections of the HSR line, the design and construction of long-span
bridges become more difficult. The main design and construction technologies for
long-span bridges include the use of high-strength steels, adoption of new struc-
tures, development of special construction equipment, and construction of deep-
water foundations.

(3) Design and construction technologies for CWR tracks on HSR bridges

The mechanism of continuous welded rail (CWR) on a bridge is different from
that on the ground roadbed. The deformation and displacement of the bridge will
cause additional rail stress in CWR. To ensure the running safety on the bridge, the
additional rail stress induced by the combined action of beam and rail should be
restricted to a safe range in designing. The additional rail stress is induced by
braking force, stretching force, and bending force. After years of special study, a
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mechanical model for CWR-beam interaction has been developed in China and
verified by model tests and field tests, and, moreover, the related technical
parameters have been proposed.

(4) Numerical simulation technology for dynamic analysis of train-track-bridge
system

In order to ensure high speed, passenger comfort, and running safety of train
vehicles, HSR bridges should have sufficient rigidity and integrity to avoid large
defection and amplitude. The research on dynamic interaction of train-track-bridge
system in China started in 1980s as early. Since then, various analytical models
have been established, and the related evaluation standards developed. In a series of
dynamic experiments organized by the Ministry of Railways of China, the test train
speeds of over 350 km/h were repeatedly created, which verified the effectiveness
of the dynamic simulation methods and the reliability of the evaluation standards.

(5) Design and construction technologies for bridges with ballastless slab tracks

The design of HSR bridges with ballastless tracks is targeting at rational
structure, standardization, easy erection, and maintenance, to ensure adequate
durability and good dynamic performance. To realize this target, the key technology
is how to control the beam stiffness and deformation. Based on optimized design for
main technical parameters, such as vertical/lateral deflection, torsion angle, vertical
natural frequency, as well as the strict control of PC beam creep camber, the bridge
structures can meet the laying conditions of ballastless tracks.

(6) Design and construction technologies for station bridges

Large-scale comprehensive transportation stations are used for various traffic
transfers among HSR railway, common railway, subway, and ground traffic pas-
sengers, and they are designed in two structural types. The first type adopts the
separated building-and-bridge system, as applied to the Beijing South Railway
Station and the Shanghai Hongqiao Railway Station. In this type, the bridge and the
building can be separately designed, thus the main engineering difficulties focus on
the setting of thermal stress-released joint, the analysis of complicated structural
stress, and the rational control of engineering quantities. The second type adopts the
integrated building-bridge system, as applied to the new Wuhan Railway Station
and the new Guangzhou Railway Station. In this type, the bridge needs to bear huge
building weight as concentrated loads, thus the key technologies are how to realize
the effective connection between the upper building and the bridge below, the
rational transfer of the building loads to the piers, and the strict control on the
influence of pier deformation on the upper building structure, resulting in extremely
complex structural design.

(7) Fast construction technology for long elevated bridges

The proportion of bridge length in HSR lines is much higher than that in
common railways. Some elevated bridges with dozens or even hundreds of
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kilometers have been built. The standardly designed common-span
simply-supported PC box-beams are usually prefabricated in beam yard near the
railway lines and erected span by span, while the continuous beams with special
spans are usually erected by in situ casting method. A series of standard tech-
nologies and equipment for beam fabrication, transportation, and erection have
been developed and can be applied to the construction of superlong bridges with
high quality and fast speed.

(8) Manufacture, transportation, and erection technologies for PC box-beams

To solve the problem of transportation and erection of 32 m double-track pre-
fabricated PC box-beams, various of machines have been developed in China, such
as the 450-t beam gantry crane, and the 900-t beam erecting machine, the 900-t
beam carrier, the 900-t movable module bridge machine. A set of construction
technologies, including beam-yard building, beam fabrication, beam transportation,
and beam erection, have been developed with good efficiency, safety, and
reliability.

(9) Settlement control technology for bridge foundations

Foundation settlement is the main control parameter in bridge design, especially
in soft soil regions, which has important effect on the engineering investment of a
HSR line. Based on the measured settlement data, several calculation methods have
been developed to deal with various settlements of group pile foundations, open
cutting foundations, and culvert foundation bases.

1.2.3 Common-Span HSR Bridges

According to the statistics, by the end of 2012, the operation railway bridges in
China were 62,460 (including 3,658 HSR bridges), with more than 405,270 spans
and total length of 10,156,500 m (including 5,070,000 m HSR bridges). The
concrete bridges were more than 60,500, with 398,580 spans and about 9,944,700
m length (including 5,063,000 m HSR bridges). The steel bridges (including hybrid
or composite bridges) were 1,950, with 6,690 spans and about 211,600 m length
(including 7,000 m HSR steel bridges). The simply-supported PC beams with 32 m
span or shorter were more than 310,440 spans, about 76.6% of the total concrete
beams. The simply-supported steel beams with span less than 40 m were more than
5,150 spans, about 77.0% of the total steel beams. The simply-supported beams
with small-and-medium spans are about 80% of the total number of railway bridge
spans.

Listed in Table 1.3 are the main types of standardized common-span bridges in
high-speed railways of China, in which s—s denotes simply-supported.

There are two types of high-speed railways in China: the passenger dedicated
railway with design train speed of 350 km/h, adopting the ZK live load (standard



18

Table 1.3 Standardized common-span HSR bridges in China

1 Introduction

Structure type

Span length (m)

Description

Post-tensioned 12, 16 Precast and erected as a whole
PC T-beam on-site (4-pieces)
Post-tensioned 20, 24, 32, 40 1. Mainly prefabricated in beam

PC s—s box-beam

yard and erected by machine

2. A few are in situ casting

Continuous PC 2x24, 3x24, 3x32, 2x40, 32+48+32, | 1. Most are in situ casting and

box-beam 40456440, 40+60+40, 40+64+40, by erection machine
48+80+48, 60+100+60 2. Continuous beam with equal
spans is constructed by
connecting s—s spans to
continuous or by erection
machine
Continuous 32+40+32, 40+50+40, 40+56+40

steel-concrete
composite beam

RC continuous
rigid frame

12+16+12, 164+20+16, 16+24+16, Skew angle ranges from 0° to
18+24+18, 16+3 x24+16, 18+3x24+18 | 30°

HSR live load); and the passenger-cum-freight railway with design train speed of
250 km/h, adopting the C-Z live load (standard railway live load), with some of
them reserve the condition for train speed up to 300 km/h. In design, each type of
bridge has the uniform beam layout.

(1) For bridges with design train speed of 350 km/h, the distance between the lines
is 5.0 m. The deck width for simply-supported box-beam is 13.4 m in
Beijing-Tianjin intercity, Zhengzhou-Xi’an, and Wuhan-Guangzhou HSR
lines. After optimization, the deck width is reduced to 12.0 m, which has been
applied in Shijiazhuang-Wuhan, Beijing-Shijiazhuang, Shanghai-Hangzhou,
Nanjing-Hangzhou, Hangzhou-Ningbo, Hefei-Bengbu, and some other HSR
lines.

(2) For bridges with design train speed of 250 km/h, the distance between the lines
is 4.6 m. Required by freight trains, the ballasted box-beams with deck width
130 m are wused and applied in Hefei-Nanjing, Hefei-Wuhan,
Ningbo-Taizhou-Wenzhou, Shijiazhuang-Taiyuan, Fuzhou-Xiamen,
Xiamen-Shenzhen, and Nanning-Guangzhou HSR lines. After optimization, the
deck width is reduced to 12.2 m. By contrast, the deck width for this train speed
is 11.6 m for ballastless box-beams.

Considering structural stiffness and deformation, standardization, construction,
engineering quality, economy, esthetics, and other factors, the simply-supported 32
m double-track PC box-beam is selected as the main span structure, assisted with a
few 24 m beams. On the Beijing-Shanghai HSR line, for example, 32 and 24 m
simply-supported PC box-beams occupy 91.8% of the total line length.
Summarized in Table 1.4 are 32 and 24 m prefabricated PC box-beams adopted in
HSR lines in China.
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Because HSR bridges adopt huge amount of simply-supported double-track PC
box-beams, the Ministry of Railways of China set up a series of research projects,
via model tests, static/dynamic prototype loading tests, and numerical simulation
methods, to carry out comprehensive analysis and experimental verification on the
design, construction, serving performance, long-term deformation, and other issues
of this type of beams.

1.2.4 Long-Span HSR Bridges

On HSR lines, long-span bridges are adopted to cross valleys, rivers, and straits,
such as cable-stayed bridges, arch bridges, PC continuous bridges, PC continuous
rigid frame bridges, and rigid frame bridges with V-shape inclined legs. In order to
ensure the running safety and riding comfort, strict vertical stiffness standard is
proposed for long-span bridges, requiring their deflection-to-span ratios for steel
bridge, steel cable-stayed bridge, and concrete bridge under the designed live loads
shall be less than L/800, L/650, and L/1000 (L is the span of a bridge), respectively.
To ensure the lateral stiffness, the width of beam bridge with 160-300 m span
should be in the range of L/18 ~ L/12. Table 1.5 lists the long-span bridge types
used in China high-speed railways.

1.2.5 Application of Train-Bridge Dynamic Analysis to HSR
Design in China

Dynamic performance of the bridge is of great importance to the design of HSR
bridges. The researches show that with the increase in train speed, the design of a
HSR bridge is controlled by the rigidity rather than the strength, and the controlling
factors are the running safety and riding comfort of train vehicles. For HSR bridges,
therefore, in addition to the static analysis, the coupling train-bridge dynamic
analysis should be carried out according to the actual train operation. Since the early
1980s, some Chinese institutes and universities have engaged in the research of
train-bridge coupling vibration theory and its application, and a series of analysis
models have been developed and verified by a large amount of measurement data.
With good application and rationality, the research results have been applied in the
dynamic design of HSR bridges in China.

Since 1998, organized by the Ministry of Railways, the CARS (China Academy
of Railway Sciences) and three universities (Southwest Jiaotong University, Beijing
Jiaotong University, and Central South University) have carried out systematic
analyses of train-bridge coupling vibrations of various types of bridges, including
simply-supported beam bridges, continuous beam bridges, continuous rigid frame
bridges, simply-supported and continuous steel-concrete composite beam bridges,
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and other types of bridges. These analyses were initially for the bridges of Qin-Shen
HSR and Beijing-Shanghai HSR, and afterward successively applied to those of the
Beijing-Tianjin, Wuhan-Guangzhou, Zhengzhou-Xi’an, Shijiazhuang-Taiyuan,
Shanghai-Hangzhou, Beijing-Shijiazhuang, Shijiazhuang-Wuhan, and other HSRs,
providing the basis for the dynamic design of these bridges.

In recent years, with rapid development of high-speed railways in China, the
CARS and three universities carried out a series of field tests on more than 40
bridges located on the Hefei-Nanjing, Beijing-Tianjin, Hefei-Wuhan,
Wuhan-Guangzhou, Shijiazhuang-Taiyuan, and Beijing-Shanghai HSR lines, cov-
ering more than 21 beam types and over 100 spans. The measured data indicated
good dynamic performances of Chinese HSR bridges and validated the simulation
methods for train-bridge dynamic analysis. These experiments are of important
theoretical and practical significance to high-speed and speed-up railway bridges,
especially for their design and construction, dynamic evaluation, structural reform,
and reinforcement, as well as for further improvement of analysis theory and cal-
culation method. It can be said that the analysis theory and method of train-bridge
dynamic interaction in China have been at the top level in the world, and the
research results have made great contributions to China’s modernization and will
play a more important role in the future.

1.3 Vibration Problems of Railway Bridges

With persistent development of science and technology, extensive application of
high-performance materials, increasingly enlargement of bridge span, and contin-
uous increase in train speed and vehicle load, the problem of bridge vibration
becomes more prominent.

The vibration of bridge may increase internal force of the structure, cause local
fatigue damage of the members, produce vibration deformation and acceleration of
the bridge deck that may influence running safety and riding comfort of the
on-bridge vehicles, and even in serious case completely destroy the bridge.
Therefore, bridge vibration is one of the important factors that influence the safety
and normal operation of traffic infrastructures, which attracts more attention in
recent years.

According to the exciting sources, the bridge vibrations can be classified into
five styles in two categories, see Fig. 1.11.

In the first category, bridge vibration is induced by wind forces, earthquake
action, and collision of vessels, vehicles, and floating objects, which belongs to
vibrations induced by various external loads.

In the second category, bridge vibration is induced by running vehicles or
moving crowd, which belongs to the problem of bridge—load interaction. Since this
vibration is inevitable during the normal operation of bridges, it is the fundamental
issue in studying coupled vibration of train-bridge or pedestrian-bridge system.
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‘Wind forces

. Earthquake action
(induced by external load) . R . . .
Collision of vessels, vehicles and floating objects

1st Category

Bridge vibration

2nd Category {

(Bridge-load interaction)

Fig. 1.11 Vibration categories of bridges

For railway bridges, the second category of vibration may occur simultaneously
with the first category and thus forms the vibrations of the coupled train-bridge
system subjected to wind load, earthquake action, and various collision loads. The
dynamic analysis of this combined case is more complicated.

1.3.1 Bridge Vibration Induced by Wind Load

Wind is an airflow with a certain speed. When the airflow is impeded by a structure,
a high-pressure air curtain will form, and the larger the wind speed, the higher the
pressure on the structure. If the wind-resistant design is insufficient, the structure
may produce overlarge deformation and vibration endangering its normal operation,
generate local failure influencing its strength, or even collapse.

Studies about the wind-induced dynamic actions on bridges started quite early.
In 1759, a British engineer named John Smitten suggested that the wind pressure
should be considered during the structure design, and for the first time introduced
the concept of wind load. However, at that time, the knowledge about wind pressure
was quite limited. On December 28, 1879, the Tay Rail Bridge in Scotland was
attacked by a violent storm and collapsed after its central spans gave way during
high gales, with six carriages of a train carrying seventy-five passengers and crew
plunged into the icy waters of the Tay (Fig. 1.12). The ensuing inquiry revealed
that the wind-resistant strength of the bridge was only 1/12 of the due strength.
After this serious accident, people paid high attention to the wind load effect, started
to study wind pressures, and use them in bridge design.

However, the wind effect on structure was regarded as a static action of the wind
pressure for quite a long time. In the fall of 1940, only several months after built,
the 851.2 m span Tacoma Narrows Bridge in Washington State collapsed
(Fig. 1.13) under a gust with velocity less than 20 m/s, shocking the field of bridge
engineering. The subsequent researches showed that this accident was owing to the
aerodynamic instability, which made people recognize another kind of wind effect
on structure, namely the wind-induced vibration.

During the investigation of the Tacoma Bridge accident, it was surprised to find
that there had been 10 suspension bridges collapsed due to strong winds in Europe
and North America since 1818 (Table 1.6). All the accidents showed obvious



26 1 Introduction

(a) Bridge deck distorted (b) Bridge broken and fell

Fig. 1.13 Wind-induced accident of Tacoma Narrows Bridge in the USA (chiuphysics.cgu 2011)

Table 1.6 Suspension bridges damaged by wind storms

No. Bridge name Country Span (m) Failure year
1 Dry burgh Abbey bridge UK 79 1818
2 Union bridge UK 137 1821
3 Nassou bridge Germany 75 1834
4 Brighton bridge UK 78 1836
5 Montrose bridge UK 132 1838
6 Menai strait bridge UK 177 1839
7 Roche bernard bridge France 195 1852
8 Wheeling bridge USA 309 1854
9 Niagara-Lewinston bridge USA 317 1864
10 Niagara-Clifton bridge USA 384 1889
11 Tacoma narrows bridge USA 853 1940
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characteristics of the wind-induced vibrations. However, the science and technol-
ogy at that time could not solve the problem, and only the experience could be
relied on. Driven by the Tacoma Bridge accident, bridge engineers started the close
cooperation with the aerodynamic experts, dedicating to study the wind-induced
vibration of bridge. Gradually, a new frontier branch, namely the Bridge Wind
Engineering was formed in the field of bridge engineering.

The wind-induced bridge vibration is a complex aerodynamic problem. In the
past, less attention was paid to study wind resistance of bridge, mainly because the
wind load did not control the design for small or medium span bridges. Owing to
the development of economy, progress of bridge-building technology and invention
of new materials, many long-span bridges, such as suspension bridges and
cable-stayed bridges, have been built in the world, with ever-longer span and
ever-smaller flexibility, whose natural vibration periods reached tens of seconds.
Long-span bridges are featured with light and flexibility, and susceptible to wind
effect; therefore, how to control the wind-induced vibration has become the primary
issue in the bridge design. For example, a measurement on the Golden Gate Bridge
in 1951 reported an intensive vibration with maximum amplitude of 1.7 m at the
1/4 span under the moderate gale to fresh gale. It has been well understood that
wind-induced vibration is not only harmful to the fatigue life of bridge structure, but
also unsafe for pedestrians and vehicles on the bridge.

On December 28, 1986, at around 1:25 pm, a Japanese 14-series train was hit by
a sudden gust from Sea of Japan when it was traveling, at a speed of 55 km/h, on
the 310 m long Amarube Viaduct in Sanin region. The instantaneous wind speed on
the bridge deck was about 33 m/s. All seven passenger cars of the train were blown
down from the bridge, causing a serious rollover accident due to the wind force.

On December 25, 2005, at 7:15 pm, when an “Inaho 14” E653-1000 series EMU
was traveling at a speed of 100 km/h near the No. 2 Mogami River bridge in
Yamagata, the car-body vibrated extensively due to the strong wind, resulting in
derailment of six carriages. According to statistics, five passengers were killed in
the accident, and 33 people sustained injuries. The maximum instantaneous wind
speed at the site was over 20 m/s.

Wind-induced vibration, also called aerodynamic action, is a structural vibration
caused by turbulence of a random gust, often encountered in the nature. Some
wind-induced vibrations, once formed, may cause the bridge to damage, while
some others, although do not immediately damage the structure, may result in
problems such as the fatigue of members or joints, and unsafety of service.

The mechanism of wind-induced bridge vibration is complicated, which can be
divided into two categories. One is divergent vibration, including the classical
flutter of the streamlined bridge deck, the torsional separated flow flutter of the
non-streamline deck, the galloping of the rectangular-section bridge tower, and the
vortex-induced vibration of suspenders and cables. The divergent vibration may
induce aerodynamic instability even wind-destroyed accident of bridge, so it must
be avoided through measures such as section-shape optimization, wind fairing
design, and guide plate setting, based on wind tunnel test. The critical wind velocity
for the designed bridge should be much higher than the most possible maximum
wind velocity under the given guaranteeing probability (normally above 20%).
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The other is amplitude-limited vibration, a kind of forced vibration induced by
fluctuating wind, including vortex vibration and buffeting. Bridge buffeting occurs
frequently under low wind velocity, producing local fatigue at member joints or
bearings. Especially, excessive buffeting vibration will directly affect the running
safety of trains on the bridge; therefore, the vibration amplitude should be con-
trolled in an acceptable range in bridge design.

When a long-span railway bridge is built in a wind-prone area, the bridge will be
susceptible to considerable vibration owing to aerodynamic effect, and large defor-
mation and vibration may be induced due to its flexibility, seriously affecting the
structural safety of the bridge and the running safety and riding comfort of the train
vehicles. On the other hand, vehicles under wind action may change their inherent
vibration properties. Therefore, the effect of wind load should be considered in running
safety analysis of trains on long-span bridges crossing windy rivers, valleys, or straits.

1.3.2 Bridge Vibration Due to Earthquake Action

Earthquake is a burst and highly destructive natural disaster, being one of the three
enemies with flood and hurricane for bridge engineering. There occur more than 10
times over M7.0 earthquakes each year around the world, bringing huge damage
and loss to people’s lives and properties. Dong et al. (2009) investigated 502 bridge
collapse accidents in 66 countries, and the results showed that 119 events were due
to the earthquake, 23.7% of the total (Fig. 1.14). Therefore, the seismic design of
bridge has attracted more attention and been developed rapidly in recent years.
The anti-seismic engineering is the main method to mitigate the loss of people’s
lives and properties due to earthquakes. Since the end of World War II, the
anti-seismic engineering has been developed greatly in both theories and practices.
The anti-seismic calculation for bridges, buildings, and other engineering structures
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Fig. 1.15 Bridge collapse in
the Northridge earthquake
(Cooper et al. 1994)

has been developed from the simple static method to the dynamic response analysis
with seismic wave input, and the interaction between foundation and subsoil has
been taken into consideration as well. The practicable anti-seismic design method in
engineering has been established, using modern computers to analyze the nonlinear
elastic—plastic seismic response of highly complex structure system, supplemented
by large-scale shaking table tests as validation. It can be said that the progress and
achievement in this field are remarkable.

However, in the recent decades, many intensive earthquakes occurred in the
world, causing a lot of serious engineering destructions and heavy loss of people’s
lives and properties. For example, in 1994, the earthquake at Northridge in the USA
caused 65 deaths and over 5000 injured, serious damage of commercial and resi-
dential structures, and destruction of important traffic lines, with seven bridges
collapsed or partly destroyed (Fig. 1.15). It is the most costly natural disaster in the
history of USA, with the overall economic loss more than $20 billion. Another
example is the Great Hanshin Earthquake happened in Japan, 1995, resulted in
5466 deaths, $100 billion economic loss, and totally paralyzed almost all traffics
except for aviation, bringing devastating disaster to Kobe.

China is located between the two major seismic zones: the Circum-Pacific
seismic zone and the Eurasia seismic zone. Due to the squeezing by Pacific Plate,
Indian Ocean Plate, and Philippine Sea Plate, the fault zone is well developed,
resulting in frequent and intensive earthquakes. In the twentieth century, there
occurred more than 10 times of earthquakes with M8.0 and above. One example is
the famous 1976 Great Tangshan Earthquake. It happened in modern urban area,
thus the loss was extremely heavy, caused 240 thousand deaths and extremely
serious damage of buildings, water and power facilities, and public traffic lines. The
damaged railway bridges subjected to earthquake accounted for 39.3% of the total,
resulting in disruption of the Beijing-Shanhaiguan railway. The roadway bridges
damaged in the earthquake accounted for 62% of the total, bringing enormous
difficulty to the relief work. Another example is the Wenchuan earthquake on May
12, 2008, happened in southwest China. In this earthquake, there were 69,227
deaths, 47,277 km roadways damaged, including 19 highways, 159 trunk roads,
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Fig. 1.16 Bridge collapse in [ 4
the Wenchuan earthquake

and 5,560 bridges. For instance, in the 28-km railway section from Yongxing to
Yuejiashan, 24 bridges were totally damaged (Fig. 1.16), and among the 384
bridges in the 370-km railway section from Weixian to Zhangming, 78 bridges
suffered different degrees of damage from earthquake.

Bridges built in earthquake zones may vibrate during earthquakes, induced by
up-and-down movement and horizontal swing of the ground. Especially, the hor-
izontal swing has a great influence on tall piers and abutments, inducing large
lateral displacements, which affects the safe passage of the train running on the
bridge, and even in serious case causes the span to unseat and drop to the river,
threatening the safety of the whole bridge. From the surveys on earthquake damage
in China, Japan, USA, and some other countries, it is found that there are various
types of bridge damages induced by earthquakes, including longitudinal or lateral
unseat of beams, deformation or break of pier columns, local crush of masonry
works, cut of support bolts, settlement or crack of conical filling on abutments,
broken of U-shaped bolt on bridge deck, and collapse of sidewalk, etc.

With the upgrade of railway design standards, bridges play more and more
important roles in railway engineering. Especially with the development of
high-speed railways, elevated bridges stretching tens of kilometers are often built to
ensure the smoothness of track and the safety and stability of running trains, which
greatly increased the probability of trains on bridge when earthquakes occur.
Meanwhile, the generated ground movement may cause intense bridge vibration,
which would affect the safety of bridge structure and running train. On October 23,
2004, at 17:56, Niigata county of Japan was struck by an M6.8 earthquake, when a
high-speed train was running at 200 km/h on the Joetsu Shinkansen. After braking,
the train continued to travel for about 1.6 km, and eight of 10 carriages derailed, as
shown in Fig. 1.17a. By that time, it had been the only derailment accident of
Shinkansen since it opened in 1964, breaking the record that “Shinkansen train
never derails” which had lasted for 40 years. On March 4, 2010, an M6.4 earth-
quake occurred in Kaohsiung County, when a high-speed train was heading for
Taipei on a curve track. Under intense shaking, the first carriage derailed and
stopped after dragging a distance of 3 km, as shown in Fig. 1.17b. Cases like this,
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(a) In Japan Niigata earthquake (m.tiexue, 2014) (b) In Taiwan Kaohsiung earthquake (xmnn, 2010)

Fig. 1.17 Derailment accidents of high-speed trains due to earthquakes

as closely noticed by railway engineers, sufficiently indicate the necessity of
studying the effect of earthquakes on the safety of the train running on bridge.

1.3.3 Bridge Vibration Induced by Collision of Vessels,
Vehicles, and Drifters

Bridges are indispensable structures for crossing rivers, bays and other railway or
highway lines, while sometimes they also become man-made obstacles against
water flow or traffic underneath. With the rapid expansion of the infrastructure
network in the past decades, more crossings are generated being the cause of many
bridge collapse accidents due to vessel, vehicle, and other collisions.

The factors producing bridge collapses can be divided into two categories:
man-made and natural. The man-made factors mainly include design fault, con-
struction mistakes, collisions (by vessels, automobiles, and trains), overload, etc.
The natural factors include earthquakes, water flow (flood, scouring, etc.), wind,
collisions (by floating floes or other objects), environmental deterioration (tem-
perature, corrosion, etc.) and some other unknowns. According to the statistics by
Dong et al. (2009) based on 503 collapse accidents of bridges in 66 countries, there
were 91 caused by various collisions (by vessels 56, trucks and trains 33, ice-floes
2). Only preceded by earthquakes, collisions constitute 18% of the total bridge
collapses, as shown in Fig. 1.14. A similar investigation by Wardhana and
Hadipriono (2003) on 503 bridge collapses in the United States from 1989 to 2000
indicated that the most frequent causes of bridge failures were attributed to floods
and collisions. Collisions from trucks, barge/ships and trains were responsible for
11.73% of the total bridge failures, as shown in Fig. 1.18. A review by Hartik IE
et al. (1990) on 114 bridge failures in the United States over a 38-year period
(1951-1988) showed that 17 events (15%) of them were due to truck collisions.
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These statistical data show that collision has become one of the leading causes for
bridge failures.

Bridges built on navigable rivers may be collided by vessels. Although collision
accidents are very seldom, once happen, they may cause amazing damages to life,
property, society and environment.

According to an incomplete statistic, during 1960 ~ 1993, there were 29 seri-
ous vessel collisions with bridges happened in the world, resulting in more than 300
deaths. In the United States, there happened 811 accidents of ship collision on
bridges in inland rivers within 5 years in the early 1970s, with the economic loss of
more than 28 million US dollars. In 1980, the Sunshine Skyway Bridge in Florida
was crashed by a cargo ship of 20,000 tons displacement, resulting 35 deaths and
over 250 million dollars loss. In the former Soviet Union, an accident happened in
1983, when a passenger ship strayed through a side span of a railway bridge across
the Volga River, the upper deck room was cut off owing to the insufficient height
clearance, killing 176 persons. Another painful accident also happened on a railway
bridge across the Volga River, when a train was running on the bridge, a passenger
ship hit it, resulting in 4 carriages fall into water, killing more than 240 passengers.

In China, accidents of vessel collision with bridges happened frequently, and
have caused very serious consequences. The Wuhan Yangtze River Bridge was
completed in 1957, since then, there have been more than 70 accidents of vessel
collisions on the bridge, among which a most serious one led to a traffic interruption
of the Beijing-Guangzhou railway for dozens of hours. The second Wuhan Yangtze
River Bridge experienced 30 ship collision accidents during the 10 years after built
in 1995, resulting in direct economic loss of millions of Chinese RMB. On June 15,
2007, a pier of the Jiujiang Bridge in Guangdong Province was hit by a sand barge.
The pier was promptly ruptured, and subsequently the bridge deck with a length of
140 m collapsed (Fig. 1.19). On June 6, 2011, an oil tanker fleet of over ten
thousand tons displacement hit directly on the 7th pier of Wuhan Yangtze River
Bridge, causing the barge bow crumpled and the pier damaged (Fig. 1.20). During
the accident, people on the bridge heard a loud noise and felt a strong vibration of
the deck.



1.3 Vibration Problems ... 33

Fig. 1.19 Jiujiang Bridge
collapse by ship collision
(tydf 2007)

Fig. 1.20 Damaged pier of
Wuhan Yangtze River Bridge

In the course of writing this book, two vessel collision with railway bridges
occurred. On December 15, 2015, at 5:50 pm, when a sand dredger passed through
the Zhaoqing Rail-Cum-Road Bridge on Xijiang River, the railway truss of the
bridge was hit by the ultrahigh portal frame of the hull, inducing serious damage to
the crossbeams, stringers and bottom lateral bracing members (Fig. 1.21). The
accident caused closure of the rail traffic on the bridge, 58 trains were delayed or
some others were detoured.

On January 15, 2016, at 8:00 am, when a sand carrier passed through the
Xiangtan Railway Bridge on Xingjiang River, the conveyor of the ship thrust into
the truss and seriously damaged the bridge, threatening the running safety of trains
(Fig. 1.22). Due to this accident, more than 20 trains were delayed, and the bridge
was closed for over 70 h for repair.

With rapid development of bridge construction and ship transportation, the
problem of ship collision with bridges becomes more prominent. For example, there
were only 7 bridges along the Yangtze River before 1990s, while up to the present,
there have been more than 60 bridges in service, and many others in construction or
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Fig. 1.22 Ship collision induced damage of Xiangtan Bridge on Xiangjiang River (hnxttv 2016)

in planning, which greatly increases the probability of ship collision accidents on
bridges. This problem is becoming more important, due to continuous enlargement
of ship size, increase in shipping tonnage, raise of ship speed, and growth of
dangerous goods transportation. Also, the recent rise of sea-crossing bridge con-
struction needs to pay more attention to ship collision on bridges. Since the size and
shipping tonnage of sea ships are much greater than those of river ship, and the
importance and investment of sea-crossing bridge are very high, this problem and
the related risk appear to be more serious. Thus it becomes more urgent to study the
problem of ship collision with bridge and the corresponding countermeasures.

In addition to vessel collision, bridges may sometimes be impacted by the
underpassing automobiles or trains.

A typical example was in Germany, on June 3, 1998, an ICE train from Munich
to Hamburg derailed when it ran close to a small town near Hanover, and collided
on the overpass bridge across the track, causing the bridge collapsed (Fig. 1.23),
with 101 deaths and 88 injured, which was the most disastrous derailment accident
that had occurred in Germany after the World War II.
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Fig. 1.23 Derailed ICE train
and collapsed bridge (blog.
sina 2011)

In addition, the urban elevated or overpass bridges are often collided by the
underpassing trucks, due to their overload, overheight or overspeed that may lead
them out of control. On April 1, 2011, an ultrahigh truck fully loaded with steel
construction members hit a railway bridge in Ashford in UK, inducing serious
damage to the truck and the goods. The accident caused a 20 min train outage
between Ashford and Hastings and disrupted the road traffic for several hours as
well. On August 16, 2011, a lorry struck a rail bridge near the West Malling station
in Kent (Fig. 1.24), which disrupted rail traffics to and from London, causing
misery for thousands of commuters.

On August 8, 2002, a disastrous railway bridge collision accident by a truck took
place in Taiwan Province of China. The bridge on the Lushan railway in Taichung
was hit by a container truck, resulting in serious track deformation on the bridge
and the derailment of a “Tze-chiang” train (Fig. 1.25).

In Mainland China, bridge accidents by vehicle collision took place from time to
time. On October 15, 2008, a heavy dumper ran on a fast road in Xinjiang. When it

Fig. 1.24 Railway bridge hit
by truck in England
(dailymail 2011)
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Fig. 1.25 Derailed
“Tze-chiang” train on bridge
after collided by a truck
(news.sina 2011)

was about to pass beneath a railway bridge, the suddenly lifted dump box hit the
beam, causing a 50 cm forward shift of the beam and therefore, the bridge had to be
closed (Fig. 1.26a). On February 8, 2009 at 15:00, a bridge on the Xinxiang-Heze
Railway was hit by a Scania truck with a container trailer. The bridge was equipped
with two clearance frames. The overhead beam of the first frame was crashed and
flew away, which further smashed the baluster, bracket and sidewalk slabs of the
bridge, and then the second frame was also crashed. Finally, the truck scratched the
bottom of the PC girder and then knocked down two clearance frames on the other
side (Fig. 1.26b).

Apart from vessels and vehicles, bridges may also be hit by drifters in rivers. In
cold areas, for example, collisions of drifting-floes on bridges often happen in
spring (Fig. 1.27). In the United States, a case happened in spring 1938, when a
steel arch bridge across the Niagara River near Clifton in New York State was
destroyed by drifting-floe collision. The collision of floating ices may damage
bridge structures, thus should be considered in the bridge design in these areas. In
China, a serious case happened in March 1962, when a huge drifting-floe of about

(a) Arailway bridge hit by a dumper in Xinjiang (v.ku6, 2008) (b) A railway bridge hit by container in Heze

Fig. 1.26 Vehicle collision accidents on railway bridges
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(a) The Songhua River railway bridge hit by ice-floes (b) A railway bridge hit by ice-floes in Canada (Timco GW, 2011)

Fig. 1.27 Collision of drifting-floe on piers

3000 m? collided on a pier of the Sandaokan Yellow River Bridge, causing violent
vibration of the above steel truss with maximum amplitude of 2.13 m, and leading
to the whole bridge in a very dangerous state.

When a collision load acts on bridge piers, it may cause dislocation of bearings
and beams, uneven deformation or fracture of expansion joints, and even collapse
of beams, which have been studied by many researchers. For high-speed railway
bridges, however, even if there is no beam collapse, the vibration and displacement
induced by collision may deform the track and make it instable, which may further
threaten the running safety of train vehicles (Laigaard et al. 1996; Xuan and Zhang
2001). The vehicle on bridge may derail from the track when the collision is intense
and the train running speed is high. Therefore, the research on dynamic response of
train-bridge system and running safety of train vehicles under collision loads is
important for the operation safety and risk assessment of bridges.

