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ABSTRACT
Based on the fundamental theories of bridge dynamics, vehicle dynamics and windinduced vibration of structures, the vibration mechanisms of the coupling interaction of
cross winds, rail vehicles and bridge structures are analyzed in this paper in the time
domain with wind, rail vehicles and bridge modeled as a coupled vibration system. The
models of wind, vehicles and bridge are presented with wind velocity fluctuations
simulated using the simplified spectral representation method, with vehicles modeled
as mass-spring-damper systems, and with bridge represented by a finite element
model. The equations of motion of the coupled WVB system are derived and solved
with a nonlinear iterative procedure. A Hongyancun cable-stayed bridge in China is
finally selected as a numerical example to demonstrate dynamic interaction of the WVB
system. The bridge deck carries a dual three-lane highway on the upper level and two
railway tracks and two carriageways on the lower level. Wind forces acting on the
bridge, including both buffeting and static forces, are generated in the time domain.
Wind forces acting on the rail vehicle, including both steady and unsteady aerodynamic
forces, are simulated in the time domain, taking into account the effects of vehicle
speed and the spatial correlation with wind forces on the bridge. The whole histories of
the rail vehicles passing through the bridge in the cross winds are simulated. The
dynamic responses of the rail vehicles such as the derailment factors, offload factors,
comfort index, running quality index and vertical accelerations are then calculated.
Some conclusions are drawn on the effects of wind velocity and rail vehicle speed
on the vibration properties of the coupled system. The results show the validity of the
present model as well as wind effects on the rail vehicles and the bridge. The buffeting
of the bridge and the rail vehicles has a great influence on the performance of the
moving vehicles on the bridge. The dynamic responses of the rail vehicles are much
affected by wind. The lateral and rotational displacements of the bridge are dominated
by wind, while the vertical are affected by running rail vehicle’s loading.
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1. INTRODUCTION
Bridges are particularly important traffic and lifeline works in railway engineering.
With the rapid development of the economy and the progress of engineering materials
and construction techniques, more and more long span railway bridges have been
being built in China, such as the Tsing Ma suspension Bridge in Hong Kong in 1997,
and the Wuhu cable-stayed Bridge in Anhui Province in 2001. The Tianxingzhou
Yangtze River Bridge, with the main span of 864 m, is another long span rail-cum-road
suspension bridge being schemed in Wuhan.
To meet the needs of modern society for advanced transportation systems, more
long cable supported bridges (cable-stayed and suspension bridges) carrying both
highway and railway have been built throughout the world. The dynamic interaction
between bridges and railway vehicles is a significant problem to be solved for bridge
design. On one hand, the running railway vehicles may induce vibration of a bridge,
which may bring fatigue failures to the structures, or even totally destroy the bridge. On
the other hand, the vibration of the bridge structures in turn influences the safety of the
railway vehicles and the comfort of the passengers.
Generally, long cable supported bridges exhibit particular characteristics such as
high flexibility and low structural damping. If a long cable supported bridge is built in a
wind prone area, the bridge will experience considerable vibrations due to aerodynamic
effects (Scanlan 1978, Lin and Yang 1983 and Chen et al. 2000). When railway
vehicles run over the bridge, the deflection and vibration of the bridge may be further
exaggerated. Railway vehicles may be prone to overturn when they are running over a
suspension or cable-stayed bridge exposed to a strong wind. The safety of railway
vehicles subjected to cross winds and running on a vibrating bridge, and determination
on the threshold of wind velocity above which the bridge should be closed to railway
vehicles become a pivotal issue. This, however, presents a complicated dynamic
interaction problem among the bridge, railway vehicles, and turbulent winds. This
problem has been noticed and studied by researchers in China and abroad (Guo 2004,
Xu et al. 2004, Xia et al. 2003, Xia and Zhang 2005 and Xia et al. 2000). To the best of
the writers’ knowledge, no sophisticated way can be followed at this stage to make a
rational decision on the threshold of wind speed above which the bridge should be
closed to railway vehicles. Therefore, the understanding of dynamic behaviors and the
prediction of dynamic responses of long cable supported bridges under both high winds
and running railway vehicles is of paramount importance.
2. MODELING OF WIND-RAILWAY VEHICLE-BRIDGE SYSTEM
2.1. Modeling of the Bridge
The analytical model of a bridge is established using the finite element method
(FEM) in this study. Bridge deck is idealized as a three-dimensional spine beam while
cables and steel trusses are idealized as truss elements. Towers and pies can also be
regarded as beam elements. The truss elements with rigid arms are used to reduce the
DOFs of the FEM model. The equation of motion of the whole bridge can be written as:
̈

̇

(1)

where ub is the vector of bridge displacement: Mb, Cb and Kb are the mass matrix,
damping matrix and stiffness matrix of the bridge, respectively; Fstb and Fbub are the
static wind loads and buffeting loads, respectively; and Fvb are the wheel-rail
interactions which are exerted on the deck by vehicles through wheel-rail contact points.
The right terms of Eq. (1) will be determined in detail in Section 3. The structural
damping Cb is assumed to be Rayleigh damping expressed by:
(2)
where the damping constants α and β are determined by two specific frequencies with
the corresponding structural damping ratios.
2.2. Simplified Modeling of the Vehicle (Locomotive)
A railway vehicle usually consists of several locomotives and coaches. The weight
of vehicle body is transferred to rail track and bridge through bogies and wheel-sets.
The suspension system between bogie and wheel-set is normally named the first
suspension system, while the suspension between vehicle body and bogie is named
the second suspension system. Usually, the carriage adopts the first suspension
system while the coach adopts the secondary suspension to keep the well dynamic
properties and performance.
The vehicle suspension system performance is quite complex in motion, and it is
difficult to simulate. Moreover, from engineering point, a well-fitting model is not
necessary, thus proper simplification of vehicle model is in need. The coupling of
vertical and horizontal vibration of vehicle is quite small (De 1988 and Cooperrider et al.
1976) according to vehicle dynamics theory. Therefore, the vehicle is modeled as
secondary suspension mass-spring system in this study.
All the locomotives and coaches can be modeled into mass-spring-damper systems
as shown in Fig. 1 (e.g. a 4-axle vehicle). The main components can be regarded as
ideal rigid bodies. These rigid bodies are connected with one another by springs and
dampers. The springs represent the flexibility of the vehicle system while the dampers
are used to simulate energy-dissipating devices such as rubber pads and shock
absorbers. A four-axle vehicle can be divided into seven rigid bodies as shown in Fig. 1,
i.e. one vehicle body, two bogies and four wheel-sets. In this study, it is supposed that
a vehicle is moving at a constant speed along a straight line without derailment
phenomena. For each rigid body, the degree-of-freedom (DOF) along the traveling
direction can be neglected. Thus, each vehicle body and bogies are specified with tow
DOFs: floating movement and rolling. Without the derailment phenomena, a wheel-set
should contact tightly with the corresponding rails at any time. Some DOFs of the
wheel-set are dependent on the other DOFs. A four-axle vehicle has total 6 DOFs
which can indicate well the vibration characteristics of a rail vehicle. Only traction force
is transferred among vehicles. Because the DOF of each vehicle in the vehicle
movement direction is omitted, the motion of one vehicle is independent to the other
vehicle. The equations of motion of vehicle body and bogies can be directly derived
using the d'Alembert's principle. Based on the Kaller’s creep theory for the wheel-rail
contact, the equations of motion of wheel-sets can be obtained (Garg and Dukkipati
1984).

Fig. 1 Dynamic model of vehicle
The equation of motion of the vehicle system can then be expressed as follows:
(3)
where uv is the vector of vehicle displacement; Mv, Cv, Kv are the mass matrix, damping
matrix and stiffness matrix of the vehicle, respectively; Fstv and Fbuv are the static wind
loads and buffeting wind loads, respectively; and Fbv is the wheel-rail interactions which
are induced by rail irregularities and deck motion.
To simplify the analysis but with enough accuracy, the following assumptions are
used in the modeling of the railway vehicle in this study:
1. The railway vehicle is running on the bridge at a constant speed so that it is not
necessary to model the displacement of the car body relative to the bogies in the
longitudinal direction (see Fig. 1).
2. The vehicle body, bogies and wheel-sets in each vehicle are regarded as rigid
components, neglecting their elastic deformation during vibration.
3. The connections between a bogie and a wheel-set are characterized by two linear
springs and two viscous dashpots of the same properties in either the horizontal
direction or the vertical direction, named the first suspension system (see Fig. 1).
4. The connections between the car body and a bogie are represented by two linear
springs and two viscous dashpots of the same properties in either the horizontal
direction or the vertical direction named the second suspension system (see Fig. 1).
2.3. Simulation of Correlated Wind Velocities
Wind velocity has three components x, y, and z, and varies along the length of the
bridge deck. Hence the complete wind velocity field should be treated as a
multidimensional, multivariate and homogeneous Gaussian stochastic process, while
the field at scattered points of the deck can be computed as a summation of many
stochastic waves. The computation can usually be further simplified as a combination
of three independent, one dimensional, multivariate stochastic processes, with the
coherence between different dimensions ignored, since the errors thus included are
usually small. When the said simplification is adopted, the problem of simulating the
wind velocity field will be concentrated on the simulation of one-dimensional,
multivariate stochastic processes. The multidimensional multivariate wind velocity time
histories with prescribed spectral characteristics along the bridge axis can be
expressed as (Cao et al. 2000):