1.3.4 Bridge Vibration Induced by Crowd Load

A footbridge is usually a slender and flexible welded structure, with small stiffness
and damping, and low vibration frequency. A long-span footbridge usually vibrates
in its first vertical mode induced by the crowd load, and sometimes also vibrates
simultaneously with its transverse mode, which makes the pedestrians uncomfort-
able and nervous. When the exciting frequency of crowd load gets close to the
natural frequency of a bridge, a resonance phenomenon occurs, which may amplify
the vibration, panic the pedestrians, and even endanger the safety of the structure.

Crowd induced bridge vibration is an ancient and also an increasingly con-
spicuous problem. A famous example is the collapse of the Broughton Suspension
bridge in England, which was induced by troops passing the bridge. On April 12,
1831, when the troops marching four abreast on the bridge, their regular footsteps
acted on the bridge as a harmonic excitation, which caused resonant vibration of the
bridge, and finally destroyed it (Bishop 1979).
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A similar case occurred at the Angers Bridge in France (Peters 1987). The bridge
collapsed on April 16, 1850, while a battalion of French soldiers was marching
across it, killing over 200 of them, and marching was again cited as a contributing
factor to the collapse.

With constant application of new materials and structural forms, footbridges
become more flexible, more beautiful, and longer, which makes them more prone to
serious vibration than common road bridges. Footbridges are mainly for passage of
pedestrians, which are featured by that pedestrians are both vibration excitation
source and vibration receiver. The vibration problem of a footbridge includes two
aspects: the crowd load induces vibration of the bridge, while in turn, the vibration
of the bridge affects comfort or even normal walking of pedestrians. One typical
example is the crowd-induced vibration of the London Millennium Bridge.

At the turning of centuries in 2000, a new bridge, the London Millennium
Bridge, appeared on the Thames River, which looked like a man with open arms to
welcome tourists (Fig. 1.28 left). Compared with the huge, heavy concrete or metal
piers of other bridges, this bridge only has a couple of Y-shaped hollow metal piers,
and eight cables hanging between two piers with each end fixed on the bank,
without any rigid girder. Two groups of cables, with four cables in each group, are,
respectively, hanged on the two arms of the Y-shaped piers and connected by light
metal transverse beams, on which the metal floors are laid to form the deck.
However, such a slender and beautiful bridge was closed on May 13, 2000, only
three days after its open to public. The reason is that on the day of opening, streams
of people came to visit it, with up to 2,000 on the bridge at any one time, and when
they walked through the bridge (Fig. 1.28 right), the 325 m long bridge began to
ceaselessly swing over the water.

According to the theoretical research, the swing and instability of London
Millennium Bridge is in fact a natural phenomenon called “collective synchro-
nization,” rather than a design fault. This phenomenon means when people walk
casually with their respective favorite speed, they will unconsciously use the same
frequency to walk. The natural sway motion of people walking induces small
oscillations in the bridge, which in turn causes people on the bridge to sway in

Fig. 1.28 London Millennium Bridge was closed due to crowd-induced vibration
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steps, increasing the amplitude of the bridge oscillations, and continually rein-
forcing the effect (Strogatz et al. 2005). Now, the collective synchronous phe-
nomenon has become a problem that should be considered in bridge design.

There are many such accidents. According to incomplete statistics, during the
years of 1825 ~ 2000 there happened 39 bridge collapses related to the crowd,
with 33 events reported casualties and over 800 deaths.

With the development of footbridge structures, and continuous appearance of
various new types of footbridges, the crowd-induced vibration has become one of
the main problems that influencing the serviceability of footbridges (Chen and Hua
2009). The characteristics of the crowd load, its vibration effect on man and the
related control criteria should be considered in footbridge design. Nowadays, it has
been a consensus that dynamic analysis should be applied in the design of foot-
bridges to ensure their serviceability.

1.3.5 Bridge Vibration Induced by Running Trains

In recent years, with durative raise of train speed, steady growth of traffic density
and continuous increase in vehicle load, the problem of dynamic interaction of
train-bridge system becomes more and more important. On the one hand, the
high-speed train will make dynamic impact on bridge structures (Fig. 1.29), causing
them to vibrate, which directly affects the working status and service life of the
bridge. On the other hand, the vibration of bridge will in turn affect the running
stability and safety of the train, which makes the vibration state of bridge structure
become an important index to evaluate the dynamic design parameters for bridge
structure. Thus, it is the actual requirement for engineers to carry out comprehen-
sive studies on dynamic interaction of coupled train-bridge system, so as to make
dynamic analysis and assessment on the dynamic properties of bridge structure and

Fig. 1.29 Thalys train
running through a HSR bridge
(Belgium)
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Table 1.7 Dynamic interaction of train-bridge system and influencing factors

Problem

Related influence factor

Lateral vibration

Vertical vibration

Moving gravity loading on
bridge structure induced by a
train running on the bridge with
a certain speed

Composition and running speed
of train; axle load and axle
distance of vehicle, etc.

Impact action on bridge induced
by inertial forces of car-body,
bogies, and wheel-sets when a
train runs on the bridge with a
certain speed

Masses of car-body, bogies and
wheel-sets, lateral stiffness and
damping of suspension devices

Masses of car-body, bogies and
wheel-sets, vertical stiffness and
damping of suspension devices

Dynamic effect of bridge
deformation and vibration on
running vehicle

Lateral vibration of bridge;
lateral deformation induced by
temperature difference

Vertical deflection and vibration
of bridge; vertical deformation
induced by temperature
difference and PC beam creep,
and pier foundation settlement

Track irregularity, the random
excitation source of train-bridge
system vibration when a train
passes bridge with certain speed

Alignment and gauge,
geometric and dynamic
irregularities

Vertical and cross-level,
geometric and dynamic
irregularities

Hunting movement of vehicle
wheels, a periodic random
source of self-excited forced
vibration, caused by
wheel-tread taper and wheel-rail

gap

Wave-length and amplitude of
hunting movement

Unevenness of wheel treads

Lateral periodical load

Vertical periodical load

Dynamic interaction of coupled
train-bridge system, and
resonance appearing at a certain
train speed

Structural form and span of
bridge; composition and axle
arrangement of train; properties
of lateral spring and damper;
lateral and rotational
frequencies of train and bridge

Structural form and span of
bridge; composition and axle
arrangement of train; properties
of vertical spring and damper;
vertical frequencies of train and
bridge

Curved bridge: lateral and
rotational vibration induced by
centrifugal forces of moving
vehicles

Lateral moving load by
centrifugal force of train
vehicles

Earthquake: the influence of
earthquake spatial variability on
long bridge, and safety of
running train on bridge during
earthquake

Lateral seismic ground motion

Vertical seismic ground motion

Wind: vibration of coupled
train-bridge system induced by
combined action of wind and
running train, and overturn
stability of train vehicles

Effect of lateral turbulent wind,
dynamic action on bridge of
running train with lateral wind
pressure, and structural
deformation induced by mean
wind

Vertical vibration of bridge
induced by wind, and the effect
of mean wind

Collision loads: lateral or
longitudinal vibration of bridge
induced by collision of vessel,
vehicle and floating object

Magnitude, direction and acting
pattern of horizontal colliding
load

Magnitude, direction and acting
pattern of vertical colliding load
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the running qualities of train vehicles, and to determine the service reliability of the
train and the bridge.

When a train travels on a railway bridge, it will inevitably cause the bridge to
vibrate. In this case, the bridge bears not only the static load, but also the moving
load by loading and unloading of the train at a certain speed, and the inertial forces
and other dynamic effects induced by the train and the bridge in vibration. The
vibration of the bridge induced by these dynamic loads may cause fatigue of
structure components, reduce their strength and stability, and even affect the safety
and stability of the train running on bridge when the vibration is serious. When the
loading frequency of the train equals to or approaches the natural frequency of the
bridge, the resonance will occur, which will intensify the dynamic response of
coupled train-bridge system, or even cause an accident. A typical example was in
England in 1847, when the Chester Dee Railway Bridge was broken owing to
excessive vibration induced by a train passing through it (Lewis 2007). Every
serious accident provides us with disastrous experience and lesson, which promotes
engineers to constantly improve the structure design, to adapt the objective laws.
Therefore, the dynamic interaction of train-bridge system has been attached great
importance and studied by bridge designers in many countries.

From the point of view of vehicle dynamics, each railway locomotive or vehicle
is a vibration system composed of a car-body, bogies, wheel-sets and
spring-damper suspension devices. The running train may produce dynamic impact
on the bridge, and cause it to vibrate, while the vibration of the bridge will in turn
affect the running stability and safety of the train. Therefore, the vibrations of the
train and the bridge interact on and interaffect each other, forming a multi-DOFs
(degrees-of-freedoms) complex vibration system.

The dynamic interaction of train-bridge system involves various problems,
which are summarized in Table 1.7, with the related influence factors.

1.4 Research History and Status Quo of Train-Bridge
Coupling Vibration: An Overview

1.4.1 Research on Vibration of Railway Bridges Under
Moving Train

As early as in 1840s, researchers started to study the dynamic response of railway
bridges. However, as the bridge vibration under moving train loads is a complex
issue, many factors should be considered in the analysis to get the realistic results.
These factors include the mass of car-body and bogie, the effect of dashpot and
spring on the bogie, the running speed of train, the mass, stiffness and damping of
pier and beam span, the structure and dynamic performance of the track on bridge,
the dynamic interactions between wheel and track, track and beam, etc. as well as
various random factors such as the unevenness of wheel rim, the geometric and
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dynamic irregularities of track, and the hunting movement of wheel-set, making the
analysis model extremely complex. Therefore, previous studies had to adopt vari-
ous approximation methods, with great limitations. Only in the recent decades, with
the wide application of computers and the development of a variety of numerical
solution methods, was promoted the research of this problem. At present, the
dynamic analysis of train-bridge coupling system has become an important research
topic in the field of bridge vibration.

During the long evolution history of analysis model for train-bridge coupling
vibration, the train model was developed from the simple moving force to the
moving mass, and then to the moving wheel-spring-mass unit, after that to the
half-vehicle model, until the spatial full train model; and the bridge model was from
the single beam with constant section to the finite element model of full bridge with
bearings, piers, foundations, and other accessory structures, gradually forming a
complete train-bridge dynamic analysis system.

1.4.1.1 Researches Abroad

In 1849, by neglecting the bridge mass but considering the wheel mass, Willis
(1849) and Stokes (1849), respectively, established the differential equation of
bridge vibration under moving loads and derived its approximate and exact solu-
tions. Later, Robinson (1887) also obtained the basic theoretical solution and
conducted the related vibration tests, but the difference between the calculated
results and those from the tests was large, due to neglecting the bridge mass.

In the first half of the 20th century, American engineers carried out three
large-scale field tests. In first test, the maximum dynamic responses of the bridge
were measured under various kinds of locomotives passing the plate beam and truss
bridge at different speeds, finding that the hammer effect induced by the unbalanced
wheel weight was the main excitation of bridge vibration, based on which the
concept of “impact factor” was proposed. In the subsequent tests, the resonance
phenomenon was found when the wheel rotation speed of the steam locomotive
matched with the bridge fundamental frequency, and accordingly the concept of
“critical speed” was put forward. The third test was mainly on some small span
bridges, where the difference between steam locomotive and diesel locomotive was
compared, and the vibration attenuating effects of pier elasticity, ballast layers, and
elastic cushions were investigated.

During the same period, researchers in the former Soviet Union carried out a lot
of tests, mainly studied the lateral vibration of bridge induced by locomotive and
other factors, and set up the empirical formulas of the stress coefficient induced by
lateral vibration with respect to train speed. Timoshenko (1922, 1927) established a
bridge model under moving loads by only considering the bridge mass and obtained
its analytical solution, to interpret the resonance mechanism in theory. By com-
bining the theoretical analysis and experimental study and considering the inertial
forces of both locomotive and bridge masses, Inglis (1934) used the moving
periodical forces to solve the motion equation of train-bridge system, which brought
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the research of train-bridge dynamic system to a new level. Subsequently, by taking
into account the masses of a single wheel and bridge, Schallenkamp (1937) studied
the Fourier series expansion of wheel inertia force and bridge deflection and derived
the analytical solution by solving the relationship among the series coefficients.
Muchnikov (1953) carried out accurate analysis on the above models by the integral
equation method.

In addition, Carter (1926), as the founder of the rolling contact theory, skillfully
analyzed and presented the relationship between the longitudinal and the tangential
wheel-rail forces with the creep rate, according to the Hertz theory and the elastic
half-space theory. On the basis of Carter’s research, Johnson (1958) proposed the
pure creep rolling and pure spin rolling contact theory, and generalized it to the
three-dimensional rolling contact. In the 1970s, Kalker (1973, 1979) eventually
proposed the three-dimensional linear creep theory for wheel-rail rolling contact,
which has been widely used in the wheel-rail relationship analysis.

In this stage, although there was still a large gap between the analysis and the
actual results, the moving sprung-mass model was developed, being the prototype
of the modern train-bridge analysis model, and some basic concepts such as impact
coefficient and resonance effect were established. All these research laid a solid
foundation for the subsequent development of the modern train-bridge coupling
vibration theory.

Entering the 1960s, with the aid of the structural FEM and the progress of
computational technique, the research on vibration problem of train-bridge system
broke through the traditional methods, stepping into the new period of system
research. During this period, along with the emergence and development of
high-speed railways, the needs for the dynamic analysis of train-bridge coupling
system became more urgent, and meanwhile, a large number of railway construc-
tions made the field tests more convenient. Under this background, through the
systematic and in-depth efforts of researchers in various countries, the research on
train-bridge coupling vibration, from mechanical model, excitation source simula-
tion to analysis method and calculation technique, all achieved qualitative devel-
opments and obtained a lot of results in model tests and field experiments.

In the United States, Chu et al. (1979) took the lead in the research on spatial
vibration of train-bridge system. They proposed the vehicle model with 11 DOFs by
connecting the rigid bodies of car-body, bogies, and wheel-sets with the vertical
suspensions and established the train-bridge system spatial analysis model by
simplifying the truss mass into the nodes. Wiriyachai (1980) investigated the impact
coefficient and the fatigue damage of truss bridge with rigid, hinged and semi-rigid
nodes. Bhatti (1982) analyzed the spatial dynamic responses of the train-bridge
system with the 21 DOFs’ model considering the vehicle suspension nonlinearity.
Later, Wang et al. (1991) improved Bhatti’s vehicle model to 23 DOFs to get a
more realistic simulation movement of wheel. Vu-Quoc and Olsson (1989) estab-
lished the nonlinear differential equations for the vehicle and flexible structure
system, using the Runge-Kutta method and the linear multi-step integral method, to
predict and modify the unconditional stability of the train-bridge interaction
problem.
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In Japan, Matsuura (1974, 1976) studied the dynamic responses of a half-vehicle
model passing the bridge, and based on the results, proposed the deflection limit for
the bridge. They also established a two-layer suspension vehicle model with 10
DOFs, deduced the motion equation by the energy method and analyzed the
influence of several factors (vehicle parameters, train composition and running
speed, bridge span, track irregularity, etc.) on the bridge dynamic coefficients. The
results showed that when the train speed reached 300 km/h, the bridge dynamic
coefficient could appear abnormal value, and when the loading period induced by
regularly arranged axle loads was an integer times the natural frequency of the
beam, the bridge resonance would occur. Tanabe et al. (1987) established the
four-axis passenger vehicle model of 31 DOFs on Shinkansen in Japan and used the
FE-and-modal synthesis technology to solve the problem.

In Europe, with the development of HSR construction in the 1970s, Fryba (1972,
1976) established the vertical vibration analysis model for train-bridge system,
including the moving load, moving mass, moving wheel-spring-mass unit, and
vehicle element with car-body and two-layer suspensions. By considering the
irregularity of bridge deck, he systematically compared the effect of different
parameters, such as bridge dynamic properties, vehicle characteristics, train speed,
track irregularities and wheel-rail forces, on dynamic response of the bridge. Olsson
(1985, 1991) adopted the modal coordinate method to reduce the analytical DOFs
of the bridge, and then derived the general vehicle element composed of
time-varying, asymmetric matrices for train-bridge system, and presented the ana-
lytical expression and numerical solution of dynamic responses for
simply-supported beam under moving loads.

Since the 1980s, scholars from various countries have extended the research of
train-bridge coupling vibration to more application scopes. Diana and Cheli (1989)
established the vehicle model of 23 DOFs considering the wheel-rail interaction,
and analyzed the dynamic responses of a long-span suspension bridge under wind
loads. Green and Cebon (1994, 1997) obtained the dynamic responses of the bridge
through FFT transform and by convolution of the vehicle load and bridge modes in
the frequency domain.

The European Railway Research Institute (ERRI) conducted a series of resear-
ches on the bridge vibration caused by high-speed trains, and the results were used
to guide the dynamic design of HSR bridge (ERRI D214 Committee 1999). The
D214 committee of ERRI introduced some new concepts such as the “train fin-
gerprint” and the “bridge dynamic influence line,” and classified the factors
affecting the amplification of bridge dynamic responses into two categories. One is
from the train (arrangement of wheel-axles); the other is from the bridge (frequency
and damping of structure). They also presented the harmonic decomposition
method to calculate the maximum dynamic displacements and accelerations of the
bridge. Although the harmonic decomposition method was only applied to the
simply-supported beam with uniform section, it can give the upper limits of the
dynamic response of the bridge under the resonance train speed while avoid the
step-by-step integration of dynamic equations in the time domain. Majka and
Hartnett (2008, 2009) studied in detail the influences of various parameters, such as
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bridge frequency, mass, damping and span, on the dynamic responses of the single
span simply-supported bridge under different train speeds.

De Roeck et al. (2000) performed systematic research on the bridge damage
identification. By continuous measurement on a bridge for a whole year, they found
that temperature was the most important environmental factor, as it could change
the boundary conditions as well as the elastic modulus of the bridge, and the
variation of vibration signals induced by bridge damage is mainly due to the decline
of local stiffness. Therefore, it is necessary to eliminate the interference of envi-
ronment factors when using the bridge dynamic responses as evaluation indices.

Liu et al. (2014a, b) analyzed the dynamic responses of multi-span
simply-supported viaducts under the passage of train, considering the weak cou-
pling effect between bridge and track due to ballast and rails, and found that fairly
ideal analysis results of bridge dynamic behavior could be obtained by optimizing
the boundary conditions of a single span beam model.

Rebelo et al. (2008) carried out dynamic tests on several medium and small span
ballasted bridges in Austria, and discovered that friction forces between ballast and
deck had big influence on the peak acceleration of bridge.

Rigueiro et al. (2010) studied the effect of various ballasted tracks, and found
that track structure worked as a filter to the high frequency vibration of elevated
railway bridges, which would reduce the maximum acceleration of the deck.

Kaliyaperumal et al. (2011) established the finite element model of a skewed steel
bridge, using combined plate and beam elements. The calculated results matched
well with the experience values after the model being updated by the measured
characteristic parameters. It was proved that the global bridge model established
with combined plate and beam elements could achieve good dynamic responses of
the bridge, and can be used to estimate the average stress range of fatigue damage.

With the development of research in this field, some shortages in the analysis
method and the simplification assumptions are gradually recognized, where, for
example, the track structure was simplified to have the same deformation with the
beam by ignoring its individual changes, and the wheel-rail relationship was mostly
considered by force equilibrium and displacement compatibility, while lacked
substantive physical description on real wheel-rail contact state.

In recent years, the computer simulation based on complex vehicle model and
spatial bridge model has become a necessary tool for train-bridge coupling vibra-
tion research. Using more detailed wheel-rail relationship to further perfect the
vehicle model and adopting more efficient calculation method to objectively sim-
ulate the real dynamic response of train-bridge system has become the common
goal for all international scholars.

1.4.1.2 Researches in China

In China, studies on bridge vibration subjected to moving train loads started early in
1970s. Professor Li GH proposed the flexure-torsion theory of trussed beam, using
the finite difference method to calculate the spatial free vibrations of several



46 1 Introduction

bridges, and validated the results by the measured data (Li 1978). Professor
Chen YJ summarized the classical and the at-the-time advanced analysis theory of
train-bridge coupling vibration, and investigated the influence factors on bridge
impact coefficients (Chen 1975).

Since the early 1980s, researches on the theory and the application of
train-bridge coupling vibration have been carried out systematically in China.

In the China Academy of Railway Sciences, Professor Cheng QG guided his
graduate students to modify the train-bridge coupling vibration model and to improve
the solution algorithm (Cheng et al. 1992a, b). Xu (1988) established the freight-car
model with 27 DOFs considering the deformation of bogie frame, proposed the
concept of secondary track irregularity, and investigated the iteration method for
solving the train-bridge motion equations of large-span railway bridges. Sun (1998)
investigated the lateral vibration of a cable-stayed bridge under moving trains, con-
sidering the track irregularity, by the spectrum analysis method. Ke et al. (1991)
studied the dynamic coefficient, vertical stiffness and vehicle-beam interaction of
multi-span simply-supported bridges on high-speed railways. Yang (1995) solved the
separated train and bridge equations by the Wilson-6 method, studied the influence of
bridge deflection and track bending angle on the running performance of the train,
through secondary iterations between the train and the bridge by the Seidel Iteration
Method. Wang (1996) conducted linear and nonlinear dynamic analysis of the
cable-stayed railway bridge on the Hongshui River. Zhang et al. (1996) carried out a
series of field tests on the three speed-up railway main lines, and proposed the vertical
and lateral stiffness limits for medium-and-small span HSR bridges according to the
requirement on the running safety, riding comfort and car-body accelerations of train
vehicle and the vibration response of bridge. Gao and Pan (1999) and Pan and Gao
(2008) studied the coupling vibration of train-track-bridge system, by considering the
dynamic interactions among high-speed train, track and bridge.

In Southwest Jiaotong University, the research on theory and application of
train-bridge vibration system was started under the guidance of Professor Qiang SZ.
Shen (1987) analyzed the spatial vibration of a steel truss bridge, and compared the
calculated results of a simply-supported bridge by the load series model and the
train-bridge model. He and Li (1999) and Shan and Li (2001), respectively, studied
the influences of some factors, such as radius and outer-rail superelevation of
curved track, on the dynamic responses of train and bridge, and proposed the
stiffness limit for medium-and-small span curved HSR bridges. Li et al. (2002)
separated the train-bridge system to individual train equation and bridge equation,
taking displacement coordination condition at wheel-rail contact points as con-
vergence condition, to solve the system response. Li et al. (2004) established the
wind-train-bridge analysis model and analyzed the contributions of natural wind
and fluctuating wind to the bridge dynamic responses, through simulating different
wind speed fields. Cai (2004) established the vehicle-track-bridge coupling system
model, and studied the dynamic responses of track and bridge under high-speed
train by the numerical simulation method, and evaluated the running safety of train
vehicles. Jin (2007) set up the spatial coupling vibration model of train-track-bridge
system, considering the wheel-rail detachment and uneven compression state, and
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studied the random vibration of train-bridge system, considering the randomness of
track irregularity and structural parameters. Cui (2009) established the motion
equations for multi-body systems, respectively, with elastic and constraint
wheel-rail contact, considering the nonlinear factors, and analyzed the solution
principle for the normal forces at wheel-rail contact points. Zhu (2011) used the
virtual-excitation method to perform random vibration analysis of train-bridge
coupling system. Li et al. (2012a, b, c, d, e) deduced the analytical expression for
the vertical vibration of Euler-Bernoulli beams under random moving load series,
which could be applied to preliminary HSR bridge design for fast and reliable
evaluation of the maximum vibration energy.

In Central South University (the former Changsha Railway Institute), Professor
Zeng QY and his research team (Zeng et al. 1990, 1991, 1999) focused on modeling
the whole train-bridge system, by using the potential energy variation principle in
dynamics and the “set-in-right-position” rule, and proposed the practical vibration
analysis method. Taking the measured wheel hunting waves of bogie and wheel-set
as the excitation source, they calculated the lateral vibrations of train-bridge system
and the lateral swing forces of the train, and compared them with those related to
the vertical and lateral stiffness criteria in some codes. Zhang and Zeng (1998)
studied the control indices for lateral stiffness of steel truss bridge, based on the
analyzed vibration results of train-bridge time-varying system and according to the
safety requirement on anti-derailment. Zhu and Zeng (1994) proposed the
energy-based vibration analysis method of train-bridge system, by converting the
random system vibration with various stochastic factors into system vibration
energy. Wang et al. (1995) generated the artificial frame hunting waves for
high-speed vehicle bogies, by taking the energy variance as control condition,
based on the measured data of frame structure vibration and lateral wheel-loads in
China and abroad. Guo and Zeng (2000) analyzed the vibration characteristics of
multi-shaped PC girders and running properties of high-speed trains by numerical
simulation. Xiang et al. (2004) proposed the energy random analysis theory for
vehicle derailment, and analyzed train derailment on bridge in several conditions,
showing good accordance with the actual measured data.

Based on probability density evolution method, Yu et al. (2015a, b) established
the random dynamic equations of train-bridge system, by introducing the random
harmonic functions representing the power spectrum of track vertical irregularity to
the model. The random excitation samples of track irregularity were obtained by the
representative points of random frequency selected by utilizing the N-dimensional
hypercube point set method. The programs for the probability density evolution and
analysis of train-bridge coupled random vibration were developed. The Newmark-f
integration method and the double edge difference method of TVD format were
adopted to obtain the mean values, standard deviations and the evolution distri-
butions of time-varying probability density of the train-bridge responses.

In Tongji University (the former Shanghai Railway University), Professor
Cao XQ led the study on the lateral vibration of train-bridge system. Cao and Chen
(1986) analyzed the lateral vibration of trussed bridge under moving trains, by the
random variable simulation method, the second-order filter method and the
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step-by-step integration method, to solve the random vibration equations. Cao
(1991) carried out theoretical analysis and field tests on the lateral vibrations of steel
truss bridge. By dividing the lateral vibration time histories into three phases as
“locomotives on the bridge,” “train passing the bridge” and “train leaving the
bridge,” he investigated the probability distribution characteristic of lateral vibra-
tion amplitudes by statistics analysis, and proposed the method for determining the
spatial vibration modes and lateral swaying forces of trussed bridge. Ma and Cao
(1994) established the pier-beam spatial coupling model, and analyzed the char-
acteristics of lateral vibration and stiffness of long-span continuous bridge with PC
box-girders and high piers under train passages. Wang and Cao (2000) established
spatial dynamic model of train-bridge system, and analyzed the dynamic responses
of a cable-stayed bridge under high-speed trains. Cao et al. (1999) did a lot of work
to revise the Code for Rating Existing Railway Bridges, and the results were
adopted in the updated version of the Code TYH2004-120 (2004).

In Beijing Jiaotong University (the former Northern Jiaotong University), Xia H
started the research on train-bridge coupling vibration in 1982 guided by Professor
Chen YJ (1975), and developed the theory and application of train-bridge coupling
vibration (Xia 1984). By the modal comprehensive method, he established the
spatial dynamic analysis model of train-bridge system including piers and bearings,
considering the eccentric load on one-way track and the effects such as track
irregularity, vehicle hunting, and centrifugal force of train on curved track. After
that, Professor Xia and his research team carried out a series of comprehensive
research in various fields of train-bridge coupling vibration, including train-bridge
system, wind-train-bridge system, train-bridge system subjected to earthquake
action, train-bridge system subjected to collision load, modal identification and
damage detection based on train-bridge dynamic responses analysis, and environ-
mental problems of train-bridge vibration (Xia and Chen 1992, 1994; Xia et al. 1995,
1996, 2000, 2001, 2003a, b, 2005a, b, 2006a, b, 2007, 2008a, b, 2009a, b, 2010a, b,
¢, 2013b, 2014b, c; Xia and De Roeck 1997; Xia 1998; Xia and Zhang 2005a, b).

Zhang N systematically studied the train-bridge coupling vibration and its
engineering application (Zhang et al. 2002, 2008, 2009, 2010a, b, 2011, 2013a, b,
2014, 2015) and investigated the dynamic interaction between the articulated train
and HSR bridges (Zhang 2002; Xia H et al. 2003a, b). Based on the wheel-rail
interaction relations, he proposed the Inter-system Iteration Method to solve the
train-bridge interaction dynamic analysis. He analyzed the dynamic responses of
train-bridge system and running safety of high-speed train under seismic and wind
loads, and studied the bridge deck deformations induced by concrete creep and
temperature gradient and their effects on the running safety and stability of
high-speed trains using the UM software.

Guo (2005) and Guo et al. (2007, 2010, 2012, 2015a, b, c¢) studied the dynamic
responses of long-span bridges and running safety of trains under wind action, the
resonance mechanism of train-bridge dynamic interaction system, the dynamic
interaction of LIM (Linear Induction Motor) train and elevated bridge, and the
anti-wind mechanism and windproof effects of wind barriers on bridges.
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Zhan (1996) and Zhan et al. (2011) investigated structural damage identification
for railway bridges based on train-induced bridge responses and sensitivity analysis.
Deng (2011) and Xia and Calcada (2013) conducted dynamic analysis of coupled
train-ladder track-elevated bridge system and the vibration reduction measures. Xin
(2006) performed simulation analysis on dynamic responses of long-span PC
continuous beam (rigid frame) train-bridge time-varying system. An et al. (2010)
and An (2013) identified beam crack using the dynamic response of a moving
spring-mass unit. Hou et al. (2012, 2015), Hou (2013) performed dynamic analysis
and model test on steel-concrete composite beams under moving loads. Wang et al.
(2013, 2015, Wang (2015) performed dynamic analysis of train-bridge coupling
system considering the flexibility of vehicle car-body. Yu (2013) and Yu et al.
(2016) conducted bridge damage identification from moving load induced deflec-
tion based on Wavelet Transform and Lipschitz exponent. Li et al. (2013) and Xia
et al. (2014a) deduced the analytical solution for vibration response of
simply-supported beam under moving load series, and derived the formulas for
beam resonance effect and two types of resonance cancelation effects, by clarifying
the mechanism of these two conditions. They also performed the dynamic stress
analysis and fatigue performance assessment of steel bridge based on train-bridge
coupling vibration (Li et al. 2015a, b; Li 2016).

Sun et al. (2013) analyzed the effect of bridge deformation induced by
time-varying temperature field on the running safety and riding comfort of
high-speed trains. Tian et al. (2015) proposed a multi-scale dynamic boundary
approximation method based on the dynamic equilibrium equation and finite ele-
ment theory, which can effectively solve the dynamic effect of orthotropic floor
system on long-span railway steel bridge. Li et al. (2015) adopted the “m” method
to simulate the equivalent stiffness of group-piles foundation, established the
train-bridge coupling system model by imposing the spring constraints at the bot-
tom of pile caps, and studied the effect of river scouring on the dynamic responses
of the system.

During the same period, the research group actively sought for international
cooperation. Many of their research results benefited from the cooperation with the
Hong Kong Polytechnic University, the KU Leuven (Katholieke Universiteit
Leuven) in Belgium, the Railway Technology Research Institute in Japan, the
University of New South Wales in Australia, the Madrid Polytechnic University in
Spain, the University of Porto in Portugal, the Keele University in England, the
KTH Royal Institute of Technology in Sweden, and the Lehigh University in the
US. On the basis of the research results, the group has published Dynamic
Interaction of Vehicles and Structures (Xia 2002) and Xia and Zhang (2005a),
Traffic Environmental Vibration Engineering (Xia et al. 2010a), Bridge Vibration
and Controls (Xia et al. 2012a, b), Traffic Induced Environmental Vibrations and
Controls (Xia and Calgada 2013) and Coupling Vibrations of Train-bridge System
(Xia et al. 2014b), and other English and Chinese academic works. These academic
works comprehensively reflect the contemporary research development and
achievements in the field of train-bridge coupling vibration.
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With the rapid development of high-speed railways in China since the beginning
of this century, how to ensure the safety and comfort of high-speed trains presented
an urgent demand for the study of train-bridge coupling vibration. Therefore, the
Ministry of Railways of China organized the Southwest Jiaotong University, the
Beijing Jiaotong University, the China Academy of Railway Sciences and the
Central South University to form a research team to study the train-track-bridge
coupling vibration problem. Zhai (2002), Zhai and Xia (2011) and Zhai and Wang
(2012), as an academician of the Academy of Sciences of China, was appointed as
the head of this team to develop the effective cooperation. Based on the fine
wheel/rail dynamic coupling relationship, a perfect train-track-bridge large system
model was established, and general analysis software TTBSIM was developed,
which provided great help and support to the train-track-bridge system simulation
analysis for HSR design in China. The explicit-implicit numerical integration
method proposed by Zhai (1996) was an effective method for solving bridge
equations with complex DOFs and large-scale calculation requirement, while
ensuring sufficient calculation accuracy. At the same time, based on the Traction
Power State Key Laboratory in Southwest Jiaotong University, this research team
carried out a series of fundamental and forward-looking innovation studies for
high-speed train vehicles.

In Taiwan University, Yang and Yau (1997), Yau and Yang (1999) proposed the
dynamic condensation method to solve the dynamic response of the train-bridge
system. The method was based on finite element theory, where the lumped mass
model with attached springs and dashpots was adopted to simulate the vehicle
model, and the DOFs associated with car-body were condensed into the bridge unit
they contacted with, to derive the train-bridge interacting elements. By the dynamic
condensation method, all the DOFs related to car-bodies in the interacting elements
were eliminated, thus greatly improved the calculation efficiency. Yang et al. (2004)
presented the impact coefficient formulas for simply-supported beam and contin-
uous beam under moving loads, and analyzed the effects of parameters such as
frequency ratio and bridge damping. Yau and Yang (2006) studied the vertical
accelerations caused by equidistant moving load series at resonance speed, and
analyzed the control parameters of resonance effect, finding that the contribution of
high-order modes to accelerations often depended on the damping, while the
low-order modes determined the acceleration peak value.

Yang (2003) studied the influence of running train on the environment vibration
when the high-speed train travels on the elevated bridge, and using the 1/3 octave
analysis method, analyzed the main influence parameters on ground vibration in
lateral and vertical directions. Yang et al. (2004) investigated the vibration fre-
quencies of bridge and train by means of the Hilbert transform, calculation algo-
rithm, limiting factor analysis, and case studies, discovered the inherent relationship
between the vibration frequencies of the bridge and the train, and proposed a new
method for measuring bridge vibration frequency. Their study laid a solid theo-
retical foundation for the research of bridge vibration, structure service life, design,
construction and other related work.
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1.4.2 Study on Dynamic Responses of Train-Bridge System
Under Wind Loads

The wind load applied on the bridge consists of three components, i.e., lift, drag and
moment of torsion, with each component including three parts: the static wind force
caused by the mean wind, the fluctuating wind force caused by buffeting wind, and
the self-excited force caused by the interaction between wind and bridge structure.
The research of this part has been quite developed, and already commonly used by
researchers and engineers in bridge engineering.