(4)

where u(t), w(t) are the horizontal and vertical components of fluctuating wind,
respectively;
;
is the frequency increment; Nf is the total number of the
frequency components; n1 is the total number of simulation points of the artificial wind
velocity field; Su(ω), Sw(ω) are the horizontal and vertical turbulent wind velocity
spectrum, respectively; φmk is the independent random phase angles, distributed
uniformly over the interval [0, 2, π]; G(ω) is a coefficient matrix given by:

(5)

where C is a function of ω and can be computed with C=exp[-(λωD/2πU)], in which λ
can usually be taken between 7 and 10; U(z) is the mean wind velocity on the bridge
deck; D is the horizontal distance from point j to m:
(6)
3. DYNAMIC INTERACTIONS AMONG WIND, VEHICLE AND BRIDGE
3.1. Interactions Between Wind and Bridge
Wind loads on a bridge can be classified into two parts: static wind loads and
buffeting loads. The shape of towers is usually bluff and the size along the main wind
flow is smaller. Therefore, aeroelastic coupling effects between towers and wind are
weak. For most of cable-stayed bridges, it is known that the vibration of cables will
exert little influence on vibration of the whole bridge.
3.1.1. Static Wind Loads
Static wind loads are induced by the mean part of wind flow. For line-like structure,
static wind loads are usually expressed by three components: drag, lift and moment as
follows (Simiu and Scalan 1996):
(7)
(8)
(9)

where ρ is the air density; U is the mean wind speed; B is the width of body along the
mean wind flow and H is the cross-wind projected area (per unit length) normal to the
main stream direction; CD, CL and CM are the drag, lift and moment coefficients,
respectively.
Static wind loads acting on a segment of deck will vary with the motion of vehicles
along bridge deck. When vehicles are moving on a certain segment of deck, the
aerodynamic effect of the vehicles should be taken into account in the determination of
aerodynamic coefficients of the section of deck. The existence of vehicles on the deck
will alter the deck ambient flow to great extent and the aerodynamic forces on the deck
are correspondingly changed compared to that without vehicles. Similarly, the
aerodynamic loads on the vehicles are also affected by the geometrical shape of deck
section. Considering line-like configuration of both bridge deck and long railway vehicle,
the section model test in wind tunnel can be utilized to obtain their aerodynamic
parameters. When no vehicle is on deck, the aerodynamic parameters of deck can be
easily obtained by routine section model test. In order to measure respective
aerodynamic parameters of deck and vehicles when vehicles are on deck, a simple but
effective device named the crossed slot system (Li 2003) was designed to separate
wind loads on the bridge deck and vehicles from one another to obtain the proper
aerodynamic parameters. In the analysis, when vehicles are on a segment of deck, the
aerodynamic coefficients considering the aerodynamic effect of the vehicles are
selected for computing the aerodynamic forces on the bridge section.
3.1.2. Buffeting Wind Loads
The buffeting loads on the bridge structures are induced by the fluctuating winds
consisting of the along-wind part u(t) and the vertical part w(t), which are usually much
smaller than the mean wind velocity U. Assuming that the bridge girder is modeled by
three-dimensional beam elements, according to the quasi-steady theory, the buffeting
loads acting on the nodal points of the ith girder element can be expressed as (Simiu
and Scalan 1996).
(10)
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(13)
where
,
and
are the buffeting drag, moment and lift, respectively, on the
ith node of the bridge deck; where ρ is the air density; Ui is the mean velocity of the