The wind-induced bridge vibration is a very complex problem related to many
interactive factors. There are several different phenomena giving rise to dynamic
response of bridge structure under turbulent wind, which are flutter, buffeting, and
vortex.

Under the mean wind, the oscillating structure draws energy from the airflow,
and is mutually excited with the airflow, forming the self-excited vibration, known
as flutter. Flutter is a kind of divergent vibration, and once occurring, it will result in
flutter instability failure of the bridge. Therefore, the design wind speed of the
bridge should be lower than the critical flutter wind speed.

The forced vibration caused by the wind turbulence (fluctuating wind) is called
buffeting, which may occur under various wind velocities. Buffeting is a vibration
with limited amplitude. Unlike the flutter with the self-excitation and divergence
nature, buffeting will cause neither aerodynamic instability nor failure of the bridge.
However, because the wind velocity for structural buffeting is low and frequent, it
will produce local fatigue failure at the member joints or bearings of the bridge.

In addition, large bridge buffeting vibration may cause the discomfort of pas-
sengers or even endanger the running safety of high-speed train. Therefore, the
buffeting analysis has become an important topic in the wind-induced vibration of
train-bridge coupling system.

The vortex-induced vibration of bridge is caused by wind vortex. Although the
vortex-induced vibration is also with the self-excitation nature, different from the
divergence of the flutter, it usually occurs in a non-streamline bridge deck at rel-
atively low wind velocity. The most typical vortex-induced vibration occurs in the
stayed cables and hangers with circular section, which can be reduced to an
allowable level by optimizing the shape of bridge deck or (and) by installing some
additional aerodynamic devices on the deck.

When studying the wind-induced vibrations of train-bridge system, only the
buffeting response of the system induced by turbulent wind is considered.

Bridge buffeting is an important wind-induced vibration phenomenon. There are
three main bridge buffeting theories (Xiang and Ge 2002): the buffeting vibration
analysis method by Davenport, the buffeting and flutter vibration analysis method
by Scanlan, and the time-domain buffeting vibration analysis theory by Lin and
Yang (1983), corresponding to the research work in specific issues, with respect to
the methods adopted in model establishment, parameter identification, numerical
simulation and calculation algorithm. Zhang et al. (2006) proposed a new
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aerodynamic model for long-span bridge buffeting analysis, using quasi-steady
aerodynamic stiffness and test-based unsteady aerodynamic damping to correct the
model aerodynamic parameters, showing by wind tunnel test that the model can
more accurately describe the aerodynamic stiffness and damping characteristics of
the bridge structure. Based on the quasi-steady aerodynamic theory and the strip
theory, Zhu et al. (2006) proposed a practical frequency-domain analysis method
for buffeting performance of double-cantilever state of a long-span cable-stayed
bridge under yawed winds, and Bao (2008) further refined this method in his
doctoral dissertation to consider the dynamic behavior changes caused by the
structural static wind displacement and the effects of additional wind yaw angle and
attack angle on bridge buffeting. Guo and Ge (2013) studied the impulse response
functions of self-excited force and performed flutter analysis in time domain for
bridge.

For a train-bridge system, the wind loads may induce large bridge deformation
and vibration, and the aerodynamic performances with and without train are fairly
different due to the large frontal area of the train, so the dynamic analysis of
train-bridge system under wind load is very complicated, where three interactions
need to be considered, namely the train-bridge interaction, the wind-bridge inter-
action and the wind-train interaction. Li et al. (2005a, b 2012a, b, c, d, e, 2014)
established a nonlinear spatial wind-train-bridge system model by regarding wind,
train and bridge as an interactive and coordinated coupling dynamic system,
measured the aerodynamic parameters of bridge, train and combined
train-and-bridge section model by wind tunnel tests, and analyzed the train-bridge
interaction under wind loads by using the self-developed bridge structural analysis
software.

Wang and Guo (2012) and Liu (2014) analyzed the running safety of the train
when it ran on the bridge under wind loads by numerical simulation, and conducted
several case studies for practical engineering. Zhang and Xia (2013) studied the
dynamic response and safety of train and bridge when the train was running on a
railway suspension bridge, by applying the static wind and the simulated buffeting
wind on the train and the bridge. Kwon et al. (2008) established the analysis model
for the intercity maglev train running on the suspended guide rail bridge under gust
load, taking the simulated track irregularity and turbulent wind velocity as the
excitation, and solved the motion equations in time domain.

During 1999-2007, based on the cooperation between the Beijing Jiaotong
University and the Hong Kong Polytechnic University, Xia H and Xu YL studied the
train traversability of the Tsing Ma Bridge, the world’s longest rail-cum-road bridge,
under strong winds, and co-published a series of analysis results about the dynamic
response of train and large-span suspension bridge system under wind loads (Xia
et al. 2000; Xu et al. 2003, 2004, 2007). Xia and Chen (1994, 1998) proposed an
analysis method for dynamic reliability of train-bridge system under random wind
excitation using the Monte Carlo simulation technique. Guo et al. (2007, 2010)
established a dynamic interaction model of train and large-span bridge system under
turbulent wind load, studied the vibration characteristics of the Tsing Ma Bridge
under wind loads and train passage, and verified the results by some measured data,
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based on which they proposed the wind velocity-train speed threshold curves to
ensure the running safety of train. In dynamic design of the Wuhan Tianxingzhou
Yangtze River Bridge, the Nanjing Dashengguan Yangtze River Bridge and other
long-span HSR bridges, Xia et al. (2008a, b) and Zhang et al. (2009) systematically
analyzed the effect of wind on the safety of bridge structure and running train
vehicle, providing important basis for bridge design. Wang et al. (2010, 2013),
Wang (2012) established the dynamic analysis model of wind-train-bridge coupling
system considering the large-displacement geometry nonlinearity, calculated the
dynamic response of the Wufengshan rail-cum-road suspension bridge, and studied
the effects of bridge nonlinear deformation, wind velocity, and train speed.

When a train runs at a high speed, the aerodynamic forces and moments on the
car-bodies make the train at a “floating” state. Under strong crosswind, the aero-
dynamic performance of the train worsens dramatically, and with the enlargement
of lift and lateral forces on the train, the possibility of a train derailment or overturn
increases. Currently, the study on the wind-induced unsafety of high-speed train is
mainly based on the deterministic methods, namely both the aerodynamic param-
eters of the vehicle system and the environment are determined and unchanged. Yu
et al. (2012) studied the effect of uniform crosswind on running safety of
high-speed train, finding that wheel offload factor was the most susceptible to
exceed the limit among the safety indices and proposed the offload factor-based
safety threshold of high-speed train under crosswind. Zhai et al. (2013) studied the
exponentially distributed wind flow field around bridge with different heights, and
by the multi-body dynamic model of high-speed train, simulated and analyzed the
aerodynamic surface pressure characteristics of opposite trains crossing on the
bridge under crosswind. Huang et al. (2006) analyzed the two-dimensional flow
characteristics of ICE train on the standard simply-supported beam under cross-
wind, and theoretically investigated the flow characteristics of train-bridge system
by introducing the research on cavity flow characteristics.

In order to investigate the aerodynamic characteristics of high-speed train
vehicles on bridge under crosswind, Guo et al. (2015a, b, ¢) measured the aero-
dynamic forces acting on the vehicle by a wind tunnel test model with a scale of
1:20, obtained the aerodynamic force coefficients of the head car, middle cars and
rear car of high-speed train and analyzed the effect of Reynolds numbers, relative
position between vehicle and bridge and wind yaw angle on the aerodynamic force
coefficients of vehicles.

Wind barriers, or other windproof facilities, can significantly alter the aerody-
namic characteristics of the bridge, and especially decrease the critical flutter speed,
owing to the vortex characteristics of the cavity swirl flow. Moreover, wind barriers
play an important role in sheltering the high-speed train from wind attack, greatly
reduce the lateral aerodynamic forces on the train, and increase the running stability
and comfort of the train.

Zhang (2013) and Zhang et al. (2013c, d) studied the aerodynamic problem
when the airflow passes through the wind barrier based on the computational fluid
dynamics (CFD) simulation, and analyzed the effect of wind barriers with different
parameters (screen height, porosity rate, etc.) on wind velocity. They also
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quantitatively analyzed the windbreak effect and effective protection area of wind
barriers and investigated the structural forms and main design parameters of wind
barriers. Guo et al. (2015a, b, ¢) took the common-span simply-supported bridges
located in the wind zones of the HSR line from Lanzhou to Urumgqi as the research
target, conducted wind tunnel test on the anti-wind performance of train-bridge
section model with wind barrier, obtained the tri-component coefficient of vehicle
and bridge under different operating conditions. They further studied the
wind-sheltering effects of different wind barrier forms on train running safety, using
the coupling analysis model of wind-train-bridge system. Zhang et al. (2015)
assumed the aerodynamic force uniformly acting on the train, and on this basis,
studied the effect of triangular wind barriers located around the towers of long-span
bridge on train-bridge dynamic responses. The results showed that wind barrier had
little impact on the bridge dynamic response, but could significantly reduce the
dynamic response of the on-bridge train and improve its running safety.

He et al. (2016) studied a novel louver-type wind barrier with adjustable blades.
The aerodynamic control mechanism of the proposed wind barrier was explored by
the CFD technique, and the aerodynamic characteristics of both train and bridge
due to this wind barrier were systematically investigated by wind tunnel tests.
Compared to the traditional grid-type wind batrrier, the novel wind barrier presented
better acrodynamic performance in improving the running safety and riding comfort
of train on the bridge under strong wind environment.

Li et al. (2012d, 2014) conducted the wind tunnel tests, respectively, using the
three-vehicle model and the single-vehicle model to test the wind load mutation
process when two opposite trains crossing near the tower, and investigated the
effects of wind velocity, train speed, track location and vehicle type on the aero-
dynamic coefficients of the vehicle models. In addition, they measured the aero-
dynamic coefficients of the vehicle models on three typical bridges with different
wind barriers. Li et al. (2009) simulated the dynamic responses of trains with and
without considering aerodynamic forces and illustrated the effect of aerodynamic
force on the dynamic characteristics of the train system when opposite high-speed
trains crossing.

Tian and He (2001) and Tian (2004) simulated the crossing process of opposite
high-speed trains, by the method for solving the three-dimensional compressible
non-steady Navier-Stokes equation. They studied the numerical calculation method
for air pressure pulse induced by train crossing, the aerodynamic model, and the
real vehicle test technology. Besides establishing the relationship of the train
crossing pressure wave with train speed, intertrack space, car-body shape, width
and profile, and train composition, they also suggested the safety criterion for
transient crossing pressure impact on car-body and window structure of various
types of HSR trains in China.

Hu and Guo (2009) and Zhang et al. (2013a) analyzed the train-bridge dynamic
responses under turbulent wind by the time-domain analysis method, adopting the
spatially correlated cross turbulent wind velocity field, and considering both the static
wind loads and the quasi-steady fluctuating wind forces of the train and the bridge. Liu
(2010) established the dynamic analysis model for wind-train-track-bridge system,
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by taking into account various interactions of wind-bridge, wind-train, wheel-rail and
bridge track, to analyze the influence of train type, train speed, one-way or cross
passage, track form, track irregularity and other factors on the train and bridge
dynamic responses.

1.4.3 Study on Dynamic Responses of Train-Bridge System
Subjected to Earthquake Action

With increase in bridges on railway lines in recent years, the possibility of trains
running on bridges becomes larger when an earthquake happens, especially for
HSR lines, where tens or even hundreds of kilometers of elevated bridges are built,
and it would be extremely dangerous when an accident happens for high-speed
trains. Therefore, the dynamic response of train-bridge system subjected to earth-
quakes has been paid great attention by scholars in China and abroad. The research
on this problem mainly includes the vibration and running safety of train-bridge
system under seismic action, the influence of spatial variability of earthquake
ground motions on long-span bridges, and so on.

Yau and Fryba (2007) and Yau et al. (2009) studied the dynamic response of a
suspension bridge subjected to moving loads and vertical earthquake action. They
solved the quasi-static part of dynamic response by analytical method and the
dynamic part by the Galerkin method, by modeling the traffic load as a row of
equidistant moving forces, while simulating the earthquake by vertical motions of
supports. The results indicated that the interaction of the moving load and the
seismic action might substantially amplify the response of long-span suspended
bridges in the vicinity of the supports, and appropriate measures by increasing cable
sag or reducing cable stiffness could help mitigate the earthquake-induced
responses of the train-bridge system.

He et al. (2011) developed an analytical approach to evaluate the influence of
dynamic train-bridge interaction on the seismic response of the Shinkansen viaduct
in Japan under moderate earthquakes and found that the response of bridge sub-
system might be underestimated if the train load acted on the bridge only as
additional mass.

Ju (2012, 2013) studied the running safety of train on the bridge subjected to
earthquake, using the nonlinear finite element method, where the high-speed
vehicle was modeled with nonlinear wheel elements, viscous-elastic spring-damper
elements and lumped mass, and found that the derailment factor of the vehicle can
be reduced by increasing the lateral stiffness of piers. Konstantakopoulos TG et al.
(2012) investigated the vibration of a suspension bridge subjected to the train and
seismic loads and studied the influence of bridge span, earthquake arrival time, site
condition, and various other factors on the dynamic response of train-bridge cou-
pling system.
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Nishimura et al. (2010a, b) performed theoretical analysis and experimental
studies on the derailment mechanism and running safety of HSR vehicles subjected
to earthquake action and track excitations. Chen et al. (2014a, b) studied the seismic
response of high-speed railway bridge subjected to near-fault forward directivity
ground motions using a vehicle-track-bridge element, finding that the displacements
at girder and pier-top as well as the bending moment at pier bottom subjected to
near-fault earthquakes are larger than those subjected to far-field earthquakes, and
the directivity pulse-like ground motion effect and the high-frequency component of
vertical acceleration have significant influence on the hysteretic characteristics of
piers.

Zhang et al. (2010a, 2011b) studied the random vibration problem of train-bridge
coupling system, by combining the pseudo-excitation method and the precise
integration method. The proposed pseudo-excitation method can be used to solve
the non-stationary random vibrations of train-bridge system subjected to
multi-support excitations, and the research results show that the wave traveling
effect has significant influence on the random response of train-bridge system due to
earthquake while the train speed has little influence. Zhu et al. (2014) proposed an
FEM analytical framework for dynamic analysis of train-bridge coupling system
subjected to non-uniform seismic excitations, and studied the influence of earth-
quake motion intensity, seismic wave traveling velocity, train speed, and various
other factors on the random response of train-bridge system.

To study the influence of earthquakes on the running safety of high-speed train
on bridge, Xia et al. (2006a, b) and Han (2005) established a dynamic model of
coupled train-bridge system subjected to earthquakes, in which the non-uniform
seismic waves were input from different foundations. The motion equations of the
train subsystem and the bridge subsystem under earthquakes were connected by the
nonlinear wheel-track interaction relation. With a high-speed train passing through
a (48 + 5x80 + 48)m continuous PC bridge under earthquakes as a case study, the
influences of train speed and seismic wave traveling velocity on the dynamic
response of the train-bridge system were studied, based on which the critical train
speed threshold curves were proposed for running safety of the train on the bridge
under earthquakes with various intensities.

Zhang et al. (2010b, 2011a) established the train-bridge coupling dynamic
analysis model subjected to multi-point input seismic ground motions using the
large mass method, in which the train subsystem was modeled by the rigid-body
dynamics method, the bridge subsystem by the FEM discretization, and the
wheel-rail interaction forces were defined, respectively, according to the wheel-rail
correspondence assumption in vertical direction and the simplified Kalker creep
theory in lateral. With the artificial ground motion time histories and track irreg-
ularities as excitations, the whole processes of an ICE3 high-speed train passing
through a (120 + 5x 168 + 120)m cable-stayed bridge were simulated, to study the
dynamic responses of the train-bridge system under various train speeds and
earthquake intensities.
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Du (2011), Du et al. (2011, 2012) and Du and Xia (2012) proposed a FEM
analysis framework for dynamic responses of train-bridge coupling system under
non-uniform seismic excitations, where the wheel-rail interaction and separation
conditions were considered, and two input modes of ground motion, the dis-
placement input and the acceleration input, were adopted. In a case study, the whole
process of a high-speed train passing through a trussed-arch bridge during earth-
quakes was simulated and analyzed. The results showed that compared with only
considering the wave traveling effect, when the full seismic spatial variability,
which includes wave traveling effect, incoherence effect and local site effect, is
considered, the peak magnitude and appearing time of the bridge displacement as
well as the car-body acceleration changed obviously, which should not be neglected
in seismic analysis of train-bridge system.

Ling et al. (2013) established a vehicle-track coupling dynamic model with an
earthquake excitation, by simplifying the seismic wave as periodic lateral sinusoidal
waves and applying the seismic displacement and velocity time histories to the
bottom of track slab, and the acceleration time histories to the rail. Based on the
model, the effect of seismic wave spectral characteristics is studied, in view of
frequency and amplitude, on the derailment performance of a high-speed train. Lu
and Qiu (2012) established the container vehicle-truss bridge coupling model under
earthquakes using a free-interface component mode-synthesis method and found
that the maximum lateral response of the vehicle-bridge system was amplified
greatly by the earthquake action while the vertical vibration of the system was
mainly caused by the moving vehicle load.

Lei et al. (2014) and Lei and Li (2015) established a coupling vibration model of
train-track-bridge system under seismic action, in which the ballasted track was
simulated by three-layer beams with elastic point supports, and the seismic action
was input via the large mass method. The results showed the weak coupling
between the in-plane and out-plane responses of a high-pier rigid-frame bridge.
Afterward, they studied the influence of pseudo-static components of bridge seismic
response on the running safety of high-speed train and found that compared with
longitudinal and vertical pseudo-static components, the lateral one significantly
enlarged the lateral displacements of bridge and track, as well as made increased the
derailment factor and offload factors of train.

Taking the Shinkansen E300 as the train model and the multi-span elevated
simply-supported PC elevated bridge as the bridge model, Tan and Zhu (2009)
analyzed the vibration characteristics of high-speed train-bridge interaction system
under earthquakes. Han (2015) proposed the lateral displacement and acceleration
limits by statistical analysis for the continuous bridge commonly used in urban rail
transit. Chen (2011) proposed a unified vehicle model for both road car and railway
train, based on which he analyzed the coupling vibration of road car, light-rail train,
and long-span cable-stayed bridge during earthquakes, and further studied the
vibration control effect of several damping devices on a long-span cable-stayed
bridge.

Taking CRTS 1II ballastless slab track in HSR as engineering background, Chen
(2012) proposed a dynamic analysis method for the high-speed train-track-bridge
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system under earthquake action, and analyzed the running safety limit values
according to different dynamic design parameters of bridge.

The soil-structure interaction has influence on the dynamic response of
train-bridge system subjected to earthquake action, but the related analysis is still in
the exploration stage. Li et al. (2005a, b) established a three-dimensional
train-bridge coupling model considering the soil-structure interaction, in which
the pile foundation was modeled by an elastically supported beam, and the soil
around piles were simulated by discrete springs and dashpots. Li et al. (2011)
studied the influence of soil-structure interaction on the train-bridge system
vibration, using a bridge model with pile foundation, in which each pile was
modeled by an elastic foundation beam, and the pile-soil interaction was realized by
elastic supports. Chen et al. (2012) established a train-bridge interaction model
considering soil-structure interaction, based on the modified Penzien model with
simplified pile-bottom boundary.

Bian (2006) proposed a quasi-analytical method to analyze the dynamic
response of viaducts induced by high-speed train, where the train-bridge-foundation
interaction system was divided into two parts by the substructure method. One was
the spatial FE model of viaduct under running train, and the other was the inter-
action model between pile foundation and surrounding soil based on Fourier series
expansion. The two parts were linked by the common nodes on pile cap, and the
whole system was solved in the frequency domain. Gao et al. (2014) established an
analysis model of the whole train-bridge-foundation interaction system, using the
viscous-spring superposition artificial boundaries, calculated the dynamic response
of the system, and studied the effect of soil-structure interaction, train speed, and
other factors.

1.4.4 Study on Dynamic Responses of Train-Bridge System
Subjected to Collision Load

The collision loads causing bridge vibration are mainly produced by the collision
on the pier or girder by vessels, vehicles, or floating objects, which are calculated
by empirical formulas in the current specifications. However, due to the type
diversity and the dimension discreteness of different colliding objects, and the
distinction of various pier types, the calculated results may quite differ from the
reality. Therefore, the theoretical analysis and the numerical calculation on the
collision mechanics are of great importance for determining the design collision
forces and improving the bridge dynamic performance.

In the aspect of vessel collision with bridges, the systemic research started from
the early 1980s, when a special working group organized by PIANC (the Permanent
International Association of Navigation Congresses) carried out investigation on the
accidents of vessel collision with bridges. In 1995, an international organization
was established by 9 countries including Belgium, France, and Germany, to work
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on the research of vessel-bridge collision specially. From then on, a lot of results
have been achieved by researchers in this field.

The first research paper about vessel-bridge collision problem was published by
Minorsky (1953) in 1953. In this paper, based on the statistical analysis of the data
from 26 accidents and experiments about vessel collisions on bridges, Minorsky
proposed an empirical formula to describe the linear relationship between the
kinetic energy loss and the damaged vessel bodies. Woisin (1976, 1979) conducted
a series of model tests and theoretical analysis, modified Minorsky’s theory and
applied it to the analysis of vessel collision with bridge piers. Based on these work,
Woisin proposed the calculation formulas for vessel collision forces, which has
been adopted by AASHTO (1991).

Derucher (1982, 1984) developed a procedure to determine the amount of pier
movement (failure of the piles) that might occur when collided by vessels, assuming
no spring back displacement of the vessel, then described the relationship between
the impact force and the deformation of anti-collision elements by elastic constants,
and investigated the vibration characteristics of vessel-bridge system during the
collision. Pedersen and Zhang (1998) presented the closed-form analytical
expressions for the energy released for crushing and the impact impulse during ship
collisions. By consideration of friction forces at the collision contact points, the
established mathematical model was applied to the analysis of different situations of
collisions, such as ship-ship collision, ship collision with rigid wall, and ship
collision with flexible structure.

The full-scale experiments of vessel-vessel collision have been conducted in
several countries since 1960s, and obtained some valuable data. However, very few
full-scale experiments have been made for vessel-bridge collision, because this type
of destructive experiment is very expensive and difficult to conduct, and the tested
results are limited owing to the nonlinear characteristics of collision and the
uncertainty of collision conditions. Consolazio et al. (2003, 2006) used the non-
linear FE software ADINA to simulate various vessel-bridge collision situations
and carried out field tests, to investigate the soil stress, vessel deformation, impact
load and the accelerations/displacements of the pier under vessel collision.

In 1970s, researchers started to develop simplified analytical methods to study
the collision problem, based on the upper limit theory in plastic mechanics and
some important assumptions. The simplified analytical methods could solve the
problems easily and fast, and produce good calculation results, thus they have been
widely applied to vessel-bridge collision analysis. Ueda and Rashed (1984), Ueda
et al. (1995) proposed the concept of ISUM (Ideal Structural Unit Method), by
dividing the structure into “structure elements” as big as possible, with their geo-
metric and material nonlinearity determined by the refined “analytical-numerical”
method, to greatly reduce the element quantity and the overall DOFs of the cal-
culation model. This method has been widely used in nonlinear analysis of
large-scale structures. Based on ISUM, Paik and Pedersen (1996) and Paik et al.
(2001) proposed a collision analysis method for the structural damage due to ship
collisions, which could reduce a mass of time for modeling and calculation.
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In recent years, the Chinese researchers also carried out studies on vessel-bridge
collision. Considering the accident risk of vessel collision on bridge, Xiang (2002)
demonstrated the necessity and reasonability to directly adopt the concept and
method of probabilistic design, while in the probability-based design and the related
studies, the target failure probability suitable for the anti-collision design and the
synthetic load induced by vessel collision should be established. Wang and Chen
(2007) and Wang (2011) investigated the dynamic responses of bridge with dif-
ferent pile foundations under vessel collision, analyzed and compared the
static/dynamic responses of the key parts of bridge, and discussed how to determine
the rational value for the equivalent static impact force of vessel collision. Chen
(1995) carried out the 1:20 model test of vessel-bridge collision, for the pier
anti-collision device of the Houzhu Bridge, obtained important data such as the
impact force, the acceleration and displacement of the anti-collision device model
and the dynamic strain at the collided region, and found out the failure modes of the
anti-collision device under various collision conditions. Liu and Gu (2002, 2003)
summarized several typical calculation methods for vessel-bridge collision and
analyzed the characteristics of these methods, achieving useful results.

In terms of vehicle collision on bridges, the collision mechanism is very com-
plex, involving problems of geometric nonlinearity, material nonlinearity, contact
nonlinearity and various dynamic effects, which makes the theoretical analysis
difficult, thus experimental study becomes a reliable method. The Arup Company in
UK used to conduct a full-scale test of vehicle collision with bridge superstructure
and obtained important data about the collision mechanism and impact forces. Buth
et al. (2009, 2010) conducted two full-scale crush tests involving an 80,000-1b
(36.32t) van-type tractor-trailer impacting a simulated bridge pier, supported by the
Texas Department of Transportation Project, and obtained the force-versus-time
data from the load cells installed on the pier, indicating an equivalent static design
force of 400 kips (1781kN), when the force data were processed with a 0.05 s
moving average filtering.

With rapid progress of the computer simulation based FEA technique, the
numerical simulation method for vehicle-bridge collision was developed. Severino
and El-Tawil (2003) and El-Tawil et al. (2005) adopted the inelastic transient FE
simulation to study the collision effect between vehicle and pier. Sharma et al.
(2012) established the analytical models to evaluate the anti-collision capacity of
reinforced concrete columns against impact of vehicles with different weights. They
improved the static and semi-static analysis methods and proposed a new dynamic
evaluation method that could more accurately reflect the vehicle-bridge collision
characteristics.

Yu and Zha (2011) adopted the FEM to simulate and verify the experimental
results of a lateral drop-hammer impact on solid/hollow concrete-filled steel tube
columns. Ma et al. (2009) simulated the impact processes of heavy loaded container
truck and overheight vehicle with different velocities on the bridge girder, studied
the deformation and stress state of the girder under collision, and analyzed the
influence of vehicle load, velocity and car-body stiffness on the bridge dynamic
responses. Lu et al. (2009, 2011) and Xu et al. (2012) studied the impact forces and
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failure mechanism of the over height truck collision on bridge superstructure
through nonlinear FE simulation and a scaled model test, analyzed the influence
factors on impact forces, and proposed the simplified calculation model and the
impact forces formula for vehicle-bridge collision.

Regarding floating ice-floe and drift collisions on bridges, since drift usually has
smaller volume and mass than ice-floe, and thus produces smaller impact, the
research was mainly focused on the ice-floe collision. Christensen et al. (1995)
carried out a series of model tests to study the design load of ice-floe collision and
the impact force of ice-floe on the Great Belt West Bridge, and the influence of flow
velocity, impact angle, type and stiffness of collided structure on the impact force
and structural response. Brown (2000, 2007) measured the ice forces and the
structural response to these forces on two instrumented concrete piers of the
Confederation Bridge, and analyzed the time series data for the derivation of ice
loads, with an accompanying observation of the interaction, using the available
video recordings, survey of ice features, and information from the sensors installed
on and adjacent to the bridge. The resulting load traces were analyzed in detail to
provide the best estimates of the loads.

In China, research on ice-structure interaction started in 1980s. Since then,
researchers have carried out field tests to study the dynamic characteristics and
compressive strength of the ice, the interaction between ice and bridges, and the
impact of ice-floe on piers. Han (2000) analyzed the mechanical properties of
ice-floe on bridge structure in the Songhua River and their influence factors
according to experimental results, calculated the displacement response of the
Songhua River Bridge under ice-floe collision by FEM, and proposed the formula
to calculate the ice stress applicable to the northeast region of China. Yu et al.
(2007) and Yuan (2010) carried out uniaxial compression and bending strength
tests under various ice temperatures and strain rates for ices from five typical river
sections in Heilongjiang Province, and established the mathematical model for the
correlations between ice temperature, strain rates, strength and elastic modulus.

Wang (2007) investigated the lateral displacement of pier-top under ice-floe
impact in the Huma River by a field test. Qi (2009) established the FE model for
ice-bridge collision, where the hydrodynamic pressure was considered, and the ice
impact forces obtained from field measurement were taken as the known input, and
analyzed the dynamic responses of the bridge under ice impact forces by the refined
time-domain integration method. Yue et al. (2009) conducted full-scale ice-floe
collision tests on a compliant monopod platform in Bohai Bay, China, to investigate
the dynamic ice forces and structural vibrations caused by crushing failure of ice
sheet.

When a collision load acts on a bridge pier, it may cause dislocation of bearings
and girders, uneven deformation or fracture of expansion joints, and even collapse
of girders, resulting in serious accidents. For railway bridges, however, even if there
is no girder collapse, the vibrations induced by collision may deform the track and
make it unstable, which may further threaten the running safety of the train on the
bridge. When the collision is intense and the train speed is high, the running safety
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of the train may be seriously affected, and in the most serious case, the train may
even derail from the track.

To this end, Xia (2012), Xia et al. (2012a, 2013a, 2014a, 2016) and Cui (2015)
established the train-bridge coupling dynamic model under impact load. By taking
several HSR bridges and various high-speed trains as the illustrative examples, and
considering the impact forces due to ice-floe, vessel and vehicle collisions, they
calculated the vibration responses of bridge structure and the running safety indices
of train vehicles, finding that strong impact forces of collision could cause intense
bridge vibration at pier-top and mid-span, which might threaten the running safety
of high-speed trains. Based on the parameter analysis, they proposed the assessment
method for the running safety of high-speed train on the bridge subjected to col-
lision load, using the threshold curves for train speed versus collision intensity.
Furthermore, Xia CY et al. studied the dynamic responses of train-bridge coupling
system and running safety of train when the piers getting into plastic state under
intense collision, with the vessels simulated by the elastic—plastic model of plastic
hardening character and the pier modeled by common concrete stress—strain rela-
tionship, and achieved preliminary results.

With the development of general structural analysis software, the FE numerical
simulation has become an effective and rational method to study the problem of
vessel, vehicle, and drift collisions with bridge pier and superstructure. Based on the
structural FEM, continuum mechanics, linear/nonlinear algebra and ordinary dif-
ferential algorithm, instantaneous integration, software design, and other tech-
niques, the calculations for both the external and internal mechanisms of collision
can be realized in the same analysis progress, providing more accurate results.
However, because the research on collision forces started later, there still remains a
mass of unknown problems. Therefore, the study on the bridge vibration subjected
to collision loads and the running safety of high-speed train passing through the
bridge is still an urgent issue with great importance.

1.5 Research Contents of Train-Bridge Coupling
Vibrations

With the raise of train speed and the increase in train load, the dynamic problem of
bridge structure becomes more prominent. The issues such as structural safety,
dynamic bearing capacity and operational reliability caused by running
train-induced bridge vibration have attracted wide attention. The dynamic analysis
of train-bridge system can be applied directly to evaluating the bridge dynamic
performance, determining the dynamic reinforcement method and estimating the
reinforcement effect. In order to ensure the bridge dynamic performance and the
train running safety, it is important to study the train-bridge dynamic interaction,
which is the engineering demand of railway bridge design and also the requirement
of national economy development and people’s life.
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Coupling vibrations of train-bridge system
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Fig. 1.30 Research system of train-bridge coupling vibration

The coupling vibration of train-bridge system is a complex research system
involving bridge engineering, traffic engineering, vehicle dynamics, track
mechanics, wind engineering, earthquake engineering, impact engineering, vibra-

tion control and other engineering science fields, as shown in Fig. 1.30.
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The engineering problems involved in the analysis of train-bridge coupling
vibration are as follows:

(1) Dynamic analysis of bridge structure and vehicle under running train load.

The dynamic responses of various types of bridge structures under running trains
can be calculated with the dynamic interaction analysis model of train-bridge
system, including the dynamic deflections, vibration amplitudes, accelerations and
frequencies and dynamic coefficients of bridge spans, the dynamic strains of
members, the dynamic reaction forces of bearings, the vibration amplitudes and
accelerations of piers, the wheel-rail forces, and the accelerations of car-body. The
analyzed results can be applied directly to bridge design, especially to the design of
new types of bridges, and for example, have been successfully applied to the HSR
bridge design in China.

(2) Dynamic analysis of train-bridge system under wind action.

For bridges with long-span or in wind-prone regions, the wind-induced vibration
of train-bridge coupling system and the running safety of trains are an important
problem. With wind as external excitation, the dynamic responses of the bridge and
the running train can be calculated, the results can be applied to safety evaluation of
bridge structure and running train, and, moreover, the thresholds for critical train
speeds with respect to different wind velocities can be proposed to ensure the
running safety of trains.

(3) Dynamic analysis of train-bridge system under earthquake action.

With the increase in train speed, earthquake has a growing influence on the
safety of train running on the bridges in seismic prone region, especially for the
long-span bridges and HSR bridges. With the input of seismic ground motion, the
dynamic responses of the bridge and the running train can be calculated, the ana-
lyzed results can be applied to safety evaluation of bridge structure and running
train, and the critical train speeds can be proposed to ensure the running safety of
train on bridge subjected to earthquakes with various intensities.

(4) Dynamic analysis of train-bridge system subjected to collision.

For bridges crossing rivers or other traffic lines, the strong vibration of
train-bridge system could be caused by collisions of vessel, vehicle, and drift,
threatening the running safety of high-speed train, which has been paid important
attention. With the collision force acting on the bridge pier or superstructure, the
dynamic responses of the bridge and the running train can be calculated, and the
analyzed results can be applied to evaluation of the running safety of trains.

(5) Dynamic analysis of train-bridge system with bridge deterioration.

With the increase in service years, damage may occur in the bridge super-
structure and piers, and the foundation scouring may get deepened. Such deterio-
ration of bridge service performance may lead to the decrease of bridge stiffness and
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the change of bridge dynamic behaviors, producing a great influence on the running
safety and stability of train. Evaluation of the residual service performance of
damaged bridge with the dynamics-based method is one of key issues in railway
bridge engineering.

(6) Dynamic analysis of train-bridge system with bridge/track quasi-static
deformation.

The quasi-static deformation of bridge/track includes the creep camber of PC
beam, the upwarp or side bending of beam and the center upwarp or corner warping
of ballastless track slab induced by temperature gradient, and the uneven settlement
of piers, which leads to the deformation of track structures, influencing the vibration
behaviors of bridge and train. The quasi-static deformation of bridge is unavoid-
able, and the whole influence on the dynamic response of train-bridge system
should be estimated in design and operation.

(7) Evaluation criteria for dynamic responses of train-bridge system.

To evaluate the running safety and stability of train and the service performance
of bridge, the reasonable criteria for dynamic responses of train and bridge are
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Fig. 1.31 Problems involving the dynamic analysis of train-bridge system
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Table 1.8 Contents of dynamic analysis of train-bridge system

1 Introduction

Research Research content Research significance
object
Excitation (1) Moving train loads (1) Dynamic design method
source (2) Track irregularities of bridges

(3) Earthquake action (2) Method of reducing

(4) Wind loads dynamic load effect

(5) Collision loads of vessel, vehicle and

ice-floe

(6) Foundation scouring

(7) Creep camber of PC girder

(8) Temperature deformation of girder

and pier

(9) Numerical simulation of various

loads
Bridge (1) Natural vibration characteristics of (1) Dynamic design of bridge
structure bridge structure (natural frequency, mode | (2) Dynamic design of

shape and damping)

(2) Dynamic coefficient of bridge under
specific train load

(3) Dynamic responses of bridge under
moving load (dynamic deflection and
amplitude of beam, dynamic strain of
member, dynamic support reaction force,
dynamic displacement and amplitude of
pier)

(4) Distribution of bridge responses and
their correlations with train vehicle
responses

on-bridge track

(3) Wind-resistant design and
seismic design of bridge

(4) Vibration control of bridge
(5) Evaluation of dynamic
performance of bridge

(6) Bridge damage diagnosis
(7) Dynamic reinforcement
design and reinforcement
effect evaluation

(8) Fatigue design of structure
member

Train vehicles
running on the
bridge

(1) Acceleration of car-body and bogie
(2) Offload factor of vehicle

(3) Derailment factor of vehicle

(4) Overturn factor of vehicle

(5) Wheel-rail interaction force

(6) Distribution of vehicle safety indices
with respect to train type, train
composition, and running speed

(1) Control criteria for
running train safety

(2) Control criteria for bridge
vibration

(3) Train speed control
threshold subjected to
earthquake action

(4) Train speed control
threshold during strong wind
(5) Train speed control
threshold under collision
condition

Passenger
comfort

(1) Vehicle running stability

(2) Vibration frequency of car-body
(3) Acceleration of car-body

(4) Distribution of vehicle stability
indices with respect to train type, train
composition, and running speed

(1) Allowable criteria for
vehicle running stability
indices

(2) Allowable criteria for
car-body acceleration

(3) Allowable criteria for
riding comfort of passenger
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necessary. According to the evaluation criteria, the thresholds for running safety of
train under wind loads, earthquake actions and collision impacts can be proposed.

(8) Vibration control of bridge structure subjected to various loads.

The vibration of bridge structure subjected to various loads can be reduced with
the structural vibration control devices. The dynamic analysis model of train-bridge
system can be applied to determining the control parameters and to evaluate the
control effect.

(9) Bridge damage diagnosis based on dynamic analysis of train-bridge system.

The bridge damage diagnosis method based on the dynamic analysis of
train-bridge system is developed, which applies to studying the inherent association
mechanism between the dynamic responses and the damage of bridge, and to
investigating the bridge damage localization and quantitative evaluation. The bridge
modal parameters identification method and the associated signal analysis technique
by directly using the bridge response and indirectly using the train response are also
the research topics.

(10) Evaluation of bridge dynamic performance and reinforcement method.

The dynamic analysis of train-bridge system is also applicable to evaluation of
bridge dynamic performance, selection of reinforcement method and assessment of
reinforcement effect.

The above engineering problems can be classified into two categories: one is
dynamic analysis of train-bridge system, belonging to dynamic analysis of bridge,
the other is bridge damage diagnosis and reinforcement based on the system,
belonging to bridge maintenance, as summarized in Fig. 1.31. This book focuses on
the first eight problems related to the dynamic analysis of train-bridge system.

The main contents of dynamic analysis of train-bridge system are summarized in
Table 1.8.

1.6 Dynamic Analysis Methods of Train-Bridge System

In the early 1980s, the Chinese scholars began to engage in the research of
train-bridge coupling vibration in theory and application, and since then have
established and developed various analysis models using different methods. These
models have been validated by a large amount of measured data, showing good
applicability and rationality, and have been applied to many engineering practices.
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1.6.1 Dynamic Analysis Methods of Train-Bridge Coupling
System

The research on train-bridge coupling vibrations mainly includes three types of
methods, namely the analytical method, the numerical simulation method, and the
experimental method.

(1) The analytical method

The analytical method describes each part of the train-bridge system by using the
theoretical model, which is rigorous because it mainly relies on the theoretical
derivation in mathematics and mechanics. The analytical method could not only
help the researchers better understand the problem in theory, but also provide strong
reference for verification of the numerical simulation and the empirical prediction
results. However, for the complicated vibration analysis of train-bridge system, the
theoretical modeling requires necessary simplifications on the actual situation, and
some restrictions on the geometry and material properties of the structure, or the
ideal conditions directly adopted on the system. Therefore, the completely accurate
analytical results do not exist up to now. Even in some ideal states, the closed-form
solutions for the complex theoretical formulas are difficult to obtain, unless
adopting numerical integration or other methods.

(2) The numerical simulation method

For the problem of train-bridge coupling vibration, most early researches
adopted the analytical method and the experimental method. With the advent of
computers with high performances, various numerical methods become a highly
effective tool for simulating train-bridge coupling vibration, playing an important
role in this field, which are used by more and more researchers. The commonly
used numerical simulation methods include the FEM (finite element method), the
BEM (boundary element method) and the F-B hybrid method. Due to the limitation
of calculating means and parameters conditions, the numerical simulation method
has also to use some approximation assumptions to establish the simple and
easy-to-calculate models. The top issue for the simplified models is to validate the
rationality of them, which can only be done by experiments. Due to the complexity
of the actual bridge and vehicle and the time-varying characteristics of moving load,
the numerical simulation method is the mostly adopted in dynamic analysis of
train-bridge coupling system.

(3) The experimental method

Experiment is one of the major means for the research of train-bridge coupling
vibration. Before the FEM appeared, the field experiment had been the main
method of the study, namely by measuring the responses of train and bridge to
obtain the empirical formula or theory and using them to guide the bridge design.
After the FEM appeared, field experiment still works, in addition to directly
measure and evaluate the dynamic performances of train and bridge, which is used
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to verify the theory, while using theory to guide the experiment can save a lot of
work. In China, researchers conducted dynamic experiments under running trains to
verify the established train-bridge coupling vibration analysis model, and according
to the comparison between the simulated results and those from the experiment, to
analyze and determine the main factors influencing the calculation error and thus to
update the models.

In terms of test method, since the small-scale model test is difficult to simulate
complicated wheel-rail interaction relations, prototype test and field experiment are
often adopted to measure the vibration of the train-bridge system, and the measured
results can objectively and comprehensively reflect the actual working performance
of the bridge under the moving train loads. However, if the research only remains in
the experimental stage but do not try to reveal the inherent law further, a large
number of repeated experiments have to be conducted in order to determine the new
dynamic parameters with the change of the structural type and span of bridge and
the performance of vehicle, which are not only costly but a waste of time.
Therefore, the pure test method is often constrained by many conditions.

On the other hand, the pure use of theoretical analysis to solve this problem is
also very difficult, because the bridge vibration under train loads is a very com-
plicated subject. In order to keep the theoretical results in accordance with the
reality, many factors should be taken into account, including the masses of the
car-body and bogie, the effects of dashpot and spring, the running speed of train, the
masses, stiffness and damping of beam and pier, the structural type and dynamic
property of track, and the dynamic interactions of wheel-rail and rail-beam, etc. In
addition, the analysis is also affected by the unevenness of wheel, the geometric and
dynamic irregularities of track, the hunting movement of wheel-set, and many other
random factors. All these factors make the analysis model very complicated.
Therefore, although mature algorithm has been available for dynamic analysis of
the beam itself, various approximated methods have to be adopted to establish the
train-bridge system analysis model, due to the limitation of calculating method. For
example, the train axle loads are simplified into moving constant forces or deter-
ministic harmonic excitations, the dynamic effects of the train are modeled by the
steadily moving mass model, the isolated impact force model or moving
springs-dashpot-mass model, etc. The first issue for these simplified models is to
validate the rationality of their modeling, while this can only be realized through
experiments.

Currently, the coupling vibration of train-bridge system is usually studied by
combined means of theoretical analysis, numerical simulation, and experimental
investigation, namely using experimental results to verify the theoretical method
and numerical model, and then adopting the verified theoretical method and
numerical model to analyze the train-bridge coupling vibration, to study the effect
of various parameters on the vibration, and to analyze the safety of trains and
bridges under various operating conditions.
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1.6.2 Motion Equation and Solution of Train-Bridge System

Based on the structural dynamics theory, the train subsystem and the bridge sub-
system are, respectively, regarded as an MDOF system, and the motion equations of
the train-bridge system can expressed as

Mv):(v + CVXV + Kva = Fv (1 1)
MpX,, + Co Xy + Kp Xy, = Fy -

where: M, C and K are the global mass, damping and stiffness matrices, X and
F are the displacement and force vectors, respectively, with subscripts v denoting
the train subsystem and b the bridge subsystem, and each head-dot over
X representing a derivative with respect to time.

The excitations on the train-bridge coupling system can be divided into several
categories, as shown in Fig. 1.32, including track irregularity, beam creep camber,
temperature and other structural deformation, wind load, collision force, structure
damage, foundation scouring and settlement, and earthquake, etc. The mathematical
expressions of these excitations in Eq. (1.1) are illustrated as follows.

(1) Track irregularities

Track irregularity is one of the main excitation sources for the train-bridge
coupling system. The interaction force between the train subsystem and the bridge
subsystem is not only the function of track irregularity, but also the function of the
motion state (X, and Xj,) of the train and the bridge, due to the coupling relationship
between them. Assuming the track irregularities as i, the motion equation of the
train-bridge coupling system can be expressed as

(12)

F,=F, = Fvi(Xva;XvamebaXbai)
Fb = Fbi = Fbi (XV7XV;XVaXb7Xb7Xbai)

Temperature
deformation

—" =~ AR
Earthquak
[}

Fig. 1.32 Problems related to train-bridge coupling vibration
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In the mathematical form, the train subsystem and the bridge subsystem in
Eq. (1.1) are independent of each other, while in the simultaneous Eq. (1.2), the
two subsystems are coupled through F; and Fy,;, thus establishing the mathematical
expressions of F; and Fy; is the key point for the dynamic analysis of train-bridge
coupling system. All these mathematical expressions depend on the wheel-rail
relationship assumption adopted and the track irregularity value i.

(2) Quasi-static bridge deformations

The quasi-static deformations of bridge are mainly induced by concrete creep of
beams, temperature effect and foundation settlement, which may cause the geom-
etry change in tracks on the bridge. The quasi-static deformations can be regarded
as an additional track irregularity excitation on the train-bridge system. Assuming
the additional track irregularity as i,, Eq. (1.2) can be expressed as

FV - FVi = Fvi(XV7XV7XV7Xb7Xb7Xb7i+ia) (1 3)
Fy = Fyi = Fii (Xy, X, Xy, Xp, X, Xp, i + iy '
It is noted that whether or not including the influence of this additional track

irregularity, the expressions of the wheel-rail interaction forces in Eqs. (1.2) and
(1.3) are identical, denoted by F;(*) and Fy(*).

(3) Wind and collision loads

In the dynamic analysis of train-bridge system, when neglecting the self-excited
force of the wind on the train and the bridge, or neglecting the dynamic interaction
between the impact object and the bridge during collision, the wind load or the
collision load can be regarded as the external force on the train and the bridge. Once
the calculation conditions are given, the time histories of these external forces are
known, which change only with the acting location and duration rather than the
movement state of train and bridge. Assuming the external force vectors of train and
bridge subsystem as F,.(#) and Fy,.(¢), respectively, Eq. (1.2) can be rewritten as

{ F,=F, =F, (Xv; Xva vaxbaxb; va i) +Fve(t) (1 4)
Fy = Fyi = Fui (Xy, Xy, Xy, Xp, X, Xp, i) + Fpe(7) .

If the self-excited forces in the wind load or the interaction forces in the collision
process are taken into account, these loads are associated with the movement states
of the train and the bridge, which will be separately introduced in the related
chapters later.

(4) Structural damage and foundation scouring

In mathematics, structural damage and foundation scouring can be regarded as
the global stiffness decrease of the bridge subsystems. Structural damage causes
injuries in cross section or decrease of the material elastic modulus, while foun-
dation scouring leads to decline of constraint stiffness of pier bottom or side piles.
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Considering structural damage and foundation scouring, the motion equations of
train-bridge system can be expressed as
{ Mv):(v + Cva + Kva = Fv (1 5)
M X5 + Co Xy + (K — Kpa)Xp = Fy

where Ky is the reduced amount of the global stiffness after the bridge degradation.
(5) Earthquakes

For the train-bridge coupling system, earthquakes can be regarded as a set of
known time histories of ground motion at the earthquake input points (the bottom of
bridge pier or pile cap, or the foundation) of the bridge subsystem. In general, the
seismic responses at different bridge foundations are inconsistent, resulting in the
problem of non-uniform seismic excitation. By inputting the given seismic histories
into Eq. (1.1), the dynamic response of train-bridge system under seismic action
can be solved, and the motion equations are expressed as

Mv):(v + CVXV +K\ X, =F,
MpX;, + Cp Xy, + KXy = Fy,

TbsXv = Xs (16)
Tbs)“(v = X<
TbsXv = Xs

where: X, Xs and Xs are displacement, velocity and acceleration vectors at the
earthquake input points; Ty is the transform matrix from the displacement vector of
the bridge X, to the displacement vector at the earthquake input points X.

(6) Solution of motion equations

Under the precondition of the simplified vehicle and bridge models, the motion
Eq. (1.1) of train-bridge coupling system can be solved by the analytical method,
where the bridge is regarded as the system with distributed parameters.

Such methods can be used for vibration analysis of the simply-supported beam
under moving force, moving concentrated mass, moving distributed mass, moving
wheel-spring-mass unit, variable speed loads, and the train-bridge coupling reso-
nance and vibration cancelation mechanisms, etc. When the mass of the vehicle is
far less than that of the bridge, the analytical method has better calculation accu-
racy, as the error produced by simplification of vehicle subsystem is quite small.

More generally, Egs. (1.1)—(1.4) of the train-bridge coupling system and their
extended forms Egs. (1.5)—(1.6) are established by MDOF system and solved by
numerical integral method. Because the current analysis methods are not limited to
solve the linear system, it is not particularly required that the dynamic matrices in
the equations be constant. In general, the solution for the motion equations of
train-bridge coupling system is not unconditionally converged, which depends on
the adopted assumption of wheel-rail interaction relationship.
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Chapter 2

Fundamental Theories and Analytical
Methods for Vibrations of Simply-Supported
Beams Under Moving Loads

In this chapter, some fundamental theories and methods for vibration analysis of
simply-supported beams under moving loads are presented. The analytical solutions
of vibrations induced by a moving concentrated load, a moving harmonic load, and
a moving wheel-spring-mass (WSM) load with varying speed are deduced,
respectively, and the vibration characteristics of them are investigated in several
case studies. In addition, as one of the important phenomena related to the
train-bridge coupling vibration, the mechanisms of vibration resonance, suppres-
sion, and cancellation happened in the moving load and beam system are analyzed.

2.1 Vibrations of Simply-Supported Beam Under Moving
Loads

2.1.1 Analysis Model

For a simply-supported beam subjected to a moving load, if the mass of the load is
much smaller than that of the beam, the inertial force caused by the mass of the load
can be neglected, and the load becomes a moving concentrated force varying with
time, denoted as P(f). In this case, a simplified analysis model is established, as
shown in Fig. 2.1.

Assuming the simply-supported beam has a uniform cross section with constant
bending stiffness EI, a uniformly distributed mass m per unit length, a viscous
damping with the damping force proportional to the vibration velocity, and the
small and elastic deformation during its vibration excited by a moving concentrated
load P(¢) with the constant speed V, as shown in the coordinates shown in Fig. 2.1,
the motion equation for the beam subjected to the moving concentrated load can be
expressed as

© Beijing Jiaotong University Press and Springer-Verlag GmbH Germany 2018 85
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Fig. 2.1 Simply-supported beam under a moving concentrated load

4 2
£ y(x,1) +m8 y(x,1) N y(x, 1)

= S5 e = 3(x = V)P(1) (2.1)

where ¢ is the damping coefficient of the beam; & is the Dirac function, a useful
function for this analysis, which has the following characteristics

d(x—n) = { 0, (=) (2.22)

/ " 8- mf (o) = £(n) (2.2b)

[o¢]

0, (n<a<b)

b
/ S(x— mf()dx = { F(n), (a<n<b) (2.20)
a 0, (a<b<y)

Equation (2.1) is a partial differential equation. It can be solved by the modal
decomposition method, namely the separation of variables in mathematics. In this
method, the geometric coordinates of the structure are transformed into the modal
coordinates or the generalized coordinates. Accordingly, the motion of the structure
can be represented by the superposition of modal movements (Clough and Penzien

2003). For a one-dimensional continuous structure, the transformation can be
described by

o0

Vo0 =Y ¢ilx) - ailt) (2.3)

i=1

where ¢,(f) is the generalized coordinate varying with time ¢, and ¢(x) is the modal
function. Equation (2.3) shows that any rational displacement of the structure can
be expressed by superposition of the corresponding amplitudes of all the modes.



2.1 Vibrations of Simply-Supported Beam Under Moving Loads 87

The modal component of any deformation of the structure can be acquired by
using the orthogonality of the modes. For a beam with uniform section, the con-
tribution of the nth mode to the displacement y(x, ) can be obtained by multiplying
¢n(x) on both sides of Eq. (2.3) and integrating them along the axle of the beam as

/O .05 e = 3 () / G0 (0)3(x)dx (2.4)

Due to the orthogonality of modes, the right-hand side of Eq. (2.3) equals to zero
when i # n, and only one term of the infinite series is left. Consequently, the
generalized coordinates of the nth mode can be expressed as

Jo du(x)y(x, 1)dx
Iy $2(x)dx

By decomposing the motion equation of the simply-supported beam based on
the above principle, and substituting Eq. (2.3) into Eq. (2.1), we obtain

an(t) = (2.5)

o0 d4

EIZq,

2 dt2 +C,~:ZI oi(x) dq(;ff) =38(x — Vi)P(1)

(2.6)

By multiplying each term of Eq. (2.6) with the nth modal function ¢,,(x), con-
ducting integration along the length of the beam, and considering the orthogonality
of modes, the motion equation in generalized coordinate corresponding to the nth
mode is given by

i) [ 90 0N 0w mz O [ a0 [ e

= 5(X—Vf) (1), (x)dx

0

(2.7)

For the simply-supported beam with uniform section, the modal function can be
assumed as a trigonometric function

nmx

¢, (x) = sinT (2.8)
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Substituting it into Eq. (2.7), and noting the following formulas

/L . o NTX L
sin® —dx=~
0 L 2

L
/ B(x — Vi)P(1) sin T dx = P(1) sin nmvi
0

The following motion equation can be obtained

L _d*q,(t) L dg,(r) Ln*n* . nuVt
— = = Elg,(t) = P(t
2" 2w g g Hanl) = Pli)sin

(2.9)

For the simply-supported beam with uniform section, the nth circular frequency

and the nth damping coefficient are w, = ”2’;2 \/% and ¢, = 2¢,mm,, respectively.

d’q
d_tzs
standard form of the nth modal equation for the simply-supported beam under
moving load can be written as

, d
Dividing both sides of Eq. (2.9) by % and introducing ¢ = d_ct] and g = the

2 Vit
(1) + 28,040 (1) + 02, (1) = —— P(1) sin "

(2.10)

For convenience of discussion, two parameters are introduced herein, the criti-
cally damped circular frequency w, = ¢/2m=¢,, (Fryba 1999) and the circular
frequency @ = 1t V/L of excitation (Xia et al. 2006). Accordingly, Eq. (2.10) can
be rewritten as

2
(1) + 200G (1) + 02qa(t) = ﬁP(t) sin nt (2.11)

Equation (2.11) is a linear differential equation with constant coefficients, and
obviously, the equations for different modes are independent. By using the
Duhamel integral, the particular solution can be obtained as

2 t
qn(t) = — / P(1) sinnate” " sin !l (1 — 7)dt (2.12)
mLoyp Jo

where of) = w,4/1 — fi is the nth natural frequency of the damped structure.

Equation (2.12) is suited for structures in undercritically damped and critically
damped cases.

For a simple load, such as a moving constant load P(f) = P or a moving harmonic
load P(7) = Psinwt, the closed-form solution of Eq. (2.12) can be obtained by inte-
gration. In the following sections, the analytical solutions for the simply-supported
beam under the above two types of simple loads are deduced, with emphasis on the
discussion of several special cases related to the moving constant load.
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2.1.2 Vibration of Simply-Supported Beam Under a Moving
Concentrated Load

In the case of a moving constant load, i.e., P(t) = P, Eq. (2.12) can be expressed as

o» [
gn(t) = — /0 sin nat sin of (1 — t)e”*(Idz (2.13)
D

By using the following triangular transformation formula (Rade and Westergren
2010)

1
sinnt sinwp(t — 1) = 3 {cos[wht — (wf +nd)t] — cos[wht — (wfy — nw)t]}

(2.14)

and the exact solutions of the following two integrations

/Ot sin(a+ br)el* " dr = ﬁ { [d sin(a+ bt) — b cos(a + br)]ele 9 } ‘;
(2.15a)

' | l

/o cos(a+br)e " Vdr = Prd { [b sin(a + bt) +d cos(a+ br)]elc 4% } ’0
(2.15b)

and substituting Eq. (2.14) into Eq. (2.13), and by utilizing Eq. (2.15a, 2.15b), the
solution of Eq. (2.13) can be obtained as

P
mLwp

t
— / cos[wht — (ofy — n&))r]ewb(’f)dr}
0

qn(t) =

t
{/ cos[alt — (wl) +na)t]e”*dz
0

P 1 {[(o} +nid) sinnwr + i)

=— o}y + n) sin nwt + wy, cos nd _
me% (wnD +n&))2 +w% D (2 16)
+ [(wfy + nd) sin wt — wy cos wprle™ ™'}

1
ok o 1o (@b —n@)sinnor+ o cosna]
D™ b

+ [(0}, — n®) sin W}t — oy, cos wprle™ ™ }}
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Note that o} = @2 — w} and W = 0 are, respectively, valid in the undercrit-
ically damped case and the critically damped case, and Eq. (2.16) is rewritten
separately for the two cases as

2pP 1
an(t) = — — oy w? — n*@?) sin nat

mL (w2 — n?®?)” + 4wn*®?

2 222 2
ol(w;, —n“w”) — 2w

_ nef(w, = n’a’) b e~ sin wfyt — 2wpnd(cos nat — e cos wpt)

(@2 = )"
n
(2.17a)
2P 1
qu(t) = 5 {(0} — n*@?) sinnot — 20,nd cos nodt

L (2 + n2@?) (2.17b)

+e ™ [(w 4+ n* @ )nidt + 2w,nd)] }

For convenience of discussing the influences of load moving speed and struc-
tural damping on the vibration responses of the bridge, two dimensionless
parameters, i.e., speed parameter o« and damping parameter y, are introduced, which
are defined by

o VL(m\"* Vv
PRy (i (2.18a)
o)) n \EI Ver
Wy (DbL2 m 1/2
= = — 2.18b
K w1 (s (EI) ( )

where Vo, = 2k =1 (%)1/2 (n=1,2,3,...) means the critical speed, f, is the nth
natural frequency of the beam, and EI is the bending stiffness of the bridge. When
the load moving speed is n times of the critical speed, the resonance of the nth mode
will be induced. More details can be found in Sect. 2.3.

By introducing Eq. (2.18a, 2.18b), Eq. (2.17a, 2.17b) becomes
1

n2[n2(n? — o2) + 4oy

naln®(n* — o) — 24

an(t) = yo 7] {n*(n* — o«*) sinnot

—Wp!

- ) e~ sin wpt—2napu(cos nt — e~ cos ) }
(2.19a)
1 2 v
qn(t) = Yo YR {(n* — o*) sinnat

— 2na cos nddt + e~ [(n* + o )nédt + 2na (2.19b)
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P} 2PL _ 2P
48EI = m'EI ~ Lo}’

mid-span where a concentrated force P is applied.

By the modal decomposition method, the particular solution to the displacement
response of the simply-supported beam in undercritically damped case can be
expressed as

where yy = indicating the displacement of the bridge at

=Y Z ]{nz(nz — o) sin not

“~ n?[n?(n )+ 4o2 2
_nofn’(n® — o ) 2# ] ont
(' — )"

nmx

~ cos o) } sinT

sin wpt—2nap(cos nit — e
(2.20)
in which g,(¢) is the generalized coordinate of the nth mode given by Eq. (2.19a,
2.19b).
Based on Eq. (2.20), several special cases are discussed hereinbelow.

2.1.2.1 Static Load Case (a = 0)

When the speed parameter o = 0, Eq. (2.20) becomes

1 nx . nnVt
2—4 1nn—smnwt yozn—sanxsan (2.21)

n=1

In this case, the problem becomes the solution of the bridge displacement at
position x when a static load P acts at position Vz. Herein, V¢ indicates the moving
distance of the load on the bridge. Equation (2.21) can be regarded as the Fourier
expansion of the influence line of bridge displacement at position x, or the Fourier
expansion of the bridge deflection curve when a concentrated load P acts at the
position Vz.

2.1.2.2 Undamped Case (u = 0)

() ok p=0

As will be demonstrated later, when the speed parameter of the load meets o = &,
the resonance with the nth mode can be caused. Hence, the load speed corre-
sponding to o = k is called as the resonant speed.

First, consider the case where the load moves on the bridge at non-resonance
speed, i.e., a # k.
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In the undamped case p = 0, Eq. (2.20) becomes

= 1
y(x, 1) = yo nz:; sinn—zxm (sin not — %sin wnt) (2.22)

According to this equation, the first-order mode contributes most to the dis-
placement, which means high precision can be reached by using the first-order
vibration mode when solving the bridge displacement under dynamic loads.

Considering the terms within the parentheses of Eq. (2.22), and letting them
equal to zero at the time when the load is about to leave the bridge, namely at 7 = L/
V, the following equation is obtained

I’Z2TC

= sinnn — %sin7 =0 (2.23)
=y

. _ o .
(sm nt — —sin a)nt)
n

It is easy to see when o = n’lk (k=1, 2, 3,..., k# n), Eq. (2.23) is valid.
Assuming o = n*/k corresponds to a speed V,,,, we have
Vcan

o= = Vean = 0V, (2.24)
Ver

By substituting Eq. (2.18a) into Eq. (2.24), and using the theoretical frequency
of the simply-supported beam f; = f,/n, Veu can be expressed as

n* 2f,L

Vean = ‘“Vcr:? . 2

= 2n*fiL/k (2.25)

Equations (2.22) and (2.23) show that when o = n*/k, the bridge displacement
component of the nth vibration mode becomes null at the time ¢ = L/V, and thus,
Vean 1s called the cancellation speed corresponding to the nth vibration mode of the
beam.

When the load moves out of the bridge, i.e., when ¢ > L/V, the beam is in free
vibration. The displacement solution of the bridge will be

y(x, 1) = i [yn(x(,uil;/‘/) sin @yt + y,(x,L/V) cos wnt} (2.26)

where y,(x,L/V) and y,(x, L/ V) are, respectively, displacement and velocity of the
bridge at r = L/V, which can be expressed as

Yo ( nol o . conL) . nmx
s s
n

yu(x,L/V) = o e in—~——sin in—— (2.27a)
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. nwy nwL w,L\ . nnx
Yn ()C, L/V) = W—Oz) (C > SIn—— (227b)

At the moment when the load moves out of the bridge at the cancellation speed
V.an» the vibration velocity of the bridge is not necessarily equal to zero, while it can
be expressed as

I e

=LV (2.28)

i’o: . nmx n ( k)
= sin— ———————(cosnm — cos km
Yo — L n?(n? —o?)

It can be observed from Eq. (2.28) that when n and k have the same parity,
Eq. (2.26) equals zero, indicating no displacement and velocity exist on the bridge
after the load leaves the bridge, namely the bridge becomes motionless. When n and
k are with different parity, only the displacement is zero, while the velocity is not,
which makes the bridge continue to vibrate, namely as a residual vibration.
Correspondingly, V.., given in Eq. (2.25) is defined as full cancellation speed in the
case with same parity and as the displacement cancellation speed with different
parity.

When a series of loads travels at full cancellation speed, the vibration of the
bridge will totally disappear after all the loads leave the bridge, due to the linear
superposition of all null displacements induced by the loads.

2) a=k, u=0

In the case of « = kand u = 0, Eq. (2.20) becomes an indeterminate form due to
0/0, and its extreme value can be evaluated by applying the L’Hospital’s rule. Thus,
the particular solution of the bridge displacement can be expressed as

1 k
y(x, 1) = yo oy (sinkat — kaot cos kar) sin%

+ EOC sinn ! (sin ot oCs'nw t)
—_——— not — —si
Yo L n?(n? —o?) n "

n=1,n#k

(2.29)

It is found that when o = k and p = 0, the bridge displacement at any position
x increases with the time ¢ and reaches to the maximum value at ¢ = L/V, but not to
infinity.

This situation is equivalent to the occurrence of resonance between the bridge
and the moving load P. When k = n, i.e., sin(nnVt/L) = sin nt, the loading fre-
quency of the moving load coincides with the natural frequency of the nth bridge
mode. Moreover, in the case of k = 1, the dynamic amplification factor of resonant
displacements reaches the maximum, which again indicates that the first mode
contributes most to the displacement.
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Fig. 2.2 Distributions of mid-span displacement y(L/2, f)/y, versus time V#/L and load speed «
(w=0)

Shown in Fig. 2.2a is the spatial distribution of bridge mid-span displacement
subjected to a single moving load, herein expressed with the relative displacement y
(L2, t)lyy versus time parameter V#/L and speed parameter o, and in Fig. 2.2b is its
plane view. In Fig. 2.2a, the intersecting lines of the curved surfaces with the planar
o are the displacement time histories of the bridge, respectively, related to various
load speeds of « =0, 0.3, 0.5, 1, 2, as shown in Fig. 2.2¢c. It is found that at low
speed, the maximum mid-span displacement appears when the load is near the
bridge center. With the increase of speed, the load position producing the maximum
mid-span displacement shifts toward the beam-end, and at certain speed, the
mid-span displacement reaches the maximum just at the moment when the load is
leaving the bridge.

Shown in Fig. 2.3 is the variation of maximum relative displacement y,.x(L/2,
t)/yy of the bridge at mid-span versus load speed parameter «. It is found that the
maximum displacement does not increase monotonously with the load speed, while
some peaks appear at certain speeds, fluctuating in a pattern similar to half sine
wave series.
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Fig. 2.3 Relation of
maximum mid-span
displacements with load speed
o (u=10and u=0.05)
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2.1.2.3 Undercritically Damped Case

D a#kpgl

When the bridge is undercritically damped, p and p* in Eq. (2.20) can be
neglected, and the following formula similar to Eq. (2.22) can be obtained

- 1
y(x, 1) ~ yo Z sin n—zxm (sin nét — %e_“’b’ sin a)nt) (2.30)
n=1

Equation (2.30) is very practical in engineering, because the damping of bridges
is usually very small, and the driving speed of actual vehicles can never achieve the
case of o = k (V = kV,,). For example, for the bridge with the span of L = 32 m, the
first natural frequency f; = 4.5 Hz, and k = 1, the critical speed is calculated as
Ve = 2f1L = 288 m/s (1036.8 km/h), which is much higher than the current train
speed.

When the train speed is low, there is o < 1. If the vehicle mass is small
compared to the bridge mass, the vehicle can be modeled as a series of moving
concentrated loads by ignoring its mass. In this case, the bridge displacement under
train loads can be solved by considering only the first-order mode. Thus, the
simplified solution of bridge displacement under a single moving load is expressed
as

y(x,1) = yo sin%sin not (2.31)

Q) o=k p<1

The derivation in this case is similar to that when « = k, p = 0, and the bridge
displacement is directly given by
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Fig. 2.4 Distribution of mid-span displacement y(L/2, f)/y, versus time V#/L and velocity o
(n=0.05)

~ l —Wpl o3 — k2 —Wpt — : kT[x
y(x,1) = yo e {e sin kot ” (1 —e ") coskat| sin 7
(2.32)

- 1 T S . nmx
+o E ———— | sinnwt — —e" “*" sin w,t ) sin—
n*(n? — o?) n L

n=1,n#k

Shown in Fig. 2.4a is the plane view of mid-span displacement distribution of
the undercritically damped bridge (1 = 0.05) varying with time V#/L and load speed
o, and in Fig. 2.4b are the time history curves of y(L/2, f)/y, versus V#/L in various
speed parameters. The variation of maximum displacement y,.x(L/2, £)/yo versus
load speed « is demonstrated in Fig. 2.3. By comparing the curves in the two
damping cases, it can be found that the damping effect decreases the bridge dis-
placement, but does not obviously change the variation trend of maximum dis-
placement with speed parameter.

2.1.2.4 Critically Damped Case (i = pe, = k%)

When the damping ratio &, is equal to 1, the kth mode of the bridge is critically
damped, and thus, the critical damping parameter becomes

_ O SO o (2.33)

U
cr a)l 601

In this case, the generalized coordinate ¢i(t) of the kth mode of the
simply-supported beam can be described by Eq. (2.19b), and the contribution of the
kth mode to the displacement is
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Fig. 2.5 Distributions of mid-span displacement y(L/2, 1)/y, versus time V#/L and load speed «
(r=1

i k2 k2 ) —{(** ) sin kéot
(2.34)

k
— 2koccos kvt + e~ [(k* + o kvt + 2ka] } sin %

When the bridge is critically damped, there is u = e, = k%, which is not the
critical damping for all the modes. When n > k, the nth mode is undercritically
damped, and the corresponding generalized coordinate ¢,(t) can be solved by
Eq. (2.17a). When n < k, the nth mode is overcritically damped, and the corre-
sponding generalized coordinate g, (f) will be discussed in the next section.

Shown in Fig. 2.5a is the critically damped case, the spatial distribution of
mid-span displacements of the bridge versus time parameter V#/L, and load speed
parameter o, in Fig. 2.5b is its plane view, and in Fig. 2.5¢ are the displacement
time histories of the bridge related to various load speeds of o« = 0, 0.3, 0.5, 1, 2.

2.1.2.5 Overcritically Damped Case (4 > per = k2)

According to the previous discussion, if the kth mode of the bridge is critically
damped, the nth mode (n < k) will be overcritically damped, namely
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Ckr Wy
Wy Wy

511 =

>1, n<k (2.35)

In the overcritically damped case, Eq. (2.12) is no longer valid, so the Duhamel
integral solution to Eq. (2.11) becomes

2
mLwy,

t
anlt) = / P(x)sinnare - &) . sinh @l (1 — T)de (2.36)
0
where ) = w4/ fi — 1 is the damped natural frequency of the nth mode, and
sinh o} (1 — 7) = [e*b(—9) — e~ (=7)] /2,
The solution to the nth general coordinate is given by
1
n2[n?(n? — a2)2 +402]
—pt
2 202 2 2 M\1/2| ot 237
e o)
— 212 — n*(n® — o?) — 2u(p? — n4)1/2} e’“’B’}}

an(t) = yo {n*(n* — &%) sin not — 2nop cos novt

noe

and the displacement component of the simply-supported beam related to the nth
(n < k) mode can be expressed as

1

n2[m(n? — a2) + dou
—wpt

2 2,2 2 2 a\1/2] ol
s

_ 2 202 2\ 2 /2| ol . AR
2ut —n*(n° —a”) = 2u(p° —n") }e D}}smL

Ya(x,8) = yo 5 {n*(n* — o) sin nowt — 2nop cos nt

noe

(2.38)

Demonstrated in Fig. 2.6 is, in the overcritically damped (u = 2) case, the
relationship between the relative displacement at the mid-span and the time
parameter V#/L and load speed parameter o.

2.1.3 Displacement of Bridge Subjected to a Moving Load
Series

The analytical solutions above are valid for the bridge displacements induced by a
single constant moving load. When performing dynamic analysis of the train-bridge
system, the train load can be modeled as a moving load series composed of N loads
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with identical intervals equal to the vehicle length /,, as shown in Fig. 2.7. By
assuming small deformation for the beam, the displacement of the bridge under the
load series can be directly written as the superposition of all responses induced by

individual moving loads

Y=y [x, (t— "'Vlv)} (2.39)
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where y;(x, ?) is the bridge displacement induced by the ith load of the moving load
series.

Assuming the initial status of the bridge is still, the response of the bridge
induced by each force of the moving load series can be analyzed in three phases.
Before the force enters, the bridge does not vibrate, and y;(x, ) is zero. During the
force moves on the beam, the bridge is in forced vibration, and yi(x, f) can be
obtained by Eq. (2.19a, 2.19b). After the force leaves, the bridge is in free vibra-
tion, and y;(x, #) can be solved by Eq. (2.26).

Using the above method, the mid-span displacements of a simply-supported
bridge under moving load series are calculated. The span of the bridge is L = 32 m,
the fundamental frequency is f; = 4.5 Hz, and two damping ratios are considered as
£ =0, 0.05, namely u =0, 0.05. The moving load series consists of 32 concen-
trated forces, which are arranged according to the axle loads and wheelbases of the
German ICE3 high-speed train composed of (3 motor-cars +1 trailer car) x 2, and
each car has four wheel-sets, as shown in Fig. 2.8. The calculated displacement
time histories of the bridge at mid-span are shown in Fig. 2.9.

. 6
,,,,,,,,, a=01 ——a=02 —— =03
5t 3
s 4 £°
3 2
> ol A > 2
v 14=0 1 #=0.05
o 0
o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
Vi/L Vi/L

Fig. 2.9 Mid-span displacement time histories of the bridge
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Fig. 2.10 Maximum 8
defections at mid-span versus
velocity and damping

Vimax (L12,6)/y

Shown in Fig. 2.10 are the variations of maximum relative displacement yy,,(L/
2, Hly, of the bridge at mid-span versus load speed parameter «. It can be found that
the periodic excitations by successive action of the concentrated force series induce
several displacement peaks at certain speeds, indicating the resonant responses of
the bridge, which are quite different from the regularity by a single moving load.
The damping effect can reduce the maximum displacement and obviously depress
the resonant response of the bridge. Detailed derivation of bridge resonance induced
by moving load series can be found in Sect. 2.3.

2.1.4 Analytical Solution for Vibration of Simply-Supported
Beam Under a Moving Harmonic Load

In this case, P(¢) = P sin 0, and thus, Eq. (2.12) can be expressed as

p [
qn(t) = — / sin Ot sin nat sin o (t — 1)e” ! de (2.40)
mLop Jo

The following triangle transformation formula is utilized for the above integral

sin 0t sinn@t sin wh(r — 1) = % {sin[wpt+ (r» — wp)t] + sin[wht — (r2 + o)1
— sinfwpt+ (r — op)t] — sin[wphr — (r1 + o})1]}
(2.41)

where r; = 0+ nw, and r, = 0 — no.

Substituting Eq. (2.41) into Eq. (2.40), and using Eq. (2.15a, 2.15b), the precise
integral solution of Eq. (2.40) can be deduced as
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t t
qn(t) = Zrh:wf) {/0 sin [w'é,ht (rz - (og) T}e"’"’(”ﬂdr + /0 sin [w’];t - (rz + w”D)r}e""”(”‘)dr
t t
- / sin[wpr+ (1 — @) t]e" " Idr — / sin[w(t — (ry +wf))r}e"“b(””dr}
0 0
__r ! {[opsinrat — (r2 — @) cos rat] — [y sin it — (ry — o) cos wphr]e” ™'}
2771La)']’) ( — w]n))Q T (Dgl b 2 2 D 2 b D 2 D D
- ﬁ {[~awpsinrat+ (r2 + o) cosrat] — [wp sinwpt + (r + o) cos wpr]e” ™'}
A+ o) + o}
- ﬁ {{owpsinrit — (ry — af) cosrit] — [wp sinwpt — (r1 — o) cos whr]e™ ™'}
r — wh)” + oy
- ﬁ {[~wpsinrit+ (ri + o) cosrit] — [y sinwht + (r1 + o) cos wpr]e™ ™'} }
1+ ofy w}
(2.42)
In the undercritically damped case, w}f = w?> — i, Eq. (2.42) can be rear-
ranged as
P 1 2
qu(t) = — 5 [(@p = 13)(cos rar — ™" cos wipr)
ML (2 — 13)? + 4eir?
2 b'2
Wp —pt n
+ 2wpry sin ryt — — (w +r ) *! sin iy
'
D (2.43)

1
— @ — 77 140 [(wﬁ —r7)(cosrit — e " cos wht)
-n o1

. Wp _ .
+ 2wpry sinrt ——> (a)i + r%)e ! gin a)”Dt]
)
D

Based on the generalized coordinates obtained from Eq. (2.43), the particular
solution for the displacement of the simply-supported beam under a moving har-
monic load can be written as

2
Yo Wi 2 —apt n
x,t w;, — ry)(cosrt — e " cos wt
Yt = 2 ; (02 — 12)* + dair? [( el br)
+2wpry sinrat — % (@} +713)e” ™ sin w]

D (2.44)
w% [( 2
(@2 =) +dofr "

— 1) (cos it — e cos wit)

. Wy ot . nmx
+2wpry sinrt — — (wn + 17 )e” ™ sinwft] } sin——
w

D

in which g,(?) is the generalized coordinate of the nth mode.

According to engineering practice, some additional conditions are herein
introduced to simplify Eq. (2.44). For example, for solution of bridge displacement,
sufficiently precise can be obtained by considering the first-order mode, so only
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n = 1 is taken. For a real bridge, the dimensionless parameters o and u are usually
very small, i.e., « < 1 and p < 1. Accordingly, Eq. (2.44) can be rewritten as

1/2

sin(0t + ¢) sin ot

2 2 2 2
] 1 w7 wj,
Yo =T l(?—l) e
(F-1) +a(5+3)
X

+2—(cos 0t cos wt — e~ " cos w; t)} sinf

| &

(2.45)

where ¢ = tan™! (f w?%’z/f 1).

To better describe the frequency effect of the harmonic load, a dimensionless
parameter, frequency ratio, is introduced, expressed as

0
y = — 2.4
= (2.46)

where 0 is the frequency of the harmonic load, and g is the fundamental frequency
of the bridge.

Under p = 0.05 and various frequency ratios, the distributions of mid-span
displacement y(L/2, ©)/yy of the bridge versus time parameter V#/L and load speed
parameter o are shown in Fig. 2.11.

According to Eq. (2.46), when the loading frequency 0 is close or equal to the
first-order frequency w, of the bridge, the maximum bridge dynamic response can
be observed. In this case, Eq. (2.45) can be rewritten as

w1 coSwt

=Y —=——
y(x,1) 0y T o

[w(cos @t — ™) — wy, sin @] sin% (2.47)
Dynamic amplification factor

Herein, the dynamic amplification factor (DAF) is defined as the ratio of the
maximum mid-span deflection of the bridge caused by the moving harmonic load
P(t) = P sin 0t to the deflection induced by the static load P, denoted as

Dy = —2 22 (2.48)

To investigate the variations of the bridge DAF versus loading frequency ratio y
and load speed parameter o, the maximum mid-span displacements of the bridge are
calculated, considering different loading frequencies and load speeds in the
undercritically damped case (¢ = 0.05), and the results are shown in Fig. 2.12.
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Fig. 2.11 Distributions of mid-span displacement y(L/2, £)/y, of the bridge versus V#/L and o
under a harmonic load with various frequencies (1 = 0.05)
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Fig. 2.12 Variations of bridge DAF versus loading frequency ratio y and speed parameter o
(1 =0.05)

It can be found that when the load speed is small, the loading frequency has little
influence, and thus, the displacement response is similar to that under static load
and reaches the maximum at y = 1. With the increase of load speed, the influence of
loading frequency on bridge displacement enlarges, the bridge DAF at y =1
gradually decreases, and the loading frequency corresponding to the maximum
DAF changes, no longer at y = 1.

An interesting phenomenon associated with the bridge displacement response
can be observed in Fig. 2.12b. Considering the two axis planes as a mirror, the line
connecting the maximum displacement points is equivalent to a ray with 45°
incident, producing a peak displacement at the intersection position (x = 0, y = 1)
with the mirror. This phenomenon is called the ray reflection effect of the maximum
displacement response. In the figure, D, is nearly zero when 7 is around null (i.e.,
0 =~ 0), since P(t) = P sin 0t =~ 0. Hence, the displacement induced by a moving
constant load cannot be directly obtained from Eq. (2.44) for the moving harmonic
load by setting y = 0.
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2.2 Vibration of Simply-Supported Beam Under Moving
Loads with Variable Speed

In the previous sections, the analysis method and the dynamic response charac-
teristics of a simply-supported beam under moving concentrated load and harmonic
load were introduced, and in Xia and Zhang (2005) and Xia et al. (2012), the cases
considering moving uniformly distributed mass and the moving vehicle with
sprung-mass were discussed. All the above-mentioned loads are moving at constant
speed, while in fact, moving vehicles are usually subjected to acceleration and
deceleration. In this section, the investigation is extended to a more general case,
i.e., the vibration of a simply-supported beam subjected to a moving
wheel-spring-mass (WSM) load with variable speed.

2.2.1 Calculation Model

The calculation model of the simply-supported beam under a moving WSM load
with variable speed is shown in Fig. 2.13. The moving WSM load is composed of a
wheel (unsprung-mass) M, a sprung-mass M,, a spring k;, and a dashpot c;.

In the analysis, the initial speed of the load is Vj, the acceleration is a(), the
speed at time ¢ is V(f), the moved distance is s(¢), the dynamic deflection of the beam
is y(x, 1), and the movement of the sprung-mass M, is Z(f). By assuming the wheel
M; moves along the beam without detachment, the deflection of the wheel M, is
consistent with that of the beam at the position of the wheel.

The sprung-mass M, is subjected to the inertial force Py, = M,Z(t), the elastic
force Ps = ki[Z(t) — y(x,1)]|,_y, due to the relative displacement between M, and

dy(x, )
dr
between M, and M. By considering the equilibrium of forces on M, shown in
Fig. 2.13, the motion equation for the sprung-mass M, can be derived as

M,, and the damping force Py, = ¢, [Z(t) J|i—y(r) due to the relative velocity

40
—

M, - P

l Pi+PL+P T e
ky € 0) i
B M. X Beam

A = - M2
P,

o

A
A

J
v

Fig. 2.13 Model of simply-supported bridge with a speed-varying WSM load
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Z(t) _ d)’ga 1)

MoZ(1) + [ 2(1) = ¥, )]y e

] =0 (2.49)
s(1)

xX=

dy 9y(x,1)  Oy(x,1)
where Pt + o

terms should be considered. The motion equation of the mass M, becomes

x=s(t) }

(2.50)

V(¢#). Since the load speed is not constant, both

MAZ(0) + [2(6) — ¥(x. D] + {zm - |25 2 vy

=0

When the WSM load moves on the beam at the speed of V(¢), the beam is
d*y(1)

dr? /
Pg = (M, + M,)g of the masses, the elastic force Py = Ps, and the damping force

subjected to the inertial force Py = M, |i—s(r) from the mass M, the gravity

P’D = Pp. Thus, the force applied on the beam can be expressed as

P(x,t) = 8[x — s(1)][Pg — P1+ Ps + Pp]

d? . d
= 8x - s(t)]{(Ml +Ma)g — M yd(;; D4 k(2(0) - yixo) + e [z(r) -2 S; ’)] }
(2.51)
&y Py, Py dy Py o dy (x| dyxn)
Note that -5 =25 +25 5 V(1) + 5 at) + 55 V2(0), - =~ 5oV,

and a(t) = d‘;—g” is the moving acceleration of the load, and Eq. (2.51) can be

rewritten as

P(x, ) = x — s(t)]{(Ml +M)g — M, [8 ya(; ) *285)52}1) ayg; D a(s)

N Py(x,1) Vz(t)} CRIZ — )] {Z(z) B {8y(axt, J) n Byg)cc, 1) v(t)] }}

V() +

Ox?
(2.52)

The motion equation of the simply-supported beam under loads with variable
speed can be expressed as

4 2
s y(x,1) | 9y(x,1) n y(x,1)

ot m——s =5 = P(x,1) (2.53)
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When Eq. (2.53) is solved with the modal decomposition method, by substi-
tuting y(x,#) =Y ¢i(7) - ¢;(x) into the equation, multiplying each term by the
i=1

mode shape function ¢, (x) = sin%, integrating along the beam, and considering
the orthogonality of modes, Eq. (2. 53) becomes

(1) + 28,00 (1) + 0pgn(1) = = Pat)  (n=1,2,....) (2.54)
in which P,(7) is the generalized force of the nth mode, expressed as

Pn(t> = Pnl (t) +Pn2(t) (255)

where
Pt = [ ol st >]{<M1 i) {fj (9 +2 3 v
+ 2%@ 0+ Zq, }qs,,( Jdx
N [’%‘a(r) cos ™0 (Y 129 "T(’)}

= (M, +M)g sin 2

> j s (1 t
2M,; Zé]i(t) % V(z) cos@sin nns(t)

t
X sinnns( ) — 7

. nms(t
—MIqu sm sin L()

(2.56a)
L
Pnz(t):/0 [x — s(z {kl —|—ch (1)

—~ Z {k1qi(0) i (x) + c1 [4i(1) i (x) + qi(1) i (x) V ()] }}cbn(X)dx

. = ins(r) . nms(t
= [kiz(t) + c1Z(1)] sin "~ Z 1sm )sm L()

_Z% {/q sin——= () +e V(e )cosmSL([)} sin%(t)

(2.56b)

By moving the unknown displacement, velocity, and acceleration terms from the
right-hand side of Eq. (2.52) to the left, the following equation can be obtained
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qn(t)+£z 4i(t) sin (t) 'nnnz()+26nwnqn()
201 ins(t) conms(t) | AMi s, in ins(t) . nms(1)
L, 2~ gi(1) sin——sin—-—= + L ;q,(t) LV(l) cos — - sin—
) 2M1 > ins(t) . nms(t)  (in 2 ims() . nms(r)
+ w;q,(1) Z: 08— sin—-= i3 V(1) sin——sin —-—
2k1 o . ms(t) . nnst 2c] m ins(t) . nms(t)
+ 1L 4 1q,() —_— Z (1) — 7L sin 3
. s(t
- M_L (k1 Z(1) + 1 Z(1)] sin '”‘Z( )
2 . t
= ﬂ(Ml +M,)g smnnz( )
(2.57)

When the bridge displacement at the load position is expressed with the modal
decomposition method, the motion equation of the sprung-mass M, becomes

MyZ(t) + 1 Z(1) + kaZ(1) = e f: qi(1) 'n@

= (2.58)

> in ms > . ms
— Zqi(Z)ZV(I) Z =0
=1 =1

The motion equation of the system can be obtained by combining Eqs. (2.57)
and (2.58). For a simply-supported beam, if N terms of displacement series are
used, and the sprung-mass M, has one DOF Z(f), the motion equations of the
system can be expressed in terms of matrices with (N + 1) orders as

M{X}+ C{X} +K{X} = {F} (2.59)

where {X} is the generalized displacement vector; M, C, and K are the generalized
mass, damping, and stiffness matrices, respectively; and {F'} is the generalized load
vector. They are expressed as follows

(X} =[q1(6),92(), -, qw (1), Z(0)]" (2.60)
L+pm®Pn pmP2 - puPuwy 0
pmPa 1+py®2 - puPoy 0

M= 0 (2.61)
PmPn1 PmPn2 o 14 py@Pw O

0 0 0 0 M,
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28101+ @1y + pc P Q12+ pcP12 Qv+ pcPiv —pch
@21+ pcPn 260+ P+ pcPn - Qon +pcPon —pch>
Oyt + PP On2+ PPN co 28noN+ Oy + PP —Pcdn
—c19, —c1¢, —c1dy C1
(2.62)
o7 + 11 + px P 21,012+pK<1512 Yy + Pk Piv —px P,
Yo1 + px P 0+ Yy +pg P - Yoy + P Pon —px P2
Y+ PPt Yy + PPz oy + ¥y + kP —prdy
I'y —kig, Iy — ki, I'y — kigy ki
(2.63)
T
{F} = lprd1; ppda, -5 prdy, O] (2.64)
where:
oMy +M .
Pm = %apc = %noK - %mDF =4 iﬁJIt Z)ga b, = Slnnnz(t) s Pom = Dy Prs
ﬁn = COSs ﬂTEZ(t) » Pum = zn%pMd)nﬁmV(t)a F,,: - CnV(f) %:Bn’ and

l//nm = PMm |:an ¢nﬁma(t) - ngz Vz(t) ¢nm:| + %pCV(t)(ﬁnﬁm'

The multiplier ¢,,,, in the damping matrix and ,,,, and I',, in the stiffness matrix
represent the influence of variable speed of the moving load.

The results show that for the simply-supported beam subjected to a moving
WSM load, the generalized mass matrix M is non-diagonal, but the coupling terms
with M, are zeros. Both K and C are non-diagonal full matrices, through which the
equations for the beam and the moving load are coupled. Although the equations
for the whole system cannot be completely decoupled by modal decomposition, the
order of the equations can be reduced by adopting an appropriate order number N.

Since the WSM load is moving on the beam, the coefficients @,,,,, @, Yy, and
I',, in the generalized mass matrix M, stiffness matrix K, and damping matrix C are
time-varying. Therefore, Eq. (2.59) is a second-order linear differential equations
with time-varying coefficients, which is usually solved by the step-by-step
numerical integration method.

2.2.2 Case Study

Based on the above theory and analysis method, a computation program is
developed to analyze the dynamic response of a three-span simply-supported bridge
subjected to a moving WSM load with constant acceleration.

The bridge consists of 3x32 m PC box-beams. The beam is made of C50
concrete with elastic modulus of 34.5 MPa and mass density of 2500 kg/m’.
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Fig. 2.14 Displacement time
histories of the bridge under
the speed-varying WSM load
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The cross section of the beam has an area of 8.97 m* and an inertia moment of
11.1 m* In the WSM model, the wheel mass M, is 10.68 t, the sprung-mass M, is
73.32 t, the spring coefficient k; is 7.48 MN/m, and the damping coefficient c; is
240 kNs/m.

In the calculation, the first five vibration modes are considered for the bridge, the
damping ratio is 0.05, the Newmark parameters are 2 = 0.5 and f§ = 0.25, and the
integration time step is 0.0005 s.

Shown in Fig. 2.14 are the dynamic displacement histories of the bridge at the
central mid-span, when the WSM load enters the bridge at initial speed of 40 m/s
and then moves on the bridge at a constant speed, variable speeds with accelerations
of 10 m/s2, 20 m/s2, and —10 m/sz, respectively. It can be observed that when the
load moves on the bridge with different accelerations, the displacement time history
curves are quite similar, but the maximum displacements are slightly different.

To further investigate the influence of load moving acceleration, some repre-
sentative points on the maximum displacement curve of the bridge versus load
moving speed are discussed in detail. The load speeds are divided into four cate-
gories according to the variation feature of the curve, as shown in Fig. 2.15, which
are represented by speed points 1-6. Listed in Table 2.1 are the initial speeds, the
accelerations of the load, and the maximum mid-span displacements of the bridge
adopted in the calculation.

Based on Fig. 2.15 and the calculated results in Table 2.1, the influences of
speed variations at these points on bridge maximum displacements are analyzed
from the view of load-bridge resonance.

(1) Category 1. Points 1 and 4 belong to this category, which are the load speeds
yielding peak displacement responses. Corresponding to these points, when the
load arrives at the mid-span, the speeds do not equal those yielding the max-
imum displacements; thus, in both the acceleration and deceleration cases, the
maximum displacements become smaller.
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Table 2.1 Maximum displacements of bridge under speed-varying WSM load

Ttem Maximum displacement (mm)

Point number 1 2 3 4 5 6
Category I I 111 1 v I
Initial speed V (m/s) 37.8 44.6 50.0 61.5 72.0 80.0
Acceleration 0 1.532 1.482 1.552 1.611 1.566 1.476
a (m/s’) 5 1.530 1.492 1.558 1.610 1.560 1.479

10 1.526 1.502 1.564 1.609 1.554 1.484

15 1.519 1.502 1.570 1.608 1.548 1.488

Deceleration 0 1.532 1.482 1.552 1.611 1.566 1.476
a (m/s’) -5 1.531 1.496 1.545 1.612 1.572 1.484

—-10 1.528 1.508 1.534 1.612 1.577 1.493

-15 1.522 1.518 1.529 1.611 1.582 1.501

@)

3

“

Category II. Points 2 and 6 belong to this category, which are the load speeds
yielding valley displacement responses. Corresponding to these points, when
the load arrives at the mid-span, the speeds do not equal those yielding the
minimum displacements; thus, in both the acceleration and deceleration cases,
the maximum displacements become larger.

Category III. Point 3 belongs to this category, which is the load speed located in
the upward segment of the displacement curve. Corresponding to this point, the
load acceleration yields larger maximum displacement, while the deceleration
yields smaller.

Category IV. Point 5 belongs to this category, which is the load speed located
in the downward segment of the displacement curve. Corresponding to this
point, the load acceleration yields smaller maximum displacement, while the
deceleration yields larger.
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The change of maximum displacement should increase with acceleration vari-
ation. Most of the data in Table 2.1 comply with this law, indicating the load-bridge
resonance theory is valid for load with variable speed, while a few data in bold do
not. These exceptions can be explained as follows.

(1) Due to the influence of speed incremental step, the calculated representative
speeds yielding the peaks and valleys are not precise enough, so they are only
the approximations of the real ones.

(2) When the load moves at variable speeds, the load position on the bridge
yielding the maximum mid-span displacement is slightly different from that at
constant speeds, and thus, the maximum displacement will be different.

It can be concluded that the maximum displacement of the bridge is associated
with the initial speed and acceleration of the load, as well as the speed and position
of the load corresponding to the maximum displacement. The conclusions above
are confirmed by the analysis of the 3x32 m simply-supported bridge subjected to
the moving WSM load, showing that

(1) When the load moves with different accelerations, the displacement time his-
tory curves of the bridge are almost the same, with difference less than 3%
among their peak values. Therefore, the assumption of constant load speed is
sufficient for usual analysis.

(2) When the load moves at a variable speed, the maximum mid-span displacement
of the bridge is associated with the speed and position of the load arriving near
the mid-span. The variation characteristics of maximum displacement versus
load speed are in accordance with that when the load moves at a constant speed.

2.3 Resonance Analysis of a Simply-Supported Beam
Subjected to Moving Loads

According to the fundamental theorems of structural dynamics, when a row of train
vehicles travels over a railway bridge, the loading frequency (dependent on the train
speed, bridge span, and composition of train vehicles) will change with the train
speed and a resonant vibration will occur when the loading frequency coincides
with the natural frequency of the bridge. The strong vibration induced by the
resonance not only directly affects the working state and serviceability of the
bridge, but also reduces the running safety of the train, diminishes the riding
comfort of the passengers, and sometimes even destabilizes the ballasted track on
the bridge. Therefore, it is necessary to develop methods to predict the resonant
speeds of the running train and to assess the dynamic behavior of the bridge under
resonance conditions.

In the past decades, researchers offered a lot of efforts to study the resonance
problem of bridges under moving loads, such as by Matsuura (1976), Xia and Chen
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(1992), Fryba (1999, 2001), Diana and Cheli (1989), Yang et al. (1997, 2004a, b),
Yau and Yang (1999), Cheung et al. (1999), Li and Su (1999), Yau (2001), Savin
(2001), Pesterev et al. (2003), Kwark et al. (2004), Xia et al. (2006, 2012), Ju and
Lin (2003), Garinei and Risitano (2008), Hamidi and Danshjoo (2010), Michaltsos
and Raftoyiannis (2010), Zambrano (2011), Rocha et al. (2012), Lee et al. (2012),
Luu et al. (2012), and Lavado et al. (2014), and many of these models have been
validated by field experiments (Liu et al. 2009; Xia and Zhang 2005; and Xia et al.
2012).

There are various factors associated with the resonance of the train-bridge sys-
tem under moving loads, such as the periodic loading on the bridge by the regularly
arranged wheel-axle loads due to vehicle gravity or centrifugal force, the periodic
impact on the bridge caused by wheel scars, the periodic excitations induced by
local track irregularities, the lateral periodic loading by hunting movement and
centrifugal forces of train vehicles, the lateral moving load series caused by winds
on car-bodies, and the periodical actions on moving vehicles by deflections of long
bridge with identical multi-spans. The excitation frequencies by all the above
factors are associated with the train speed. Consequently, investigation on the
train-bridge resonance is significant in theory as well as in engineering practice.

2.3.1 Bridge Resonance Induced by a Moving Load Series

The resonance of train-bridge system is affected by the span, total length, lateral
stiffness and vertical stiffness of the bridge, the compositions of the train, and the
axle arrangements and natural frequencies of the vehicles. The general mechanism
of bridge resonance induced by moving load series can be described as follows.

2.3.1.1 Fundamental Analysis Model

A simply-supported beam subjected to a train load is analyzed herein. The beam has
a span L, a uniform mass m, a bending stiffness EI, and a zero damping. The train
consists of several identical cars with the full length [, of each car, the rated distance
l. between the two bogies of the car, and the fixed wheelbase [, between the two
wheel-axles of the bogie, as shown in Fig. 2.16a. To explain the general principles
and to facilitate the derivation, the train axle loads are simplified as N moving
concentrated constant loads with identical interval d,, as shown in Fig. 2.16b.

Suppose the load series travels on the beam from left to right at a uniform speed
V, and the traveled distance of the first force is x = V. For the load series with
identical intervals, there exists a time delay At = d,/V between any two successive
forces. The motion equation for the beam acted on by such moving load series can
be written as
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It can be expressed in terms of the generalized coordinates as
2 = v k-d
. 2 _~ . v
Gn (1) + wiqn(t) = ﬁzLP ; sin—— ( % ) (2.66)

Equation (2.66) is the motion equation of a SDOF system subjected to harmonic
load series. The particular solution of Eq. (2.66) is

N-1
q(t) = ?;ﬁ %ﬁzz [sin @ <t _k .Vdv) — B sinw; (t _k .Vdvﬂ (2.67)
k=0

where @ = mV/L is the exciting circular frequency of the moving load, and w; =

E—z % is the fundamental circular frequency of the beam. The displacement

response of the beam where only the first mode is considered can thus be expressed

as
k-d, = k-d,
v )ﬁ;sman( v >

2P 1
y(x, 1) = Elfcl‘t‘)l [E smw(
(2.68)
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where § = @/ is the ratio of exciting frequency to the fundamental frequency of
the beam, and 1/(1 — f%) is the dynamic magnification factor.

The first term of the right-hand side of Eq. (2.68) represents the forced response
of the beam due to the moving loads, while the second term represents the transient
response due to its free vibration. According to their different mechanisms, the
resonant responses of a simply-supported beam subjected to moving load series can
be divided into two types.

2.3.1.2 Bridge Resonance Induced by Periodically Loading
of Moving Load Series

First, the discussion is made for the second progression term of Eq. (2.68), to explain
how the transient response in common sense may induce the resonance of the beam.
Before considering the second progression series, it is instructive to introduce
the necessary transformation of triangular progression. For the sum of a finite
triangular progression sin(a — ix), (i = 1, 2, ..., m), it can be expressed as

Z sin(a — ix) = Z [sina cosix — cosa sin ix] (2.69)
i i=1

The two terms of Eq. (2.69) can be further expressed as (Rade and Westergren
2010)

> sinix = sin0.5mx - sin0.5(m+ 1)x - csc0.5x
=1 (2.70)

> cosix = sin 0.5mx - cos 0.5(m+ 1)x - csc0.5x
i=1

Introducing them into Eq. (2.69) leads to

L ) sin 0.5mx - sinja — 0.5(m + 1)x]
Z sin(a — ix) =

2.71
sin 0.5x ( )

Now, let i = k,m =N — 1,x = wd,/V, and a = w, t; the progression term of
the transient response in Eq. (2.68) becomes as the form

N-1 N-1
dy k-d,
smw1( —T) =sinw;t+ E smw1< % )

k=0

sm[(N 1)- ”‘d] : sin[a)lt—N-%]

wdy
2V

=sinw;t+
sin

(2.72)
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For wz‘—“f" = +im, the second term of Eq. (2.72) becomes an indeterminate form
0/0, but when the L’Hospital’s rule is applied, the limit solution is found to be

sin[(N — 1) - Q%] . sin [ — N - 2 d,
fim . ) ZV-] wd[ 1 2V]=(N—1)sina),{z—N._]
%H:ﬁ:in snl# oV

(2.73)
Obviously, the extreme condition with physical significance for Eq. (2.73) is

wldv
2V

=in (i=1,23,-) (2.74)

Substituting this condition into Eq. (2.71), the limit value of the transient
response term in Eq. (2.67) is obtained as

N—1 . ( k- dv)
Zsmwl r—
\%4

k=0

oy, = N sinwt (2.75)
T—ln

It can be seen that each force in the moving load series may induce the transient
response of the structure, and the successive forces form a series of periodical
excitations. The response of the structure will be successively amplified with the
increase of N, the number of forces traveling through the beam, resulting in the
structural resonance.

Similar results can be obtained for higher modes of the bridge. Considering all of
these modes and letting w, = 2mfy,, the resonant condition of the bridge under a
moving load series can be derived from Eq. (2.72) as

3.6 fon - dy

1

Vbr: (n:112135)(l:172’37) (276>

where Vi, is the resonant train speed (km/h); f;,, is the nth vertical or lateral natural
frequency of the bridge (Hz); d, is the intervals of the moving loads (m); and the
multiplicator i = 1, 2, 3 is determined by the extreme condition Eq. (2.74).

Equation (2.76) indicates that when a train moves on the bridge at speed V, the
regularly arranged wheel-axle loads may produce periodical dynamic actions on the
bridge with the loading period d,/V. The bridge resonance occurs when the loading
period is close to the nth natural vibration period of the bridge or its i times. A series
of resonant responses related to different bridge natural frequencies may occur
corresponding to different train speeds. The appearance of this phenomenon is
determined by the time of the load traveling through the distance d,.
Equation (2.76) is called as the first resonant condition of simply-supported
bridge. Detailed illustration on the physical meaning of the bridge resonance
induced by the moving load series will be presented in Sect. 2.4.3.
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Fig. 2.17 Dynamic factors of simply-supported beams versus train speed

During the dynamic analysis of the bridges on the Beijing-Shanghai HSR, the
dynamic interaction model of train-bridge system was used to study the resonant
responses induced by various high-speed trains, such as Germany ICE3,
France TGV, Japan E500, and China CHT. Shown in Fig. 2.17 are the simulated
distribution curves of dynamic factors versus train speed for the PC box-beams with
20 and 32 m spans, where the dynamic factor is defined as the ratio of the maxi-
mum dynamic to the maximum static deflection of the beam under the same
loading.

It is given that the natural frequencies of the 20 m and 32 m PC box-beams are
7.73 Hz and 4.23 Hz, respectively. By using Eq. (2.76), the corresponding resonant
train speeds can be estimated as 520 km/h and 284.8 km/h for TGV whose average
car length is /, = 18.7 m, and 285 km/h and 400 km/h for ICE3, E500, and CHT
whose average car lengths are all [, =~ 26 m. In this example, the calculation is
based on d, = [,; namely, the full length of vehicle is taken as the load interval,
where the four axle loads of the rear bogie at the previous car and the front bogie at
the following car are combined as one concentrated load. The resonant train speeds
estimated by Eq. (2.76) are in good accordance with the critical train speeds from
the simulated results, as compared in Fig. 2.17.

Equation (2.76) can also be used to analyze the lateral response of bridge under
the first resonant condition. The lateral resonance analysis has special significance
for bridges with high piers under a moving load series induced by centrifugal forces
or lateral wind pressures. Since the lateral frequency of the bridge system is usually
smaller than the vertical frequency, the critical train speed for lateral resonance is
also lower.

A simply-supported steel truss with the span of 48 m is analyzed as an example.
The moving load series are the lateral axle loads induced by wind pressures acting
on car-bodies.
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The lateral natural frequency of the truss is 1.86 Hz. The train concerned is
composed of one locomotive followed by 18 passenger cars. The full length of each
car is 26.57 m. The resonant train speed for the first resonant condition estimated by
Eq. (2.76) is

1.86 x 26.57

P=1: Vo = % % 3.6 ~ 178km/h
1.86 x 26.57

i=2: Vi :+ % 3.6 ~ 89km/h
1.86 x 26.57

i=3:Vin :% % 3.6 ~ 60km/h

According to the predicted results, the dynamic responses of the truss under
various train speeds are analyzed by the whole history simulations of train-bridge
system, with the calculation train speeds in the range of 5-220 km/h. Figure 2.18
shows the distribution curve of lateral mid-span displacements of the truss versus
train speed.

It can be found that during the train passage, an obvious peak appears at the
speed of 160 km/h, and two small peaks appear at the speeds of 80 and 40 km/h,
showing significant harmonic resonances of the first order. Considering that the
natural frequency of the bridge will decrease when loaded by the train, the esti-
mated results obtained from Eq. (2.76) are in accordance with those from the whole
history simulations of train-bridge system.

2.3.1.3 Bridge Resonance Induced by Loading Rate of a Moving Load
Series

As for the first progression term of Eq. (2.68) which represents the forced response
of the bridge, the solution is almost the same as the second term except that it
misses the multiplicator f§ and uses @ instead of w;; thus, an extreme condition
similar to Eq. (2.74) can be directly written as
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-
az)v —in(i=1,23,.) (2.77)

Substituting @ = ©V/L into Eq. (2.77), the train speed V in the numerator is
counteracted with that in the denominator and thus results in the extreme condition

dy=2L (i=1,2,3,...) (2.78)

The limit value of the steady-state response progression can be obtained by using
this extreme condition

N—1 . < kdv)
E smmw|t—
%

k=0

= N sinr (2.79)

ady
2V

There is no train speed V expressed in Eq. (2.78); namely, no resonant train
speed exists. Equations (2.78) and (2.79) show that when the interval of loads
equals to 2i times of the bridge span, i.e., the half-wavelength formed by the beam
deflection, the successive increase of the number of passing wheel-axles may
gradually enlarge the bridge response. However, since the minimum axle intervals
of real vehicles are much smaller than two times of the bridge span length, and the
actual arrangement of train wheel-axles is never identical, this solution is only of
mathematical significance. Therefore, the resonant train speed cannot be derived in
this way.

In fact, the second resonance of the simply-supported beam under moving train
loads can be directly determined from Eq. (2.68) by the dynamic magnification
factor 1/(1 — f*). For the nth bridge modes, @, = nnV/L is the nth exciting
frequency. Obviously, when the frequency ratio f3, is equal to 1, i.e., w, = @,, the
dynamic magnification factor 1/(1 — /3121) will become infinitive. At this time, the
nth resonant vibration of the bridge is excited. For the simply-supported beam
under moving loads, the nth natural frequency of the beam w, = 2mf;,, and thus,
the resonant train speed V;, can be described as

o 7.2 'fbn -L

n

Vor (n=1,2,3,...) (2.80)
where Vi, is the resonant train speed (km/h); f;,, is the nth vertical or lateral natural
frequency of the bridge (Hz); and L, is the span of the bridge (m).

Equation (2.80) indicates that bridge resonance occurs when the traveling time
of the train through the bridge equals to 0.5n times the nth vibration period of the
bridge. The appearance of this phenomenon is determined by the loading rate of
moving loads related to the bridge span. Equation (2.80) is called as the second
resonant condition of simply-supported bridge, in which Vi, is nothing less than
the resonant speed derived at o = k in Sect. 2.1.
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The resonant train speed calculated from Eq. (2.80) is rather high. For instance,
the lowest natural frequencies for the simply-supported beams with moderate or
small spans are 80/L and 120/L, respectively, given in the Chinese codes Interim
Provisions on Design of New 200 km/h Passenger-cum-freight Railways (TJS
2005-285 20054a, b) and the Interim Provisions on Design of Beijing-Shanghai HSR
(TJS 2003-13 2003), by which the resonant train speeds can be estimated by
Eq. (2.80) as 576 and 864 km/h. These values are far higher than the current train
speeds in operation. Thus, currently, the vertical resonance of a simply-supported
beam is analyzed mainly based on the first resonant condition, while for trains with
higher speed, e.g., a maglev train, the second resonant condition is of certain
significance in resonance analysis.

When the train is running on the bridge, the centrifugal forces or the lateral wind
pressures on the car-bodies will be transferred via wheel-sets to the bridge structure.
These actions can be represented by a series of lateral moving loads. When the
excitation frequency of the moving load series is equal or close to the bridge natural
frequency, the second resonant response will occur. The corresponding critical train
speed V;,, can be estimated through Eq. (2.80). The relationship between the bridge
lateral resonant response induced by a moving load series due to mean wind pressure
on the vehicle and critical train speeds is illustrated through a realistic example.

For bridges with high piers often encountered in engineering, owing to their low
natural frequencies, the analysis on both the first and the second lateral resonances
is of significance. Since a pier cannot directly support train loads, a bridge com-
posed of two 32 m simply-supported beams and a 56 m high pier is analyzed as an
example. The moving load series are formed by the same lateral wind loads as in
the previous example. Modal analysis shows that the first three modes of the bridge
are dominated by the lateral vibrations of the pier. With respect to the bridge lateral
frequencies 0.95, 2.52, and 5.02 Hz, the resonant train speeds estimated by the first
resonant condition Eq. (2.74) include

fbl =095Hz: Virl = 91 km/h, Voo = 46km/h, Virz = 31 km/h
for =2.52Hz: Vi =240km/h, Vip = 120km/h, Vi = 81km/h
fb3 =5.02Hz : Vbrl =481 km/h, Vbr2 = 240km/h, Vbr3 = 161 km/h

For the 2x32 m bridge, the lateral loading length to the pier is L = 64 m, so the
possible resonant train speeds estimated from the second resonant condition
Eq. (2.80) include

7.2 % 0.95 % 64

n=1: Ve :% ~ 438 km/h
7.2 % 2.52 x 64

n=2:Ven :%z%lkm/h
7.2 % 5.02 x 64

n=3: Vo = 22207 X 0% 771 km/h

3
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Fig. 2.19 Lateral displacement of the pier-top versus train speed

The dynamic responses of the bridge under various train speeds are analyzed by
the whole history simulations of train-bridge system, with the calculation train
speeds in the range of 10-900 km/h. Figure 2.19 shows the distribution curves of
lateral displacements of the pier-top versus train speed.

The curves show that the lateral resonance of the pier is obvious: The peak
values of lateral displacement are found in the positions slightly lower than the
estimated critical velocities by the first resonant condition, and also the peak dis-
placements at 380 and 740 km/h, which are close to the corresponding resonant
train speeds estimated by the second resonant condition. Considering the natural
frequency of bridge will decrease when loaded by the train, the estimated results by
Egs. (2.76) and (2.80) are in accordance with those from the whole history simu-
lations of train-bridge system.

Furthermore, one can estimate the responses of the bridge under vehicle cen-
trifugal forces. As moving load series, the vehicle centrifugal forces have the same
mechanism to induce the lateral vibration of the bridge as the mean wind pressures
acting on the car-bodies. Thus, the calculated curves in Fig. 2.19 can also be used
for estimating centrifugal forces. According to the Chinese code Fundamental Code
for Design on Railway Bridge and Culvert (TB10002.1-2005 2005), /n force can be
15% of the static load of vehicles, which is about 2.5 times of the vehicle design
wind load. Therefore, when considering the vehicle centrifugal forces, much greater
pier-top displacements will be excited than those shown in Fig. 2.19.

2.3.1.4 Bridge Resonance Owing to the Sway Forces of Train Vehicles

The third bridge resonance is induced by the periodical actions of lateral moving
load series on the bridge owing to the sway forces of train vehicles. The sway forces
of vehicles may be excited by track irregularities and wheel hunting movements.
The resonant train speed in this case can be determined by
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Fig. 2.20 Lateral displacements of high piers versus train speed
3.6 fon - Ls .
Voo=———n=1,2,3,--;i=1,2,3,--") (2.81)

where f;,,, is the nth vertical or lateral natural frequency of the bridge (Hz); L, is the
dominant wavelength of track irregularities or wheel hunting movement. The
multiplicators i = 1, 2, 3,... show that when the dominant frequency of track
irregularities or wheel hunting movement equals to the nth natural frequency or
higher harmonic frequencies, the resonance of the bridge occurs. This is called the
third resonant condition of bridge.

Although both track irregularities and wheel hunting movement are of random
properties, Eq. (2.81) can still be used to estimate the lateral resonance of bridge
induced by their dominant wavelengths. A good example is presented in Fig. 2.20,
the distributions of the lateral displacements of two high piers versus train speed.
The data in the figure were measured in the field experiments at two real bridges on
the Chengdu-Kunming Railway in China. One can find peak values appearing at
certain train speeds, which are in good accordance with the estimated resonant train
speeds of 33 km/h and 51.1 km/h, respectively. The estimated resonant train speeds
are calculated by Eq. (2.81), using the hunting wavelength Ly = 8.5 m for wheels
with worn threads, the given pier heights H = 55 m and 32 m, and the corre-
sponding bridge frequencies f = 1.08 Hz and 1.67 Hz, respectively.

2.3.1.5 Application Scopes of Resonance Conditions

Based on the analysis above, the resonant vibrations of bridges induced by moving
trains have been classified into three mechanisms. The first is related to the intervals
of the moving load series, which form the periodically loading on the bridge. The
second is induced by the loading rate, i.e., the relative moving speed of the load
series to the bridge. The third is owing to the swing forces of the train vehicles
excited by track irregularities and wheel hunting movement.
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Fig. 2.21 Time histories of load series moving on bridge

In the above resonant conditions, the axle loads of the train vehicles are assumed
to be in equidistance. While in reality, there exist several axle intervals in a train:
the full length [, of a car, the rated center-to-center distance /. between two bogies
of a car, the fixed wheelbase [, between two wheel-sets of a bogie, and the different
compositions of these distances. According to the relative lengths between the beam
span or the bridge length and the above loading intervals, when Eq. (2.76) is used
to analyze the first resonance induced by moving trains, the application scopes can
be further discussed as follows (ref. Figs. 2.16 and 2.21):

(1) L<I,: When the bridge length L is shorter than the fixed wheelbase [, of a
bogie, there can be only one wheel-set at any moment on the bridge, with the
shortest excitation period /,, = V and some other longer periods as (I, — I.)/V
and [,/V. However, it is only an extreme situation in theory, for there exists no
such short bridge in reality.

(2) Iy <L<l, —l.: When the bridge length L is longer than the fixed wheelbase [,
of a bogie but shorter than the distance /, — [. between the rear bogie of the
previous car and the front bogie of the following car, there can still be only one
wheel-set at any moment on the bridge, with the main excitation period (I, —
lc)/V and some longer periods as l,/V, while the shorter period I, /V is not
obvious. This situation may occur for the bridges with very short spans.

3) Iy, —Il.<L<l,: When the bridge length L is longer than the distance [/, — I,
between the rear bogie of the previous car and the front bogie of the following
car, but shorter than the full length [, of the car, there can be two wheel-sets
simultaneously on the bridge, with the main excitation period I,/V, while the
shorter periods as l,/V and (I, — I.)/V are not obvious. Since the full lengths
are about 25 m for passenger car and 15 m for freight car, this situation may
occur for common bridges with small spans.

(4) I, <L<It: When the bridge length L is longer than the full length [/, of a car but
shorter than the total length It of the whole train, there can be more than one
cars and two wheel-sets simultaneously on the bridge, neither of the above
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excitation periods as Iy, /V, (I, — I.)/V nor I,/ V is obvious. This situation may
occur for common bridges with moderate spans or for lateral resonance analysis
of the bridge as a whole.

(5) It <L: When the bridge length L is longer than the total length I of a train,
there can be several cars with many wheel-sets simultaneously on the bridge;
thus, the load series cannot form periodical loading to the bridge system. This
situation may occur for long-span bridges, or for lateral resonance analysis of
the bridge as a whole. However, the resonant conditions proposed in this
section cannot be directly used to analyze the resonant conditions for long-span
bridges, because the whole course of a train traveling over the bridge longer
than the total length of the train is equivalent to a half-loading period, and thus,
no harmonic load forms. Therefore, Egs. (2.76) and (2.80) cannot be directly
used to estimate the resonant train speeds. As for the third resonant condition
where the bridge resonance is excited by track irregularities or wheel hunting,
no obvious resonance can be observed for long-span bridges because of the
counteractions between the forces from the wheel-sets moving with different
phases.

Thus, it can be seen that when using the above equations to analyze the
train-induced resonance of the bridge, the loading intervals can be the full length I,
of a car, the rated center-to-center distance /. between two bogies of a car, the fixed
wheelbase [, of a bogie, and the various compositions of these distances. While for
a row of train vehicles, the arrangement of the axle loads is not in equidistance, and
neither equal are the values of all axle forces which are affected by the bridge
damping, track irregularities, and other complicated factors. Accordingly, a series
of resonant vibrations may be excited with different response levels when the train
moving at various speeds on the bridge, and a series of corresponding resonant train
speeds could be found. Therefore, the precise resonance analysis usually depends
on the simulation calculations of the train-bridge dynamic interaction system
according to the real conditions of train composition, wheel arrangement, and
vehicle loads.

2.3.2 Resonance Analysis of Train Vehicles

As a train runs on a long bridge at the speed V, the periodical actions on the vehicle
can be excited by successive deflections of the bridge that consists of a series of
identical spans (see Fig. 2.22), which can be considered as periodic track irregu-
larities with frequency V/L,. Resonance occurs to the vehicle when this loading
frequency coincides with the natural frequency of the vehicle, and the dynamic
responses of the vehicle will be greatly amplified. The critical train speed in this
case can be written as
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Fig. 2.22 Vehicle vibration induced by bridge deflections

Ve =3.6-f, - L (2.82)

where V., is the critical train speed (km/h); f, is the natural vertical frequency of
vehicle (Hz); and L, is the span length of bridge (m).

The excitation of bridge deflections on the vehicle is equivalent to a
wheel-spring-mass system on the ground in harmonic motions. The transmissibility
between the amplitudes of the mass and the deflection of the beam can be estimated
as (Clough and Penzien 2003)

B 14 (2¢p)°
= \/<1 RyCET 289

For a half-vehicle model with sprung-mass M = 24 t, equivalent spring stiffness
k = 800 kN/m, and damping ratio ¢ = 0.2, the natural frequency is calculated as
0.92 Hz. At the critical train speed, i.e., § = 1, the transmissibility can be calculated
as TR = 2.69. It means when the deflection of the bridge is 2 mm, the amplitude of
the vehicle will be as large as 5.38 mm. Moreover, the resonance of vehicles will in
turn enlarge the dynamic impact on the bridge.

The fundamental vertical natural frequencies of train vehicles are usually between
0.8 and 1.5 Hz. For the railway bridges with 20 m ~ 40 m spans, the corresponding
critical train speeds could thus be estimated as V,, = 57 km/h ~ 216 km/h. To
prevent or to suppress vehicle resonance due to bridge deflections, therefore, atten-
tions should be paid in design to avoid long series of identical spans, or to reduce the
deflection by strengthening structural stiffness.

2.4 Vibration Suppression and Cancellation Analysis
of Train-Bridge System

In studying the train-bridge resonance, Yang et al. (1997) found that resonance of
the bridge may not occur at certain ratios between span length and characteristic
load distance. Savin (2001) discovered that when a single load passing a
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simply-supported bridge at different speeds, the amplitude of free vibration changes
and declines to null at some speeds. This interesting finding interprets the vibration
cancellation effect; namely, when a single load passes the bridge at a cancellation
speed, the residual free vibration of the bridge will be null after the load leaves it.

Unlike the resonance effect that enlarges the bridge response, the cancellation
effect may suppress the vibration of the bridge, which is favorable for train running
safety and bridge service. Therefore, an insight investigation into the cancellation
effect is of important significance, and some further investigations have been done,
such as those by Yau et al. (2001), Pesterev et al. (2003), Yang et al. (2004a, b),
Museros et al. (2013), and Xia et al. (2014).

In this section, vibrations of the simply-supported beam under a moving single
force, equidistant load series, and train loads are theoretically analyzed, in terms of
bridge free vibration after each load leaving the bridge. By analysis of the vibration
responses, the occurrence conditions of resonance and two types of vibration
cancellation effects on the simply-supported beam are derived for any mode.
Additionally, the influence of vibration cancellation on resonance is investigated,
and conditions for resonance disappearance are obtained. The resonance and can-
cellation mechanisms and characteristics of bridge response are illustrated through
numerical case study.

2.4.1 Resonance and Cancellation of Simply-Supported
Beam Under Moving Equidistant Load Series

2.4.1.1 Analysis Model

A simply-supported beam bridge subjected to a train load is analyzed herein, using
the same model as shown in Fig. 2.16. The train is simplified as a series of moving
loads with identical interval, each force P represents a concentrated constant car
load, and the interval [, denotes the full length of a car. Thus, a train composed of
N, cars can be considered as N, moving forces, numbered as P (k = 1, 2, 3, ... N,).
If the initial time is defined as the moment when the first load gets onto the bridge,
the time of the kth load entering the bridge can be expressed as

to= (k- Dl,)V (2.84)

where V is the moving speed of the train.

2.4.1.2 Analytical Solution for Bridge Vibration Response

Ignoring the damping effect, the motion equation of the bridge under moving
equidistant loads can be expressed as
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mmya(;, ) CE 84(;5;, f_ ipa[ V(e —1)] (2.85)

k=1

where m and EI are, respectively, the mass per unit length and the bending stiffness
of the bridge; y(x, f) is the displacement of the bridge at position x and time ¢; and o
is the Dirac delta function.

Equation (2.85) is a partial differential equation, whose initial and boundary
conditions can be expressed as

y(x,0) = y(x,0) =0
¥(0,8) = y(L,1) =0 (2.86)
ELY'(0,1) = EIy”(L =0

For a simply-supported beam, Eq. (2.85) can be solved through the modal
decomposition method. The displacement of the beam can be expressed by
y(x, 1) = > qu(t) sin™, namely the product of generalized coordinates g(f) and

n=1

mode shapes. Thus, Eq. (2.85) can be rewritten in terms of generalized coordinates
as

Ny nm -
(1) + 0Ra0) = 2> sin () (2.87)

k=1 L

L
Equation (2.87) is the motion equation of the simply-supported beam under a
moving load series. Its particular solution is (f§, # 1)

where o, = (ﬂ)z\/% is the nth circular frequency of the bridge.

Ny

;1_12 {sm (nn'x) =i 1_ ﬂz)z [sin @, (t — t;)— B, sinw, (t — tk)]}
(2.88)

where @, = nV/L is the exciting frequency; 8, = @,/w, is the ratio of the exciting
frequency of moving loads to the natural frequency of bridge, which can be
expressed in terms of speed parameter o as f3, = a/n. The case 5, = 1 corresponds
to the second resonant condition, which has been discussed in Sects. 2.1 and 2.3,
and is not described again herein.

Considering the case when the first (N—1) (N =1, 2, 3, ..., N,) forces have left,
and the Nth force is on the bridge, the displacement response of the bridge can be
expressed by the following equation
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o) = %i sin (") mg\/(v, 9 (2.89)

n=1

where
On(V,1) = [sin®,(t — ty) — B, sin w, (¢t — ty)]

ﬁnjz__;l [Sinwn(ttk)Jr(l)"lsinwn(tt é)] (2.90)

The first term of Qn(V, ) represents steady and transient responses induced by
the Nth force moving on the bridge. The second term is associated with the total
residual responses (free vibration) induced by the first (N—1) forces that have left
the bridge, which is derived from Eq. (2.88) as follows:

During # <t <1+ L/V, the kth force is on the bridge, and the forced vibration
response of the bridge induced by it can be written as

yi(x, 1) = iﬂ—iz sin (nTnx) m [sin @, (t — f;) — B, sinw,(r — )] (2.91)

During ¢ > t; +L/V, the kth load has left the bridge, and the free vibration
response of the bridge induced by it can be expressed as

o0

yi(x, 1) = Zy}:(x tr+L/V)cosw,(t —t — L/V)
n=1

L) (2.92)
t
+Zykx e L/V) sinw,(t —t —L/V)

where y{(x,t+L/V) and 3}(x,tr +L/V) are, respectively, displacement and
velocity of the nth mode at ¢ = #, + L/V, which are the initial conditions of the free
vibration and can be derived from Eq. (2.91).

Substituting y} (x, & + L/ V) and 3} (x, %y + L/ V) into Eq. (2.92), the total residual
response of the bridge induced by the first N—1 forces can be expressed as

772 <nrrx> i ﬁ Z [sm Ot — 1)+ (—1)" " sinw, (1 — 1 — L/V)]
(2.93)

From Eq. (2.93), the second term in the On(V, f) can be extracted. By applying
the trigonometric transformation, Eq. (2.90) can be expressed as
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On(V,t) = [sin®,(t — ty) — B, sinw, (¢ — ty)]

i
w,L . L
-2 — W\t =t — — 2.94
B, 2 cos —osin ( X ZV)] (2.94a)
(n=1,3,5,...)
QN(Va t) = [Sil’l (Dn(l - tN) - ﬁn sin wn(t - IN)]
N—1
w,L L
) in 2= cos [ 1 — 1 — — 2.94b
B, 2 sin——-cos < X ZVH ( )
(n=2,4,6,..)

It is not easy to observe the significant physical meanings of this equation.
Therefore, by introducing Egs. (2.84) and (2.70) into Eq. (2.94a, 2.94b), a more
interesting expression for Qa(V.f) can be obtained as

On(V, 1) = [sin@,(r — ty) — B, sinw,(t — ty)]

WL Lty sin(N — 1)k
_2ﬁ”°05a2)_v{sm‘“"(f_——N—l>¥} (n=1,3,5,..)

On(V,1t) = [sin®,(t — ty) — B, sin @, (1 — ty)]

L Lty sin(V — 1) 2L
—2ﬁnsina2)V {coswn<t———u>%¢%2v} (n=2,4,6,...)

sim oV

(2.95b)

2.4.1.3 Resonance and Cancellation

It is observed from Eq. (2.95a, 2.95b) that the residual free vibration in terms of
generalized coordinates for the bridge induced by the first (N—1) forces can be
expressed by a sinusoidal function (for odd-order modes) or a cosine function (for
even-order modes).

For sin(w,L,/2V) = in, Eq. (2.95a, 2.95b) becomes an indeterminate form 0/0;
however, when the L’Hospital’s rule is applied, the limit solution is found to be

On(V, 1) = [sin®,(t — ty) — B, sinw,(t — ty)]

w,L\ . L
—2(N —1)B, cos (W) sin w, (t - ﬁ) (2.96a)
(n=1,3,5,..)
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On(V,1) = [sin®,(t — ty) — B, sinw, (¢t — ty)]

. (oL L
_ 2(N — l)ﬁn S (W) COS Wy (Z — ﬁ) (296b)
(n=12,4,6,...)

It can be seen from Eq. (2.96a, 2.96b) that the displacement of bridge will be
successively amplified with the increase of the number N of forces traveling on the
bridge. Therefore, by using the extreme condition w,L,/2V = in, the resonant
speed Vs (km/h) for the bridge under the moving load series can be expressed as

Vies =" (i: 172737"') (297>

where f;, is the nth-order natural frequency of the bridge (Hz). Equation (2.97) has
been defined as the first resonant condition in Sect. 2.3, where more details on the
bridge resonance induced by the moving load series can be found.

When cos(w,L/2V) = 0 or sin(w,L/2V) = 0, the second term of Qn(V, f) in
Eq. (2.944a, 2.94b) becomes zero and only the first term is left

On(V,t) = [sinw,(t — ty) — B, sinw,(t — ty)] (2.98)

In this case, the total residual response (free vibration) of the bridge excited by
the first (N—1) forces is equal to null, while the vibration is determined only by the
Nth force acting on the bridge. This phenomenon is herein defined as the first
cancellation effect of vibration with the following conditions

oL . m .
—in—-f =1 si=1,2,3,... 2.
2V ZTE 2 (n 737 57 7l b 73’ ) ( 99a)
L
‘;V —in (n=2,4,6,--;i=12.3,..) (2.99b)

It can be observed from Eq. (2.90) that when Eq. (2.99a, 2.99b) is satisfied,
there is a (2i-1)m or a 2im phase difference between the two sinusoidal terms within
the second part of Qn(V, t). This means that the two parts of the residual free
vibration induced by a single moving load are canceled out.

The conditions in terms of load speed V_,,(km/h) for the first type of cancel-
lation can be further derived from Eq. (2.99a, 2.99b) as

_12fL
canl — 72— 1 )

7.2f,L
Veant = zf (n=2,4,6,---; i=1,2,3,..; andn+#2i) (2.100b)
1

(n=13,5,--+; i=1,2,3,---; andn#2i—1) (2.100a)
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Note that the restriction conditions n # 2i—1, (n = 1, 3, 5,...) and n # 2i (n = 2,
4,6,...) are given in Eq. (2.100a, 2.100b), because under these values f3,, becomes 1
and the second resonance condition is satisfied, which is beyond the assumption of
Eq. (2.88). The speed from Eq. (2.100a, 2.100b) coincides with the cancellation
speed o = n’/k in Sect. 2.1.

It can be found from Eq. (2.100a, 2.100b) that the cancellation effect takes place
when the force travels on the bridge at a certain speed. This type of cancellation is
induced by each individual load and is independent of the number and composition
of load series. The cancellation speed is related to the order of vibration mode.
Because the fundamental mode provides the largest contribution to the mid-span
displacement of a simply-supported bridge, it seems feasible to use Eq. (2.100a)
with n = 1 to predict the cancellation speed. This is also assumed in the subsequent
section.

2.4.2 Resonance and Cancellation of Simply-Supported
Beam Under a Series of Train Loads

2.4.2.1 Analysis Model Considering Train Load Series

For a real train composed of several cars, as mentioned previously, there exist
different geometric intervals: the full length [, of the car, the rated axle distance [.
between bogie centers of a car, and the wheelbase [, between the two wheel-sets of
a bogie. Thus, an analysis model shown in Fig. 2.23 is adopted to study the
influence of these intervals on the resonance and cancellation effects of a
simply-supported bridge.

In this model, the loads of a train composed of N, cars with four axles are
represented by 4N, moving concentrated forces expressed as Py; (k = 1, 2, 3,...,Ny;
j=1,2,3,4), where subscript k indicates the car number of the train and j indicates
the axle number of each car. Thus, the train is modeled as groups of four moving

e
]144143 ]1321341 P3Py, IIZEN ‘1241323 ‘[Izim 1114113 ‘12111
/ I

Fig. 2.23 Analysis model of train load series
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concentrated forces Py, P, Pi3, and P4 with an identical interval [, between
similar forces of each group.

Owing to the time delays between load groups Pi,, Pi3, Pra, and Py, the time for
the kth force in group j traveling on the bridge can be defined as

Tl =1k
o=t + lW/V
2.101
ta=t +1./V ( )
=t + (I +1y)/V
Note that #, = (k—1)I,/V is still valid herein.
In this case, the motion equation for the bridge can be written as
Pyt 0D QR
a5 Bl O = DD PS[x—V(t— 1)) (2.102)

k=1 j=1

Considering the case when the first (N—1) cars have left the bridge and only the
Nth car is traveling on the bridge, the solution of Eq. (2.102) can be given directly
referring to the previous analysis in Sect. 2.4.1 as

0
X, t) = %; sin(”ff) i ZQN] (V1) (2.103)

where

4 4

Z ON(V,1) = Z [sin @, (t — ty;) — B, sinw, (1 — ty)]

" "~ N-1 4 o, L[
Zﬁn;;cosw[s1nwn<t tij 2V>} (n=1,3,5 )

(2.104a)

4 4
Z On;(V,1) Z sin @, (t — ty;) — B, sinw, (t — ty;)]
=1

L
{coswn (z —fy — ﬁ)} (n=2,4,6,...)
(2.104b)

By applying trigonometric  transformation  formulas sinA + sinB =

2cos2Esin452 and cos A + cos B = 2 cosA4EcosA52 to the second term of the
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right side of Eq. (2.104a, 2.104b), the following expressions can be obtained after
rearrangement as

wnlw wnlc
CoS

4
Z QN] V t Z [Sin (Dn(t - th) - ﬂn sin wn(t - th)} - 2V 2V 2V

=1
N—

\.

4 4
- . L o o
Z ONi(V, 1) = Z [sin @, (t — ty;) — B, sinw, (1 — 1y;)] — 8B, schos v OS5y

(2.105b)

By again introducing Eq. (2.70), the above equations can be further rewritten as
4

4
w, Wply w,l
;QN](V t ; sin @, (1 — tyj) — B, sinw,(t — ty;)] — 8B, 2'{/ 2"‘/ cos 2"‘/C

. L Iy Il ty\sin(N— 1)?\5
"\"Tw T av T 2 )T simek =1,3,5,...
X {smw ( 2V 2V 2V 2 > Sip 2k (n )

2V
(2.106a)

~.

wnlw co wnlc
2v 2V 2V

L Iy I tyq\sin(N—-1)% Duly
- = = )| —— 72V =2,4,6,...
X {cosw (t V2V a2y ) > sin @il (n )

2V
(2.106b)

4
> oni(v,1) = Z [sin @, (t — tnj) — B, sin wu (7 — 1a7)] — 8B, si

2.4.2.2 Resonance and Cancellation Induced by a Train Load Series

The resonant conditions derived from Eq. (2.106a, 2.106b) are not different from
Eq. (2.97) in Sect. 2.3. Obviously, two more cancellation conditions can be
extracted from Eq. (2.106a, 2.106b) as

cos(wyly/2V) =0 (2.107a)

cos(w,l./2V) =0 (2.107b)
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The corresponding cancellation train speeds V.,,n(km/h) can be expressed as

7211

Veant1 = 21,—_?, (i=1,2,3,--1) (2.108a)
7.2f,1 .
Veantl = 21[ 1° (i=1,2,3,--") (2.108b)

The cancellation effect will be expected if conditions associated with the
wheelbase [, and the axle distance /. between the bogie centers in Eq. (2.108a,
2.108b) are met. However, the mechanism herein is different from that described in
previous section, because in this case, the cancellation occurs due to the offset of
free vibrations of the bridge induced by the moving loads of different groups.
Equation (2.107a) indicates that the free vibrations induced by the two axle loads of
one bogie cancel each other out, while Eq. (2.107b) indicates that the free vibra-
tions induced by the two axle loads spaced [, apart cancel each other out. As a
result, the residual free vibrations of the bridge become null after the first car leaves
the bridge. This type of cancellation is determined by load intervals.

A more general formula can be obtained through extension of the cancellation
conditions of Eq. (2.107a, 2.107b), and the corresponding cancellation train speed
can be expressed as

7'2ﬁ1Lch
2i—1"

Veanll = (i=1,2,3,---). (2.109)
where L, is the characteristic interval of the load series.

This cancellation effect is herein defined as the second cancellation effect of
vibration. For a railway train with two bogies and four axles, the characteristic
interval may be [ or [,. In fact, L, can be any regular interval between the axle
loads in the load series; hence, I, is included as well, as shown in Fig. 2.23.

Thus far, two types of cancellation effects and their conditions have been pro-
posed, as expressed in Egs. (2.100a, 2.100b) and (2.109), respectively. When only
the fundamental mode of the bridge is concerned, the cancellation speed equation
can be written in a unified form as function of the bridge span L

 7.20fiL
can — 2i _ l )

(i=1,2,3,--) (2.110)

where f is the fundamental frequency of the bridge; « is the dimensionless length
parameter, which may take the value of 1 or L./L, indicating the first or second
type of cancellation, respectively.
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2.4.2.3 Resonance Disappearance

The second term of Eq. (2.106a, 2.106b) will be null once cancellation conditions
are satisfied even with the resonant condition synchronously met. Therefore, can-
cellation plays a more dominant role, and resonance disappearance may be expected
when a train speed coincides simultaneously with the conditions of resonance and
cancellation. When V_,, = V., namely combining Egs. (2.97) and (2.110), a new
mathematical expression is obtained as

ly 20k
Ny ik=1.2.3.--- 2.111
L 2]_17 (]7 )~y ) ( )

where j and k are, respectively, the resonance and cancellation order for the first
bending mode of the bridge. In theory, when the ratio of car length [, to span
L meets the conditions of Eq. (2.111), both the cancellation and resonance condi-
tions may simultaneously appear at certain train speeds, and the resonance of the
bridge at its fundamental mode will be avoided. Therefore, this interesting phe-
nomenon is named as resonance disappearance.

2.4.3 Numerical Verification

To verify the theoretical expressions, by using the FEM, a computation program is
developed to analyze the vibration response of a single span simply-supported
bridge under moving train loads.

The bridge has a span of 31.1 m, a uniform mass density of 19.1 Mg/m, and a
uniform cross-sectional bending stiffness of EI = 1.66 X 10® kN-m?, and the first

natural frequency is calculated by f; = 57> \/% as 4.79 Hz.

A high-speed train composed of four cars is adopted for analysis, simplified as
16 concentrated forces. The forces take the axle loads of the ICE3 high-speed train,
which are 160 kN for the first and the last motor-cars (P; ~ P4, Pj3 ~ Pjg) and
146 kN for the intermediate trailer cars (Ps ~ Pg, P9 ~ Pj,), respectively, as
shown in Fig. 2.24.

According to the train axle intervals and the bridge span shown in Fig. 2.24, the
characteristic interval Ly, of the load series can be [, = 24.775 m, I, = 17.375 m,
and [, = 2.5 m, and thus, the dimensionless length parameter « in Eq. (2.110) can
be identified as 1.0 for the first cancellation condition, and as [,/L = 0.08,
I/L = 0.56, and [,/L = 0.79 for the second cancellation condition. On the basis of
these parameters, the resonance and cancellation speeds Vs and V., corresponding
to the fundamental mode of the bridge are calculated by Egs. (2.97) and (2.110),
and the results of the first eight orders are listed in Table 2.2.



2.4 Vibration Suppression and Cancellation Analysis of Train-Bridge System 137

Car 4 Car 3 Car 2 Car 1
(T T T T T T T T = \ __________ \ (T T T T T T T T \ __________ \I
| |
| PaaPss P“P“l IP34P33 P32P3|: | Pry Py P22P21 IP|4P13 P|2P11:
£ M A | s B,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, [ o yv Yy . YY ___ YV ____________VY__
A O [,=2.5m
| - \
‘ L=31.1m | ‘ 1=17.375m
\ 1=24.775m \

Fig. 2.24 Simply-supported bridge subjected to a moving train load series

Table 2.2 Resonance and cancellation train speeds for the 31.1 m span simply-supported bridge

Order i 1 2 3 4 5 6 7 8
Resonance train speed V. (km/h) 427 214 142 107 85 71 61 -
Cancellation train =100 |N/A |[358 |215 153 119 |98 |83 |72
speed Vean (km/h) x=008 |86 - - - - - |- |-

o = 0.56 601 200 120 86 67 - - -
o =0.79 847 282 169 121 94 77 65 |-
Note “-” indicates the speeds lower than 60 km/h, which are not listed in this table

2.4.3.1 Time History Analyses of the Bridge Under Resonance
and Cancellation Conditions

Resonance effect

It is known that a resonance may appear when a certain relationship is satisfied
among the load moving speed, load interval, and bridge natural frequency. Herein,
the first-order resonance speed 427 km/h is taken as an example to illustrate how
the ICE3 train load series induces the resonance of the bridge.

Because the ICE3 load series is composed of several different intervals, the
analysis is conducted in two stages, as shown in Fig. 2.25.

In the first stage, a group of loads composed of the first axle loads (P, P51, P31,
and Py,) of the four cars is considered. The time delay between any two successive
loads is determined by load interval [, and resonant speed V. which can be
calculated as

Iy ily

Tres :Wes fn 3 lTbn, (i: 1,2,3,'--) (2112)

When only the first mode of the bridge is considered, and for the resonant speed
related to i = 1, the time delay is equal to the bridge natural period T, thus pro-
ducing a 27 phase difference between the free vibrations of the bridge induced by
any two successive loads in this group. In this case, the amplitudes of the bridge in
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Fig. 2.25 Displacement histories of the bridge at mid-span under V,.s = 427 km/h

the free vibration stage will be directly superposed to form a resonant displacement
curve Gy, as shown in Fig. 2.25a.

Similarly, the resonant displacement curve G, induced by the load series com-
posed of the second axle loads (Py,, P2, P3z, and P45) of the four cars can be
obtained and so for Gz and Gj.

In the second stage, the four resonant displacement curves (G; ~ Gy) induced
by the four groups of load series are superposed together according to the time
delays determined by their intervals [, ., and [, + [.. Thus, the bridge displace-
ment induced by the whole train can be obtained, as shown in Fig. 2.25b.

It is easy to see that under the resonant speed, the displacement of the bridge will
be successively amplified with an increasing number of loads, which explains the
physical meaning of Eq. (2.96a, 2.96b).

The first cancellation effect
Parameter o = 1 corresponds to the first type of cancellation. The third-order
(o = 1, i = 3) cancellation speed 215 km/h in Table 2.2 is selected as an example to
illustrate how the first cancellation effect appears. Shown in Fig. 2.26 are the cal-
culated displacement histories of the bridge induced by the train (four cars), the first
car, and its four individual axle loads Py; ~ Pja.

The mechanism for the first type of cancellation can be observed clearly in these
displacement histories. It is found that each moving load induces a forced vibration

Fig. 2.26 Displacement 25
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by the train, Car 1, and its
four individual loads
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of the bridge, but when it leaves, the free vibration of the bridge is null. As a result,
the free vibration of the bridge remains zero when the first car as well as the train
leaves the bridge. This numerical example explains the physical meaning of
Eq. (2.100a, 2.100b).

The second cancellation effect

In Table 2.2, « = 0.08 and « = 0.56 correspond to the second type of cancellation
speeds, which are derived from wheelbase [, of a bogie and axle distance [.
between the bogie centers of a car, respectively.

Obviously, Ve = 86 km/h is the most opportune cancellation speed for
comparison, for it appears twice in the table at o = 0.08 (i =1) and o = 0.56
(i = 4), respectively, so it is selected as an example to illustrate the effect of the
second cancellation. The mechanism of this type of cancellation is clearly illustrated
in Fig. 2.27, which gives the displacement histories of the bridge at mid-span
induced by the train and the first car only.

It is seen that at this cancellation speed no free vibration of the bridge appears
when the first car as well as the train leaves the bridge, because the cancellation
speed V .. = 86 km/h is the first-order cancellation speed (« = 0.08) related to [,
and also the fourth-order cancellation speed (o = 0.56) related to L.. When o = 0.08
and i = 1, the free vibrations induced by P, and P, cancel each other out, same for
Pi3 and Py4. When o = 0.56 and i = 4, the free vibrations induced by P;; and P;;
cancel each other out and also P;, and Py4. As a result, no free vibration remains
when each car leaves the bridge, and the displacement of the bridge is determined
only by the loads still on it.

The mechanism of the second type of vibration cancellation is further explained
in Fig. 2.28. At V., = 86 km/h, the cancellation effect appears between the two
axle loads separated by [, or /..

Figure 2.28a illustrates the mechanism of the second cancellation effect corre-
sponding to Py, and P, with a wheelbase [,. It can be found that the displacement
of the bridge induced by Py, has a time delay of Ti,/2 related to P, producing a
phase difference m between them and causing the free vibrations by Py, and P,
having the same amplitudes but opposite phases. The result is null vibration when
this pair of loads leaves the bridge.
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Fig. 2.28 Displacement histories of the bridge under V.,,; = 86 km/h

Figure 2.28b shows the mechanism of the second cancellation effect corre-
sponding to Py, and P,3 with an interval /.. In this case, the time delay between P,
and P;; becomes 7 Ty/2, and the phase difference becomes 77; thus, the free
vibrations induced by the two loads cancel each other out. Similar cancellation
effects exist between the other pairs of loads (P, + Pjg4).

The time delay between the two loads can be calculated by the interdistance and
cancellation speed of the loads as follows:

Lo (2i— Dla (2i—1) ,
foy = = = Ton, (i=1,2,3,... 2.113
“ Vcan 2fnLch 2 b (l ) ( )

When only the first mode of the bridge is considered, it is calculated from
Eq. (2.113) that at V,,;; = 86 km/h, the time delays for the two pairs of loads are
Ty/2 (i=1) and 7 T/2 (i = 4), respectively, as marked in Fig. 2.28, and thus, the
displacements of the bridge induced by them completely cancel out.

2.4.3.2 Relationship Between Resonance and Cancellation Effects

It was mentioned previously that the condition of cancellation is more dominant
over that of resonance. Therefore, cancellation plays a more dominant role and
resonance disappearance may be expected when the train speeds coincide with both
conditions of resonance and cancellation. In the subsequent section, the relationship
between resonance and cancellation effects is discussed.

Suppression of resonance by the first cancellation effect

It is interesting to notice from Table 2.2 that the cancellation speed
Veant = 215 km/h is very close to the resonance speed Vs = 214 km/h (i = 2),
which means this resonant speed approximately meets the cancellation condition.
To better describe what will happen, the time histories of bridge mid-span dis-
placements induced by a single load Py, the first car, and the whole train under
Vies = 214 km/h are calculated, as shown in Fig. 2.29a.
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Fig. 2.29 Displacement histories of the bridge induced by single load P;;, Car 1, and train

The resonant speed determined by Eq. (2.97) corresponds to the resonance effect
that is provoked by the successive amplification of the bridge displacement with an
increasing number of loads on the bridge. As shown in Fig. 2.29a, because the
speed 214 km/h is very close to the first type of cancellation speed
Veant = 215 km/h, the free vibration of the bridge induced by each individual load
is approximately equal to zero, and thus, the bridge displacement induced by a
series of loads after superposition of all effects of them is also very small.
Therefore, when the resonant speed is close to the cancellation speed, the resonance
effect is suppressed by the cancellation effect, resulting in small bridge vibrations.

For comparison, the time histories of the bridge displacement at the train speed
of 250 km/h, which is neither a resonance speed nor a cancellation one, are shown
in Fig. 2.29b. It is clear that neither the free vibrations induced by the first axle load
nor by the car 1 is zero. Hence, after the whole train leaves the bridge, there remains
a high residual response (free vibration) on the bridge.

Suppression of resonance by the second cancellation effect

According to Table 2.2, the cancellation speed V.., = 86 km/h is very close to the
resonance speed V. = 85 km/h (i = 5). To better describe what will happen in this
situation, the time histories of bridge displacements induced by two loads, P, and
P51, are calculated, as shown in Fig. 2.30a.
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Fig. 2.30 Displacement histories of the bridge at mid-span
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Using Eq. (2.112), it is calculated that under 85 km/h, the time delay between
the two loads Py, and P, is 5 Ty, (i = 5). In this case, the phase gap between free
vibrations induced by Py, and P,; is 10m, which indicates five vibration periods,
and thus, the free vibrations induced by the two loads superpose each other.

However, in this special case, because the resonant speed 85 km/h is very close
to the cancellation speed 86 km/h, the resonance will be suppressed. The mecha-
nism of resonance suppression is shown in Fig. 2.30b, where P, and P, reflect the
resonance effect of P;;,5;, and P, and P,, reflect the resonance effect of Pj5,75.
Because the time delay between P;,,; and Py5,9; at 85 km/h is quite close to T},/2,
the resultant free vibrations of the bridge subjected to these two pairs of loads
almost cancel each other out. When the whole train leaves the bridge, the free
vibration remains very small.

Influence of cancellation effect on resonance

To further investigate the relationship between the derived theoretical resonance
and cancellation conditions, a numerical analysis is carried out for the dynamic
responses of the bridge subjected to the train load series shown in Fig. 2.24, within
the speed range of 70 ~ 500 km/h.

Shown in Fig. 2.31 is the distribution of the calculated DAF (Dynamic
Amplification Factor) of the bridge mid-span deflection versus train speed.

It is observed that the DAF does not increase monotonously with the train speed,
while there appear several peaks at particular train speeds. When the resonance and
cancellation speeds listed in Table 2.2 are marked on the DAF curve, the influence
of resonance and cancellation conditions can be clearly observed.
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Obvious peaks on the DAF curves appear at the resonance train speeds 427, 142,
and 107 km/h, indicating the resonance phenomena indeed happen at these speeds.

At the resonance speeds of 214, 85, and 71 km/h, however, similar cancellation
speeds of 215, 86, and 72 km/h exist, resulting in relatively small DAF values. This
numerically proves that when a load series speed simultaneously meets both the
resonance and cancellation conditions, the cancellation effect plays a dominant role
and the resonance effect will be suppressed; namely, a resonance disappearance
occurs. Hence, when the ratio of car length /, to bridge span L meets the conditions
of Eq. (2.111), there will be V. = V.., at certain speeds, which provides the
possibility of eliminating the resonance. For the considered 31.1 m span
simply-supported bridge and the ICE3 train, if the resonance at speed 214 km/h is
counteracted, the dynamic responses of the bridge will remain at a low level in the
whole speed range of 150 ~ 350 km/h, which is of practical significance in bridge
design and the running safety of high-speed trains.

2.4.3.3 Influence of Damping on the Cancellation Effect

In the previous theoretical and numerical analyses, the influence of damping was
ignored. In reality, the free vibration of a bridge will attenuate gradually because of
the existence of damping. Thus, in the second cancellation effect, the free vibrations
induced by a pair of loads will not completely cancel each other out, even if they
have the same amplitude and opposite phases. To illustrate the influence of
damping on the second type of cancellation, the cancellation speed of 86 km/h is
taken again as an example, which corresponds to o = 0.08 (i = 1) and o = 0.56
(i = 4). A damping ratio of 0.05 is used to calculate the displacement of the bridge
subjected to two loads, as shown in Fig. 2.32.

It can be found that the existence of damping only changes the amplitudes of the
free vibration of the bridge, while it affects little the vibration period because the
difference between damped and undamped periods is very small. Thus, under the
cancellation speed of 86 km/h, the time delay between P, and P, is T,/2 (i = 1)
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Fig. 2.33 Distributions of 1.27
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and that between P;; and Pi3 is 7T/2 (i = 4), which are approximately equal to
those in the undamped case. However, the displacements of free vibration induced
by the two loads cannot perfectly cancel each other out despite their opposite
phases. This is because they have different absolute values as a result of the unequal
time of damping attenuations. It can be concluded that the time delay between the
two loads affects the canceling extent of the bridge free vibration, and obviously,
the longer the time delay, the less the free vibration can be canceled, thus lowering
the cancellation effect.

Of course, the value of damping has a direct influence on the cancellation effect.
Figure 2.33 illustrates the distribution of the cancellation efficiency # (defined as
the ratio of the maximum free vibration displacement of the bridge that has been
canceled out to the one without cancellation) with respect to the cancellation order
under several different damping ratios. It can be found that the higher the damping,
and the longer the delay time (reflected by the cancellation order) between the two
loads, the lower is the cancellation efficiency. Despite this, the cancellation effi-
ciency # is greater than 0.5 for the first two cancellation orders with the bridge
damping ratio in the range of 0 ~ 0.05.

2.4.3.4 Conclusions

The mechanisms of vibration resonance and cancellation for a simply-supported
bridge subjected to a moving load series are investigated theoretically and are
verified through finite-element numerical simulations. The following conclusions
can be drawn:

(1) A resonant vibration may occur because of the superposition of vibrations
induced by a series of moving loads passing over a simply-supported bridge
when the time interval between two adjacent loads equals the natural period of
the bridge or its ith (i = 1, 2, 3,...) multiples.
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(2) The free vibration of the bridge induced by a single moving load may be
canceled out to null by itself when the load speed satisfies a certain relationship
with the span length and the natural frequencies of the bridge. This is defined as
the first cancellation effect. The first cancellation condition is related to a single
load behavior, while it is independent of the numbers and arrangement of loads.
The critical cancellation speed expression is associated with the order n of the
vibration mode.

(3) The free vibrations of the bridge induced by a series of moving loads may
cancel each other out when the load speed satisfies a certain relationship with
the load interval and the natural frequencies of the bridge. This is defined as the
second cancellation effect, which is related to the interval between any two
loads, namely the arrangement of the load series. The second cancellation
condition is related to the characteristic interval of loads.

(4) The damping of the bridge has an influence on the efficiency of the second type
of cancellation: The higher the damping and the longer the delay time between
two loads, the lower is the cancellation efficiency.

(5) In some cases, a certain train speed may simultaneously satisfy both resonance
and cancellation conditions. If this occurs, the cancellation plays a dominant
role and a resonance disappearance can be expected. This provides the possi-
bility of avoiding bridge resonance via proper design, which is of theoretical as
well as practical significance in the dynamic design of high-speed railway
bridges.
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Chapter 3
Self-excitations of Train-Bridge Coupling
Vibration System

In this chapter, the self-excitations of train-bridge coupling vibration system are
introduced. The characteristics and control standards of track irregularities, and the
mechanism and description of vehicle hunting movement are summarized. The AR
(auto-regressive) model simulation method of random excitations on the
train-bridge system is studied.

There are various excitation sources causing vibrations of train-bridge system,
which can be divided into two categories: external environmental excitations and
internal self-excitations, as shown in Fig. 3.1. The external environmental excita-
tions primarily include wind load, earthquake action, impact load, water wave
action, and other external loads on the train-bridge system. The internal
self-excitations include track irregularities, wheel-set hunting movement, gravity
and centrifugal forces of train vehicles, and various permanent deformations, such
as initial deformation of bridge deck, creep camber of PC girders, folding angle at
beam-end, uneven settlement, and water flow scouring at foundations of bridge
abutments and piers. This chapter mainly focuses on the causes of track irregularity
and wheel-set hunting movement and their influence on the train-bridge system.
The other internal excitations and the external excitations of the system will be
separately introduced in the later relevant chapters.

3.1 Track Irregularities

3.1.1 Definition of Track Irregularities

Track irregularities refer to the deviations of the rails that support and guide the
wheels from the ideal rail surface along the track (Cass et al. 1969; Garg and
Dukkipati 1984; Wang 1983, 1994; Haigermoser et al. 2015), which include the
static irregularity at unloaded status and the dynamic irregularity under train loading.
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Fig. 3.1 Excitation sources of train-bridge coupling system

According to the directions at the track section, track irregularities in train-bridge
dynamic analysis can be divided into four common geometrical parameters, as
illustrated in Fig. 3.2, which are the alignment y;, the vertical profile z;, the
cross-level Az;, and the gauge Ay;. The cross-level irregularity can also be expressed
in terms of the angle formed by the level difference between the left rail and the right
rail, namely 0; = Az;/2b.

Static irregularity

iil J \_E/IT‘:I—T%—‘EI":E] e sink
qL [ Zir ' as 1c)£sm

Dynamic irregularity

(a) Vertical profile

X
Yie—Vil
NS = x
S '
Ui S

26
(c) Cross-level and gauge

Fig. 3.2 Illustration of track irregularities
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Using y; and y;, to represent the track irregularities of the left and the right rails
in the y-direction, while z; and z;. in the z-direction, respectively, the four track
irregularities are defined as follows:

Vertical profile : z; = a —;Zir (3.1)

Alignment : y; = 202 ;yir (3.2)

Cross — level : Az; = 71 — zir (3.3a)
Az

/e p— 3.3b

or b ( )

Gauge deviation : Ay; = yir — yir (3.4)

According to the wavelength characteristics, shape features, dynamic properties,
and the acting directions of excitations on the train vehicles, track irregularities can
be classified into several types, as described hereinbelow.

1. Classification by the direction of excitations on the train vehicles

(1) Vertical track irregularities

The vertical track irregularities include vertical profile, cross-level, track twist,
short-wave irregularity, and rail vertical periodic irregularity.

The vertical profile irregularity refers to the vertical fluctuating of rail surface
along the track, which is caused by elevation deviations due to construction and
maintenance of the track, deflection of the bridge, uneven residual settlement of the
track bed and roadbed, unequal gap among the track components, existence of
hidden sag and blinded hanging rail, and vertical elasticity inconsistence of the
track.

The cross-level irregularity means the variation of altitude difference between
the left and right rail tops at each cross section of track. The amplitude of
cross-level irregularity refers to the altitude difference excluding the superelevation
of the outer rail on the curved track.

Track twist, also known as level distortion, refers to the top-surface distortion of
the left and right rails with respect to the track level, which is measured by the level
difference between the two rails at two cross sections in a certain distance. The
International Union of Railways (UIC B55RP 3 1966) defines the “a certain dis-
tance” as “the acting distance” which refers to the wheelbase of the vehicle or the
center-to-center distance between the two bogies.

Short-wave irregularity of the track refers to the irregularity at the top surface of
the rail within a small range, which is formed by uneven surface wear, scratch,
peeling off, rough welds, and stagger joints of the rail, wherein the rail surface
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scratches, peeling off, rough welds, and stagger joints are isolated and without
periodicity, while uneven surface wear, especially corrugated abrasion and wave
abrasion, has periodic characteristics.

The vertical periodic irregularity is caused by the roller error, scratch, rough
welds, and uneven rolling pressure during the rolling and straightening process of
the rail.

(2) Lateral track irregularities

Lateral track irregularities include alignment irregularity, gauge deviation, and
lateral periodic irregularity of rail.

Alignment irregularity, also known as direction irregularity, means the trans-
verse concave-convex fluctuation of the rail head at the inner side along the track,
which is formed due to the deviation of the track centerline, accumulation of lateral
uneven residual deformation of track panel, side uneven wear of rail head, and
lateral elasticity inconsistence of the track.

Gauge deviation is that of the minimum inner distance between the left rail and
the right rail with respect to the standard gauge, which is measured at 16 mm (in
China, while in European and some other countries, it is 14 mm) below the top
surface of rails at the same cross section.

Lateral periodic irregularity refers to the lateral periodic bending deformation of
the rail during its rolling and straightening process.

(3) Composite track irregularity

Composite track irregularity is the bidirectional irregularity composed of vertical
and lateral irregularities at the same location of the rail, in which the more harmful
ones are the alignment and level reversely composited irregularity and the geo-
metrical deviation at the endpoints of a curved track.

The alignment and level reversely composited irregularity means that at the same
location, there exist simultaneously both alignment irregularity and cross-level
irregularity where a reverse superelevation status is formed at the outer rail on the
convex side of the track.

The geometrical deviations, which are caused by inconsistence or mismatch of
the initial and/or endpoints of superelevation, versine, gauge and longitudinal slope
in the curve-transition section and transition-straight section, have a non-negligible
influence on the running stability, comfort, and safety of the train.

2. Classification by the wavelength characteristics of track irregularities

There exist many wavelength components in the measured track irregularities, with
a wide range from 0.01 to 200 m. Track irregularities with different wavelengths
have various effects on the vibration of train-bridge system, so it is necessary to
classify the track irregularities according to wavelength. The standards for classi-
fying track irregularity with wavelength in different countries are similar, but the
wavelength ranges for classification are not the same. Shown in Table 3.1 is the



3.1 Track Irregularities 153

Table 3.1 Track irregularity classification with wavelength characteristics

Wavelength Wavelength Amplitude Common track irregularities
types range
Short-wave A few mm <1 mm Rail surface irregularities such as rail head
irregularity to dozens of abrasion, scratch, peeling off, rough joint
mm welds, and corrugated wear
Hundreds of <2 mm Wave wear and uneven sleeper spaces
millimeters
Medium-wave 1-3.5m 0.1-1 mm Track irregularity formed in rolling process
irregularity 3-30 m 1-35 mm Vertical profile, alignment, distortion and
cross-level irregularities, and gauge
deviation
Long-wave 30-150 m 1-60 mm Vertical profile and alignment irregularities
irregularity

track irregularity classification with their wavelength characteristics (Luo et al.
2000).

3. Classification by the shape characteristics of track irregularities

The tracks are long rails welded or fishplate connected with rail segments of a
certain length. Track irregularities in common subgrade and some special sections
such as joint area, welds zone, grade crossing, turnout area, bridge-subgrade and
tunnel-subgrade transitions have different characteristics in their shapes. Based on
the field measurement and statistical analysis, the track irregularities can be divided
into several forms according to their approximate shape features: (1) sinusoidal or
cosinusoidal form (including partial isolated and continuous periodic); (2) parabola
form; (3) convex form (including reverse and forward step shaped, mostly as local
irregularity); (4) triangular form (including partial isolated and continuous peri-
odic); (5) S-shaped form (including local isolated and continuous periodic).

4. Static and dynamic track irregularities

There exist static and dynamic irregularities in railway track. Generally, the
geometry shapes for the static and dynamic track irregularities are quite different at
the same location, and the worse the track condition, the greater the difference.

(1) Static track irregularities

The static track irregularities are those measured under no load. In this case, the
rails and the sleepers do not bend following the uneven residual deformations and
hidden sags of the track bed in a short distance, so the static irregularities cannot
reflect the local deformation of the track caused by the hidden sags, uneven elas-
ticity, etc., but can partially reflect the accumulated irregularities caused by uneven
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residual deformation of the bed and the subgrade. Static irregularities are usually
measured by manual work or light measuring cart.

(2) Dynamic track irregularity

The dynamic track irregularities are those measured under train load. Dynamic
irregularities have direct influence on the running safety, wheel-rail forces, and
vehicle vibration of the train, so the amplitudes of dynamic irregularities are taken
as the control standards for track irregularities, especially the safety management
standards, in China as well as in other countries.

Dynamic irregularities are measured when a track inspection car runs on the
track. Shown in Figs. 3.3 and 3.4 are, respectively, the track irregularity curves
measured at the N102 Bridge and the Shihe River Bridge on the Qin-Shen
(Qinhuangdao-Shenyang) high-speed railway (Cao and Xia 2005), which were
widely used in dynamic analysis of train-bridge system in Chinese high-speed
railway design.

Some researchers believe that the track irregularities measured by track
inspection car at different speeds are not real track irregularities, because they
contain various additional track deformations as well as wheel vibration responses.
In theory, only the track irregularities measured under quasi-static wheel loads can
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Fig. 3.3 Track irregularity curves measured at the N102 Bridge on the Qin-Shen HSR
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Fig. 3.4 Track irregularity curves measured at the Shihe River Bridge on the Qin-Shen HSR

reflect the inherent true state of the track. Indeed, only when the car moves at low
speed and under constant quasi-static wheel load, can the real vertical track irreg-
ularity be described by the quasi-static movement of the wheel. While in fact, the
additional sinkage of the track and the vibration displacement of the wheel at
different speeds are very small, usually less than the resolution of inspection system
on the track inspection car; therefore, the speed of track inspection car has little
substantial influence on the authenticity of the measured results.

3.1.2 Excitation Function of Track Irregularities
in the Train-Bridge Vibration System

When a railway vehicle runs on the track, the track irregularities may induce the
floating and lateral vibrations and the wheel-rail forces of the vehicle, so they are
the main self-exciting source of train-bridge coupling vibration system. Taking the
floating vibration as an example, the basic principle of this excitation is shown in
Fig. 3.5.

A vehicle can be simplified as a system composed of a sprung-mass M, a wheel
m, a spring k, a damper ¢, which has two degrees-of-freedom, namely the
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Fig. 3.5 Forced vibration
caused by track irregularity

displacement z. of mass M and displacement z,, of wheel. The vehicle moves on the
track with an irregularity expressed by z;.
In this system, the equation of motion for the sprung-mass M is

Mz, = —k(ze — zw) — (2 — Zw) (3.5)

For convenience of analysis, the correspondence contact relationship is assumed
between the wheel and the track, and the track deformation is not considered
temporarily. In this case, the motion of the unsprung-mass m can be determined by
the track irregularity at its location, which can be expressed as

zw = z(x) = zi(V1) (3.6)
By substituting Eq. (3.6), Eq. (3.5) becomes
Mz + czc + kze = kzi + ¢ (3.7)

Because z; and z; in this equation are known, the displacement of the
sprung-mass M can be directly written by the Duhamel integral (Clough and
Penzien 2003)

2(t) = e "*!(A sin wyt + B cos wg?)
(3.8)

1 t
+ M—%A [kZi(V‘L') -‘rCZi(V‘E)]C_ém(t_T) sin wd(t — ‘E)d‘E

When the vehicle moves on the track at a certain speed, the unsprung-mass
m will also produce an inertial force due to the irregularity

Fy = mZy (x) = m%i(Vi) (3.9)

In reality, the track is elastic, which will deform and vibrate when it is acted on
by the elastic force k(z. — zw) of the spring, the damping force ¢(z. — zy) of the
damper, and the inertial force Fy of the unsprung-mass m.
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Similarly, the alignment track irregularity may cause the wheel and the track to
produce lateral vibration.

Therefore, track irregularity is one of the main excitations for the train vehicle
vibration, and an important cause to produce the wheel-rail interaction forces and
the dynamic effect of the track structure.

The existence of track irregularities may change the wheel-rail contact relation,
and affect the dynamic characteristics of the wheel-rail system. Train vehicles
vibrate when they are excited by the track irregularities and other external excita-
tions, and the vibration is transmitted to the track and the bridge structure through
the wheel-rail contact points, forming the dynamic interaction process of the
train-track-bridge system. Therefore, track irregularities play a very important role
in dynamic analysis of train-bridge interaction system, and they are considered as
one of the main self-excitations for the train-track or train-bridge vibration system
(Yasojima 1981; Garg and Dukkipati 1984; Chen and Zhai 2001; Zhang 2001; Xia
et al. 2012; Zhai 2014; Anderson et al. 2015; Yang et al. 2015; Wang et al. 2015).
When the track is in poor condition, the vehicle vibration and wheel-rail forces
excited by the irregularities may seriously increase with train speed, which, in the
serious case, may even cause a train to derail from the track. The superposition of
bridge deformation and track irregularities has a non-negligible influence on the
analysis results for the train-bridge coupling vibration system, so it is important to
choose the reasonable track irregularity spectra for acquiring true and reliable
results.

3.1.3 Mathematical Description of Random Irregularity
Characteristics

The geometric state of a track has strong randomness, because it is affected by
various factors. These factors include the initial bending, wear and damage of rails,
uneven spacing and varying quality of sleepers, uneven grading and strength, loose,
dirt, and compaction of track bed, uneven subsidence, and varying stiffness of
roadbed. In fact, the track irregularity is composed of random irregularity waves
with different wavelengths, phases, and amplitudes, which is a complex stochastic
process along the track mileage. The track irregularity in any particular section can
be regarded as a sample of the random process: For the infinitely long track, it is an
approximate ergodic weak stationary process, while for the local irregularity, it is a
non-stationary process. Therefore, the track irregularity cannot be clearly expressed
by a mathematical formula with definite amplitude, wavelength, and phase, but be
described by statistical parameters in the random vibration theory (Cooperider et al.
1975; Pater 1988; Xin 2005; Liu et al. 2006; Xu et al. 2015; Zacher et al. 2015).
The stochastic statistical properties of track irregularity include two aspects: the
amplitude statistics and power spectrum statistics of track irregularity.
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3.1.3.1 Statistical Characteristics of Track Irregularity Amplitude

The amplitude of track irregularity refers to the deviation value of the actual track
state from the theoretical one. The maximum positive value or maximum negative
value of the irregularity in a certain track section is called the peak or half-peak of
the irregularity, and the difference between the adjacent maximum positive value
and the maximum negative value is known as the peak-to-peak value.

The amplitude of track irregularity in a special position cannot represent the
overall status for the consecutive irregularity in a track section. Generally, the
amplitude and wavelength variations of the consecutive track irregularity within a
specific section can be described and evaluated with the statistical characteristics
such as mean square value and standard deviation.

(1) Mean square value and standard deviation of track irregularity

For a track section of 0 ~ L, the mean square value zpi and the variance aﬁ of the
track irregularity m(x) can be expressed as

L
vi=1 | s (3.10)
L L
=1 [ W -wPa=1 [pwa-g = Gy

where x is the mileage location of the track; p, is the mean value of track irregu-
larity in this section.

As can be seen from the above equation, the mean square value of track
irregularity is composed of the mean and the variance, which are related to the
excitation energy.

Variance indicates the amplitude deviation of a random irregularity from the
baseline, whose square root is standard deviation. The standard deviation of a track
irregularity describes the dispersion degree of its amplitude. The standard deviation
of track irregularity o, can be expressed as

o= %Z (i — 1)’ (3.12)

i=1

The variance or standard deviation is adopted to evaluate the maintenance
quality of the track in China and some European countries. In China, for example,
the track quality index (TQI) is used to evaluate the statistical properties of track
irregularity amplitude (TYH2004-120 2004). The basic method of using TQI is to
divide the measured track irregularities in a section into several segments with a
certain length (200 m in China), then calculate the standard deviations for the
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irregularities in each segment, and sum these standard deviations with different
weights to compose the TQI, and use the TQI as the standard to evaluate the quality
state of the track irregularity in this section.

(2) P index of track irregularity

In Japan, the P index method is used for track irregularity management. The
P index is the percentage of the number of sampling points exceeding a certain
standard (3 mm) among the total samples of irregularity in a certain length of track
(500 m in Japan), expressed as

P number of sampling points exceed.ing a c'ertain standard « 100% (3.13)
total number of sampling points

Clearly, the P index reflects the amplitude state of track irregularities in the
specific track section.

(3) Moving average value e of track irregularity

In France, SNCF (Société Nationale des Chemins de Fer) performs not only routine
inspections and evaluations on local track irregularities with different management
levels, but also comprehensive examination and management on the overall state of
the track irregularity. The moving average value e (i.e., the average deviation or
comprehensive index) of absolute deviation of track irregularity in a 300 m section
is used to manage the quality state of track. The method is to calculate the average
amplitude of track irregularity in the range of 150 m before and after the calculating
point, and take it as the e value of this point. Therefore, the calculated e value
reflects the overall state of the track irregularity amplitudes in the 300 m section.
The relationship between the moving average value e and the standard deviation
ois

o =138e¢ (3.14)

3.1.3.2 Power Spectral Densities of Track Irregularity

In addition to amplitudes, the wavelengths and their variation rates of track irreg-
ularities also have important effect on the wheel-rail interforces and dynamic
interaction of train-bridge system.

The most effective way to describe the wavelength characteristics of track
irregularities is to apply power spectrum, namely to describe and assess track
irregularities with the power spectral density function (PDF) (RGRV 1985; Railway
Construction Institute 1999; Xiao et al. 2008; Zhang et al. 2008; Wei 2011). Power
spectral density, also known as mean square spectral density, is used to describe the
frequency feature of random data with spectral density of their mean square values.
Power spectral density is an effective statistical parameter to describe the wave-
length components or frequency components (as an excitation of vehicle-track
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interaction, the wavelength can be converted into frequency according to the speed
of the vehicle) and other characteristics of track irregularities, which can fully
reflect the distributions of track irregularity amplitudes in various wavelengths.

Since the differences in transport conditions, maintenance states, track structures,
natural climates, etc., among different lines or various locations of a same railway,
track irregularities are neither strictly ergodic nor really stationary. However, it is
confirmed by the stationary test that except those on the sections of rail joints,
welds, turnout zones, etc., most track irregularities are stationary or weak stationary,
which can be handled as stationary random process, and their wavelength charac-
teristics can be described by the power spectral densities.

(1) Definition of track irregularity power spectrum

Assuming #(¢) and #(x) are samples of a track irregularity, the estimate of power
spectral density is defined as

o U A)

Gy(f) A (3.15)

where % (f, Af) is the mean square value of #(f) or #(x) in the frequency range of
[f, f + Af], and Af is the bandwidth.

If the bandwidth Af — 0, and the statistical period T — oo or the distance
X — o0, the exact expression of power spectral density can be obtained as

T
- A
G”(f):Al}To (Zf i Alf—»oAf TaooT/HZIf’Af (3.16)
0
or:
X
G,(f) :AI}TOA_f xﬁoox/nz x,f, Af)dx (3.17)
0

where #(t, f, Af) and 5(x, f, Af) represent the values of #(f) and #(x) in the frequency
range of [f, f +Af], respectively.

It can be seen from Egs. (3.15)—(3.17) that power spectral density is the mean
square value of #(¢) or n(x) per unit frequency bandwidth. It should be noted that fin
Eq. (3.16) is the time frequency with f = 1/T (Hz), while in Eq. (3.17), f is the
spatial frequency with f= 1/ (1/m). It is more convenient to describe track
irregularity with spatial frequency, while vibrations of vehicle and track can also be
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described with time frequency. The unit of power spectral density of track irreg-
ularity is mm2/(1/m).

The power spectral densities defined in Eqgs. (3.15)—(3.17) only exist for positive
frequencies and are called the single-side power spectral densities, which can be
obtained by filtering, squaring, or averaging method.

In numerical analysis, the power spectral densities are expressed in a different
way, where the power spectral densities of track irregularity are calculated with the
fast Fourier transform (FFT), expressed as

T 2
1 ,
Gy (f) = lim - / n(t)e > ide (3.18)
0
e 2
: 1 —j2m fx
Gy(f) = lim 2| [ n(x)e ™ dx (3.19)

Power spectral density G,(f), also known as self-spectral density, is used to
describe the frequency characteristics of the random data by the spectrum density of
mean square value of the data. G,(f) is the most important statistical function to
study various random information, such as the statistics of frequency or wavelength
components and the variations of amplitudes in random vibrations, and to describe
the characteristics of track irregularities.

(2) Power spectrum density diagram of track irregularity

The power spectrum density of track irregularity G,(f) can be expressed with a
power spectrum density diagram, which is a continuous curve in a coordinate
system, with the spatial frequency or wavelength as the abscissa and the power
spectral density value as the ordinate. Power spectrum density diagram can clearly
show various wavelength components in the track irregularity.

The area below a power spectral density curve between f; and f> equals to the
mean square value lﬁi of various wavelength components in the frequency band (or

wavelength band), that is

f2
Vg = [ G 0<h<h) (3.20)

1

As the power spectral densities of track irregularity are distributed in a wide
range, the power spectral density diagram is expressed with logarithmic coordinates
to show the variations of power spectral densities in the entire wavelength range.

Shown in Fig. 3.6 are the power spectral densities of vertical profile irregular-
ities measured in China’s main railways. It can be seen that each power spectral
density diagram consists of continuous downward sloping curves, which contains
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the amplitude and wavelength information for a certain section of track irregularity,
and has the spectrum characteristics of broadband random wave. In most cases, the
longer the wavelength component, the bigger the power spectrum density ampli-
tude. Sometimes, the power spectral density curve may also contain a convex peak
of narrow-band random wave and/or periodic spikes. According to the spectral
characteristics of track irregularities, the excitation environment of train vehicles
can be well identified, and the diseases in track structure can be analyzed and
detected. The differences among the PSD curves indicate the quality status of
various tracks: The lower the curve’s position, the smaller the area under the
spectrum, and the better the track status. So it is an effective method to describe the
characteristics of track irregularities by power spectral densities, which is important
for assessing the state of track regularities, studying the vehicle vibration excited by
track irregularities, and designing the running and suspension system of train
vehicles.

(3) Fitting expression of power spectral density curves

The power spectral density diagram of track irregularity is a statistic characteristic
curve based on a large number of measured samples, which generally cannot be
expressed by a definitive analytical function. While in practice, for convenience of
description and application, a fitting function formula closing to the spectral density
curve is usually required. There are various kinds of fitting curve formulas of track
spectra proposed in China and other countries. Generally, a complicated formula is
closer to the actual spectral density curve, but it needs more characteristic param-
eters for fitting the curve. Some typical track spectra will be introduced in detail in
the next section of this chapter.
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3.1.3.3 Description of Local Track Irregularity

In track inspection, when the track is found to have big irregularity amplitude or
abnormal deformation at a local section, which is significantly different from those
at the adjacent section, special attention should be paid, for such particular local
irregularities often cause large transient response of the rail and the wheel-set when
the train passes.

Researchers have conducted surveys and statistical analyses on various local
track irregularities, and divided them based on their waveform characteristics into
three categories as regular local irregularity, deterministic irregular local irregu-
larity, and random local irregularity. Regular local irregularity and deterministic
irregular local irregularity can be described by definite functions such as sinusoidal
function, cosine function, trigonometric function, and jump function or the com-
binations of these functions.

In American railways, the waveforms of local track irregularity are summarized
into eight types, and the proportion and probability of irregularity with different
waveforms are analyzed. Table 3.2 shows the waveform characteristics and the
occurring locations of these eight types of local track irregularities.

Track irregularities with different waveform characteristics may exist individu-
ally, or in pairs, in treble and in multiple, may be continuous and also be periodic.
For some typical local irregularity waveforms, they can also be described
approximately by function expressions.

Random local irregularity waveforms are complex, so they are usually
approximately described with their characteristic parameters such as amplitudes,
half-wavelengths, 1/4 wavelengths, average variation rates, and wave numbers.

As shown in the local random track irregularity curve in Fig. 3.7, the distance
between adjacent peak positions with the same sign is defined as wavelength 4, the
distance between a positive peak and the adjacent negative peak is half-wavelength
L, and the distance between a peak and the adjacent zero point is [ equaling to 1/4

Table 3.2 Waveform characteristics and occurring locations of local track irregularity

Characteristics Location

Sharp-curved Joints, frogs, interlocking devices, hard bends, buffer rails, insulation
joints of SWR, fishplate joints of rails, piers

Circle-curved Soft soil sections, scouring places, mud-pumping points, dirty ballasts,
joints, transition curves, level crossings, bridges, overpasses, loose
bolts, frog, interlocking devices

S-curved Transition curves, bridges, crossings, interlocking devices,
cutting-subgrade transition zones

Stepped Bridges, level crossings, local repaired places

Slotted Soft soil points, soft and unstable subgrades, transition curves

Sine-wave curved Transition curves, soft soil points, bridges

Decayed sine-wave Easement curve, frog, local soft soil place
curved

Sinusoidal curved Local soft soil places, insulation joints
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wavelength. The wavelength A of local irregularity is usually difficult to determine,
so it is usually taken as 4/ which is easier to distinguish.

The average variation rate can approximately reflect both wavelength and
amplitude. It is either defined as #/I, the ratio of half-peak amplitude # to [, called
the average variation ratio of 1/4 wavelength, or H/L, the ratio of peak-to-peak
amplitude H to half-wavelength L, called the average variation ratio of peak-to-peak
amplitude.

3.1.4 Typical Track PSD

The statistics for spectral characteristics of track irregularities have long been paid
attention. For example, the UK railway department began this research as early in
1964. UK, Japan, Germany, USA, the former Soviet Union, India, Czech Republic,
and some other countries have proposed, respectively, their own power spectral
densities of track irregularity or related PSD functions. In the early stage of
development of China’s high-speed railways, the track spectra from other countries
were adopted for dynamic analysis of train-bridge coupling system. In 2014, based
on a large number of measurements on high-speed railway lines, the track irregu-
larity spectra of high-speed railway were proposed in the China code PSD of
Ballastless Track Irregularities of High-speed Railway (TB/T 3352 2014), which
have been gradually applied in dynamic analysis of high-speed railway bridges.

1. British track irregularity spectra

The track spectra used in British railway are

Vertical profile : S, (f) = 1A33f2+7.8}f3+2294f4
Alignment : S, (f) = 157 (3.21)

Cross —level : S¢(f) = 7,72f2—6,301f3+ 15.69/7
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where S(f) is the PSD function of track irregularities [mm?/(1/m)], and fis the
spatial frequency (1/m).

2. American track irregularity spectra

The power spectral densities of track irregularity were proposed by the Federal
Railroad Administration (FRA) on the basis of a large number of measured data,
which are fitted with the even functions expressed by cutoff frequencies and
roughness constants as follows.

(1) Vertical profile track irregularity

kA, Q2

aleTroanr (3.22)

Su(Q)

where S,(Q) is the PSD function of vertical profile track irregularity [cm*/(rad/m)],
A, is the roughness constant (cm®-rad/m), Q. is the cutoff frequency (rad/m), and
k is the safety factor which is between 0.25 and 1.0 according to the requirement,
and generally taken as 0.25.

(2) Alignment track irregularity

kA,

S.(Q) = P D (3.23)

where S,(Q) is the PSD function of alignment track irregularity [cm?/(rad/m)], and
A, is the roughness constant (cmz-rad/m).

(3) Cross-level and gauge track irregularities

4kA, Q2

5 (3.24)
Q"+ Q) (Q°+9Q)

SC(Q) = Sg(Q) =

where S.(€2) and S,(Q) are, respectively, PSD functions of cross-level and gauge
track irregularities [cm?/(rad/m)], and Q is the cutoff frequency (rad/m).

The standard track spectra are divided into 1-6 grades, and the related param-
eters in Egs. (3.22)—(3.24) are listed in Table 3.3. In the table, the maximum
allowable train speeds related to different grades in accordance with the running
safety standard are also given.
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Table 3.3 Parameters of track spectra given in FRA standard (Grade 1-6)

Item Grade of track
Grade-1 | Grade-2 | Grade-3 | Grade-4 | Grade-5 | Grade-6

A, (cm?-rad/m) 1.2107 |1.0181 |0.6816 |0.5376 |0.2095 |0.0339
A, (cm*rad/m) 3.3634 |1.2107 04128 |0.3027 |0.0762 |0.0339
Q, (rad/m) 0.6046 |0.9308 [0.8520 |1.1312 [0.8209 |0.4380
Q. (rad/m) 0.8245 |0.8245 [0.8245 |0.8245 [0.8245 |0.8245
Train speed Freight 16 40 64 96 128 176
allowance train
(km/h) Passenger |24 48 96 128 144 176

train

3. German track irregularity spectra

The track irregularity spectra in German high-speed railways are currently applied
in European railways, which are also adopted in China to analyze the running
stability of trains according to the overall technical conditions for high-speed trains.
The German track irregularity spectra are expressed as

A,Q?
L(e) E— . — (3.25a)
(@1 Q)+ D)
2
Si(Q) = (3.25b)
(@1 Q)@+ D)
A, -b2.QF QP
5.(Q) = g 3.25
@) (@ + ) (P + O+ Q) (3:25¢)
A,020°
S,(Q) = s (3.25d)

(@2 +O)(Q* + Q) (X + )

where S,(Q), S,(Q), and S,(Q) are, respectively, the PSD functions of vertical
profile, alignment, and gauge irregularities [m*/(rad/m)], and S.(Q) is the PSD
function of cross-level irregularity [1/(rad/m)]; A,, A,, and A, are the roughness
coefficients [m*rad/m]; Q., Q,, and Q; are the cutoff frequencies (rad/m); b is the
half of the distance between the right and left rail centers.

The cutoff frequencies and roughness constants in Egs. (3.25a, 3.25b, 3.25¢, and
3.25d) are shown in Table 3.4, where A, are the reference values based on the
variations of gauge irregularity in the range of —3 to +3 mm.
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Table 3.4 Cutoff frequencies and roughness coefficients of the German track spectra

Track level | Q. Q, Q. A (m*rad/m) | A, Ag

(rad/m) | (rad/m) | (rad/m) (mz-rad/m) (mz-rad/m)
Low 0.8246 | 0.0206 |0.4380 |2.119 x 1077 |4.032 x 1077 {532 x 1078
disturbance
High 0.8246 | 0.0206 |0.4380 |6.125 x 1077 |1.08 x 10°® |1.032 x 1077
disturbance

In the table, parameters in “low disturbance” are applicable for high-speed
railways with train speed greater than 250 km/h, and those in “high disturbance” for
ordinary railways.

4. Track spectra of ordinary railways in China

In the late 1990s, the China Academy of Railway Science (CARS) systematically
studied the track irregularity states in China. Aiming to speed up the three main
railway lines to 160 km/h, the CARS measured 40,000 km track irregularities by
inspection cars and some others by ground surveys, and based on statistics of the
test data, proposed the PSD functions of track irregularities for China’s ordinary
railways as follows

A(f>+Bf +C)

SO = o v i TG

(3.26)

where fis the spatial frequency (1/m); A, B, C, D, E, F, and G are the characteristic
parameters, which have different values for vertical profile, alignment, and
cross-level irregularities in various types of railway lines. Listed in Table 3.5 are
the characteristic parameters for ordinary railway lines in China.

Table 3.5 Characteristic parameters of track irregularity PSD functions for ordinary railway lines
in China

Parameters A B C D E F G
Vertical profile of left | 1.1029 | —1.4709 |0.5941 | 0.8480 |3.8016 |—0.2500 |0.0112
rail
Vertical profile of right | 0.8581 | —1.4607 |0.5848 | 0.0407 |2.8428 |—0.1989 |0.0094
rail
Alignment of left rail 0.2244 | —-1.5746 | 0.6683 | —2.1466 |1.7665 |—0.1506 |0.0052
Alignment of right rail |0.3743 | —1.5894 |0.7265 | 0.4353 |0.9101 |—0.0270 |0.0031
Cross-level 0.1214 | —2.1603 |2.0214 | 4.5089 |2.2227 |—0.0396 |0.0073
Note The speedup target of the three main railway lines is 160 km/h
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5. Track spectra of high-speed railways in China

In recent years, the CARS, using track inspection cars, measured the geometric
track irregularities of ballastless slab tracks on Beijing-Tianjin, Wuhan-Guangzhou,
and some other high-speed railways. By analyzing the measured data and using the
periodogram method, the CARS proposed the track irregularity spectral diagrams
with various percentiles of the Beijing-Tianjin intercity railway, and analyzed the
characteristics of the spectra (Zhang et al. 2008). Figure 3.8 shows the 50% point
spectra.

In 2014, the China Railway Corporation officially issued the track irregularity
spectra with various percentiles for high-speed railways, in which the PSD func-
tions for irregularities of vertical profile, alignment, cross-level, and gauge devia-
tion are expressed with segmentally fitted power functions

S(f) = (3.27)

f*
where f'is the spatial frequency (1/m), the coefficients A and k in various segments
corresponding to the average spectra can be obtained in Table 3.6, in which the
wavelengths at the spatial frequency segmenting points are listed in Table 3.7, and

1000 ¢ 100
100 & 10 b / n
= E = WA
g 10 g 1 / \“u‘ |
= = A \aw
NE NE 0.1 ¢
E o £
A A 001 F
¢ 0.0 Vertical profile Z Alignment
{E- 1E3 F
1E-3 0.01 0.1 1 1E-3 0.01 0.1 1
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5 \AWWMW E 1
E 01k E 01
E ¢ L“ E
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Fig. 3.8 Track irregularity PSD diagrams of Beijing-Tianjin intercity railway (50% point
spectrum)
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Table 3.7 Spatial frequencies and corresponding wavelengths at segmenting points for HSR
ballastless track irregularity spectra

Irregularity | Segment 1, 2 Segment 2, 3 Segment 3, 4

type Spatial Wavelength | Spatial Wavelength | Spatial Wavelength
freq. (m) freq. (m) freq. (m)
(1/m) (1/m) (1/m)

Vertical 0.0187 53.5 0.0474 21.1 0.1533 6.5

profile

Alignment | 0.0450 222 0.1234 8.1 - -

Cross-level | 0.0258 38.8 0.1163 8.6 - -

Gauge 0.1090 9.2 0.2938 34 - -

Table 3.8 Conversion factors from average spectra to percentile spectra of track irregularity

Percentile 10.0 |20.0 |250 |30.0 |500 |60.0 |632 |[70.0 |750 |80.0 |90.0

Conversion | 0.105 |0.223 |0.288 | 0.357 |0.693 |0.916 | 1.000 |1.204 |1.386 | 1.609 |2.303
factor C

the conversion factor C from average spectra to percentile spectra is shown in
Table 3.8.

6. Track irregularities and PSD curves measured on Qin-Shen HSR

In 2002, upon the completion of the Qin-Shen high-speed railway with design
speed 200 km/h, the China’s Ministry of Railways organized two large-scale
comprehensive field tests. In the second test, the maximum speed of the China-star
train reached 321.5 km/h.

Shown in Fig. 3.9 are the 1200 m samples of vertical profile, alignment, and
cross-level irregularities and their PSD curves measured on the Qin-Shen HSR (Cao
and Xia 2005), whose maximum amplitudes are 7.73, 3.59, and 2.22 mm,
respectively.

7. Comparison of track spectra from various countries

The comparisons of track irregularity spectra from British, Germany, USA, and
China’s ordinary railway lines and high-speed railway are shown in Fig. 3.10, in
which the measured spectra from Shinkansen line in Japan and Qin-Shen HSR in
China are also plotted for reference. The Japanese track spectra are provided by the
Japan Railway Technical Research Institute based on a section of measured track
irregularities, which have no statistical significance, but can reflect some wave-
length characteristics of Shinkansen track irregularities. The track spectra from
Qin-Shen HSR were measured by the track inspection car in the comprehensive
experimental section K30-K72 where France-made rails were laid.

It can be seen that among the track spectra in various countries, the British track
spectrum values are large and the Japanese Shinkansen track spectrum values are
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Fig. 3.9 Track irregularity samples and PSD curves measured on Qin-Shen HSR

small, because the British track spectra are for general railway, while the Japanese
ones are for very good tracks, so the these two spectrum curves are less used in
simulation analysis. The American Grade-6 spectrum curves have the same forms,
respectively, with the German low disturbance curves, but have bigger values,
which is mainly because that the allowable train speed for the American track
spectra is only 176 km/h while the German ones are for high-speed railway. The
alignment and cross-level irregularity spectra in China HSR are almost equal to the
average values of the Japanese Shinkansen ones, and the vertical profile irregularity
spectrum is smaller than that of the Japanese one, because the ballastless slab tracks
with better smoothness are adopted in China.
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Fig. 3.10 Comparisons of track irregularity spectra from specifications and measurements in
various countries

3.1.5 Control Standards of Track Irregularities

A lot of researches on the control of track irregularities have been carried out in
China and abroad, and fruitful results achieved. In some countries, especially in
those with developed railways such as France, Japan, and Germany, based on the
characteristics of their railways and the practical conditions of track structures and
plane/longitudinal track sections, series of monitoring and management standards
and control measures for track irregularities have been studied and developed, such
as job acceptance criteria, routine maintenance standards, emergency repair stan-
dards, and train speed-limit management standards of tracks. These criteria and
standards play important roles in track quality controls of these countries, and
provide technical assurances for running safety and comfort of trains and the
development of high-speed railways.

In China, researches on control of track irregularities started relatively late, and
systematic studies had not been conducted until the mid-1980s. Projects on track
irregularity controls were proposed and approved as the state science and
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Table 3.9 Management standard for track irregularities of Shinkansen lines (200 km/h and up) in

Japan
Item Target of management
Job Maintenance Comfort | Safety
acceptance plan
Track Vertical profile <4 6 7 10
irregularity (mm/10m)
Alignment (mm/10m) | <3 4 4 6
Gauge (mm) <+2 +6 —4 +6 —4 +6 —4
Cross-level (mm) <3 5 5 7
Planarity (mm/2.5m) <3 4 5 6
Shaking Vertical - 0.25 0.25 0.35
acceleration (Peak-to-peak) (g)
Lateral ~0.20 0.20 0.20 0.30
(Peak-to-peak) (g)

technology key projects from “The 6th Five-Year Plan” to “The 12th Five-Year
Plan.” With the development of more than 30 years, a lot of practical results have
been obtained, and some standards on track irregularity controls for China’s main
railways put forward, related to routine maintenances and repairs, job acceptances,
emergency repairs, and train speed-limit management of tracks, and especially the
track quality index TQI standard for track geometric state control. These standards
provide a technical basis for speedup of trains in existing railways and design of
subgrades, tracks, and bridge structures of high-speed railways in China.

There are two main factors limiting the train speed: The first is
plane/longitudinal section, and the second is smooth state of track, which have been
proved through studies and practices in China and abroad. If the track smooth state
is poor, the vehicle vibration and the wheel-rail interforces induced by track
irregularities will increase sharply with the train speed, which may even cause a
train derailment accident in serious case. Therefore, high-speed railways require
much more strict standards on track irregularities than those for ordinary railways.

Listed in Tables 3.9, 3.10, and 3.11 are, respectively, the management standards
for track irregularity of high-speed railways in Japan and France, the dynamic
management standard for track irregularity of speeding up main railways in China,
and the standard of track irregularity for the 200 km/h and up test on
Zhengzhou-Wuhan railway line in 1998.

To ensure the high smoothness of high-speed railway tracks, the precision cri-
teria for laying tracks are specified in the Chinese standard “Interim Regulations for
Design of New Railway Subgrades, Bridges, Tunnels and Stations with the
200 km/h Speed,” as shown in Table 3.12, which are in accordance with those
required in the standards for 200 km/h railways in other countries.

In the Chinese standard Code for Design of high-speed railway (TB10621
2014), the laying precisions for HSR main line tracks should meet the requirements
in Table 3.13.
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Table 3.10 Management standard for track irregularities of TGV lines in France

Type | Lateral acceleration Vertical profile (mm) Alignment (mm)
(m/s?)
Car-body |Bogie | Half-peak Peak-to-peak Half-peak Peak-to-peak
value value value value
(122 m (31 m base) (10 m (33 m base)
base) base)
VO — — 3 2
VA 1.2 35 5 10 6 12
VI 22 6 10 18 8 16
VR 2.8 8 15 24 12 20

Note VO new built; VA maintenance; VI operation; VR emergency repair

3.1.6 Numerical Simulation of Track Irregularities

According to the statistical characteristics of measured track irregularities, the PSD
functions of track irregularities for different grades of railway can be determined,
based on which the simulated track irregularity curves can be obtained by numerical
methods.

A track irregularity random function can be regarded as a stationary Gauss
random process. There are several methods to produce track irregularity samples
with a given track irregularity power spectrum, such as trigonometric series
superposition method, secondary filter method, AR model method, or ARMA
model.

When using the trigonometric series superposition method, a sample of track
irregularity can be generated by the following formula

N
w(x) = V2) \/S(w)Aw cos(wx + ¢y) (3.28)
k=1

where w(x) is the generated track irregularity series; S(wy) is the given PSD
function of track irregularity; wy, (k=1,2,...,N), in which w; and wy are,
respectively, the lower and upper limits of frequency concerned; Aw is the band-
width of frequency interval; ¢, is the phase related to the kth frequency which is
uniformly distributed in 0-2.

For the simulated irregularity samples, it is necessary to test whether they have
the same characteristics with the given PSD function S(®). The basic test method is
to use FFT transform to get the simulated PSD function S*(®) from the simulated
irregularity series w(x) (x = 1, 2,...), then compare it with the theoretical one S(®),
observe the closeness between them, to verify the reliability of simulated samples.

The wavelength range of track irregularity spectra has great influence on the
analyzed results of train-bridge dynamic system. In general, short-wave irregular-
ities influence the safety indices of vehicles such as derailment coefficients and
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Table 3.12 Track laying precision criteria for new-built high-speed railways (ballasted track)

Item Vertical Alignment | Cross-level | Torsion (twist Gauge
profile warp)
Amplitude 3 mm 2 mm 3 mm 1%o0 (3 m base) +2 mm
Management 40-50 m 40-50 m 40-50 m - -
wavelength
Table 3.13 Track laying precisions for HSR main line tracks
Item Ballasted track Ballastless slab track
Gauge +1 mm Standard +1 mm Standard
gauge gauge
1435 mm 1435 mm
1/1500 Change rate 1/1500 Change rate
Alignment 2 mm Chord length 2 mm Chord length
10 m 10 m
2 mm/5 m 30 m base 2 mm/8a (m) 8a (m) base
10 mm/150 m 300 m base 10 mm/240a (m) 240a (m) base
High-low 2 mm Chord length 2 mm Chord length
10 m 10 m
2 mm/5 m 30 m base 2 mm/8a (m) 8a (m) base
10 mm/150 m 300 m base 10 mm/240a (m) 240a (m) base
Cross-level 2 mm Excluding 2 mm Excluding
super super
elevation of elevation of
curve and curve and
transition transition
curve curve
Torsion 2 mm 3 m base, 2 mm 3 m base,
including including
those those
produced by produced by
super super
elevation elevation
slope of slope of
transition transition
curve curve
Deviation from 10 mm Rail surface 10 mm Rail surface

design track
elevation/center

elevation at
platform
should not
lower than the
design value

elevation at
platform
should not
lower than the
design value

Note a in the table is fastener spacing (m)
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offload factors of wheels, while long-wave irregularities affect the vibration
acceleration of car-body, thus affecting the riding comfort of passengers. In
dynamic analysis of train-bridge system, the selection of wavelengths for track
irregularity spectra should consider the vibration frequencies of locomotive, vehi-
cle, track, and bridge, and the train speed range in calculation.

For track irregularities with long wavelengths that produce low-frequency
excitation, as the natural frequencies of bridge structures are generally higher than
those of vehicles, the vibration standard on vehicles is the control factor to deter-
mine the long-wave component considered for track irregularities. Considering the
most unfavorable situation of car-body vibration, the wavelength L of long-wave
track irregularity considered in simulation analysis should satisfy

Vv
L> 367 (m) (3.29)
where V is the maximum calculating train speed (km/h), and f is the natural fre-
quency of car-body (Hz).

The natural frequencies of high-speed train vehicles are generally in the range of
1.0-1.5 Hz, so the comfort standard is the control factor to determine the wave-
length of long-wave track irregularity. The lower frequency limit in ISO2631 is
0.89 Hz and that recommended in ORE/C116 is 0.5 Hz; therefore, if the calculating
train speed is 400 km/h (111.1 m/s), the wavelength of long-wave track irregularity
should be longer than 120 m, and if the train speed is 300 km/h (83.3 m/s), the
long-wave wavelength should reach 85 m. The management wavelengths of track
irregularity at different train speeds are shown in Table 3.14, where it can be found
that the management wavelength of track irregularities should be in the range of
45-85 m at the train speed of 250-300 km/h.

For track irregularities with short-wave wavelengths, as the sampling interval of
track irregularity by the inspection car in China and abroad is generally 0.25 or
0.3048 m (1 ft), the shortest effective wavelength of track irregularity is about
1.0 m. When the train speed is 400 km/h, therefore, the excitation frequency is
higher than 100 Hz.

Shown in Fig. 3.11 are the vertical profile track irregularity spectra measured on
the Gou River Bridge of the Qin-Shen high-speed railway, which are filtered with
different wavelengths. The figure shows that the track irregularities contain various
wavelengths in a certain range, and the PSD curves filtered with 30 and 50 m are
quite close to each other. In dynamic analysis of train-bridge system for high-speed
railway, the long-wave cutoff wavelength for track irregularity sample is 80 m, and
the sampling interval is 0.25 m, namely the shortest effective wavelength is about

Table 3.14 Management Natural frequency of | Train speed

wavelengths of track - vehicle 250 kvh | 270 kmvh | 300 knvh
irregularities at different train
speeds (m) 1.0 Hz 70 75 83

1.5 Hz 46 50 55
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1.0 m. This wavelength covers the possible wavelength range of track irregularities
on bridge, and remains a certain allowance.

Taking the Germany low disturbance track spectrum as an example, the random
track irregularity samples are generated by the above-mentioned numerical simu-
lation method (the PSD-based equivalent algorithm), using the PSD functions given
in Eq. (3.18).
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Fig. 3.12 Track irregularity curves generated from German low disturbance PSD
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Figure 3.12 shows the simulated track irregularity curves with wavelength range
1-120 m, which are adopted in the train-bridge dynamic analysis of Qin-Shen HSR
and Beijing-Shanghai HSR. The results show that when the wavelength is 1-
120 m, the amplitude of vertical profile track irregularity generated from German
low disturbance PSD varies in the range of —7.5-7.5 mm, and that of the alignment
track irregularity in the range of —6-5 mm.

3.2 Vehicle Hunting Movement

3.2.1 Mechanism of Vehicle Hunting Movement

When a railway vehicle runs on a track, the wheel-set rolling along the track pro-
duces, simultaneously, a lateral movement and a yawing movement in horizontal
plane, forming a motion trajectory of sinusoid curve (Wang 1983, 1994; Kalker
1979; Yang 1990; Xia et al. 2012), as shown in Fig. 3.13. This phenomenon is due
to the conic wheel tread and the gap between the wheel rim and the rail side. During
the movement, when the wheel-set drifts off the central line of the track, whose left
wheel and right wheel will roll along the track at different rolling radii. For example,
when the wheel-set drifts towards the right side, due to the conic wheel tread, the
right wheel rolls with a larger radius, and thus moves a longer distance than the left
one, and the unequal moving distances of the two wheels make the wheel-set drift to
the left side of the track, and vice versa. This is the so-called hunting movement of
wheel-set. The hunting movement of wheel-set forces the bogie and further the
car-body to move in horizontal plane, producing the hunting movements of bogie
and car-body. In dynamic analysis of train-bridge system, wheel-set hunting
movement can be defined as a given relative motion between wheel-set and track,
which is regarded as a self-excitation source of the system.

2mx
=A sin—
y s 3

S

Track center line

Fig. 3.13 Illustration of wheel-set hunting movement
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When a vehicle runs on an ideal straight track, if the wheel-set has a good
positioning stiffness, and the suspension system has appropriate matching param-
eters, or under other specific conditions, the amplitude of hunting movement
generated in a certain speed range will attenuate with time, in which the movement
is known as the stable hunting movement. When the train speed exceeds a critical
value, the amplitude of the hunting movement will increase with time, so that the
wheel-set will swing from side to side until the wheel rim collides with the rail, and
thus, the bogies and the car-body also undergo severe vibration, in which case the
movement is called unstable hunting movement.

When an unstable hunting movement occurs, it may not only worsen the running
performance of vehicle, debase the comfort of passengers, increase the dynamic
loads on vehicle parts, but also induce serious wheel-rail collision, causing damage
to the vehicle and the track structure, and even vehicle derailment. Therefore, the
hunting movement of vehicle is one of the main obstacles to realize high-speed
running of trains.

3.2.2 Hunting Movements of Wheel-Set in Free and Actual
States

There are two types of hunting movement when a vehicle runs on the track: one occurs
in the wheel-set, the other occurs in the bogie, which are very complicated. The study
starts from the simplest case, namely the hunting movement of a free wheel-set with
conical tread, by assuming (1) the free wheel-set moves at a uniform speed along the
straight track with constant rail gauge and rigid subgrade; (2) the wheel continuously
contacts with the rail, and the lateral displacement of the wheel-set is very small.

The wheel-set movement can be regarded as rotating around the instantaneous
center of rotation with the radius p, as shown in Fig. 3.14.

When the movement speed is very low and the force (moment) of inertia can be
neglected, the hunting movement of free wheel-set can be described with simple
harmonic motion as

A y(x) .
Instantaneous
rotation center
4 -
*, Instantaneous radius
U L of curvature p
2b

Fig. 3.14 Illustration of wheel-set movement
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2 2nV
y(x) = Ay sin#:AW sin

t (3.30)

where x is the traveling distance of the wheel-set along the track; A,, is the hunting
amplitude of free wheel-set; L,, is the hunting wavelength of free wheel-set, which

can be expressed as
b
Ly = 2my [0 (3.31)
A

where b is half of the distance between the right and left wheels at their rolling
circles, approximately equals to half of track gauge; rq is the rolling radius of wheel,
approximately equals to radius of the wheel; A is taper of wheel tread; V is the
traveling speed of the vehicle. Thus, the hunting frequency of the free wheel-set can
be derived as

v v |2

=L =—,/Z 32
M= 107 2\ b (3:32)

In fact, due to the positioning device of bogie, the displacement of the wheel-set
with respect to the bogie is restrained, resulting in the hunting wavelength move-
ment of bogie whose wavelength is different from the free wheel-set. Assuming the
two wheel axles on the bogie are parallel to each other and perpendicular to the
longitudinal axis of the bogie (as shown in Fig. 3.15), and the two wheel-sets are
rigidly fixed on the bogie, the hunting wavelength and frequency of the bogie
movement can be expressed as

o bro So 2
Vv Vv
=_— = 3.34
=t (3:34)
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where S, is the wheelbase of bogies.

Fig. 3.15 Illustration of Bogie frame
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It can be seen that the law of the vehicle hunting movement is related to the slope
of tread, the radius, and the distance between the rolling circles of the wheels. The
hunting frequency is proportional to the vehicle speed. The hunting wavelength of
bogie is longer than that of free wheel-set, while the hunting frequency is lower than
that of the free wheel-set.

For the bogies of main passenger cars in China, So = 2400 mm, 275 = 915 mm,
2b = 1.493 m, and for the new wheels, A = 1/20; thus, the hunting wavelengths of
free wheel-set and bogie can be calculated as Ly, = 16.4 m and L, = 31.1 m,
respectively.

For the bogies of CRH2 high-speed EMU, S, = 2500 mm, 2ry = 860 mm,
2b = 1.493 m, and for the new wheels, A = 1/40; thus, the hunting wavelengths of
free wheel-set and bogie can be calculated as L, =22.5 m and L, =43.9 m,
respectively.

For the bogies of main freight cars in China, Sy = 1750 mm, 2r, = 840 mm,
2b = 1.493 m, and for the new wheels, A = 1/20; thus, the hunting wavelengths of
free wheel-set and bogie can be calculated as Ly, = 15.7 m and L; = 24.2 m,
respectively.

The actually measured hunting wavelengths of bogies are between L, and L,
depending on the positioning stiffness of wheel-sets on the bogie, and the hunting
amplitude of wheel-set also varies during its movement.

Shown in Fig. 3.16a is the comparison of theoretical and measured wheel
hunting frequencies of passenger cars in China. It can be seen that the hunting
frequencies increase linearly with train speed, which is in accordance with the
theoretical result. However, the measured frequencies are distributed between the
theoretical values of free wheel-set and rigidly fixed bogie, for the connection of
wheel-set with bogie is actually neither free nor rigidly fixed, but elastically
positioned.

Shown in Fig. 3.16b is the comparison of theoretical and measured wheel
hunting frequencies of freight cars. Different from passenger cars, the measured
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