wind at the ith girder segment; Bi is the width of the girder segment, and Li the length;
CDi, CLi and CMi are drag, lift, moment coefficients of the ith deck element, respectively;
where α is the angle of attack of normal incident wind referring to the horizontal plane
of the deck segment.
3.2. Wind Loads on Vehicles
3.2.1. Steady Aerodynamic Forces on Vehicles
The steady-state wind load is only related to the mean part of oncoming wind
components. At the mean wind velocity, U of the oncoming flow at the car-body, the
steady-state drag, lift, and moment can be expressed as:
(14)
(15)
(16)
Since the railway vehicle runs over the bridge at a constant velocity V, the mean
wind velocity relative to the railway vehicle VR and its yaw angle ψ can be expressed as:
(17)
(18)
where A in Eq. (14) to Eq. (16) is the surface area of the car-body against wind; H is the
reference height, which is normally taken as the height of the mass center of the carbody above the bridge deck; CD, CL, CM are the drag, lift, and moment coefficients
obtained by wind tunnel tests.
3.2.2. Unsteady Aerodynamic Forces on Vehicles
Assuming that the bridge deck is modeled by three-dimensional beam elements, the
buffeting wind loads of vehicles traveling on the bridge girder can be expressed as
follows:
( )
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3.3. Interaction Between Vehicle and Bridge
When crossing the bridge, the vehicle will cause the bridge structure to vibrate, and
the vibration will influence the vehicle vibration as well, which means the vibration of
vehicle and that of bridge are coupled. At the same time, this vibration coupling has
obvious self-exciting property due to the inner excitation of vehicle-bridge system. Thus,

for this system even without outer force, there is still vibration. Inner excitation includes:
track irregularity, uneven mass distribution and crawl vibration etc. (Xia and Zhang
2005).
Due to the complexity of vehicle-bridge coupling vibration, normally the vehicle and
bridge are separated into two subsystems during the analysis. Compatibility conditions
at the wheel-track contact position are used to solve motion equations of each
subsystem by numerical iteration respectively. This method requires complex programs
and the use is limited, which fails to adapt to brand new bridge with complex structures.
As the CAE is developing, it is of great practical use to carry out secondary
development on large commercial software, to complete specific analysis task in
vehicle-bridge coupling vibration analysis.
In this study, track irregularity is taken as inner excitation; analysis of the vehiclebridge coupling vibration is carried out based on finite element model of bridge built in
ANSYS, vehicle motion equation created by secondary developed program with APDL,
and transient solution function of ANSYS.
3.3.1. Track Irregularity
Square deviation can only reflect the amplitude of track irregularity, but other than
amplitude the irregular wavelength can make big influence to the reaction force
between vehicle and bridge. Thus, it is necessary to adopt power spectrum density to
show both the amplitude and wavelength of irregularity.
PSDF of track irregularity uses the spectral density of mean square value to
describe the frequency structure of random data, which can display the distribution of
irregularity amplitude based on wavelength.
For the sample function η(x) of (0-X) length track irregularity, the power spectral
density functions is written as Sη(f),
(22)
Where η(x ,f ,Δf) is value of track irregularity η(x) in the (f - f+Δf) -wide band and Δf
frequency range, i.e. the irregular volume after narrow-brand filtering.
In the power spectrum density function describing track irregularity, express the
wavelength λ can be expressed by frequency f as λ =1/ f. Since the unit of wavelength
is m thus the spatial frequency’s unit is 1/m.
As the self-excitation source to the vehicle-bridge system, track irregularity normally
can be obtained by two methods: first is using on site measurements; second is to
determine the PSDF according to different classes of track and simulate one random
progress to characterize the statistic properties measured, and to obtain the simulation
volume of track irregularity.
Currently, foreign high-speed railway track spectrum is utilized in China to analyze
the dynamic simulation of high-speed railway system. In this study, German high-way
irregular spectrum density is used, and according to Chinese high-railway railway
vehicle general technical regulation, its irregular power spectrum density function (Xia
and Zhang 2005 and Li 2008) is:

Direction irregularity:

(23)

Longitudinal irregularity:

(24)

Transversal irregularity:

(25)

where the track spectrum Sa(Ω), Sv(Ω) with unit in m2/(rad/m), while Sc(Ω) with unit as
1/(rad/m); Ω is the spatial angular frequency with unit in (rad/m): Ωc , Ωs are the cutoff
frequency with unit in (rad/m); Av , Aa are the coarse constant with unit in (m2.rad/m); b
is half of the rolling circle distance of wheel whose value is chosen as 0.75m. Common
cutoff frequency and roughness constant values are listed in Table 1
Table 1 Characteristics of German high railway irregularity power spectrum density
Parameter
Low interference track spectrum
high interference track spectrum

Ωc

Ωr

Ωs

(rad / m)

(rad / m)

(rad / m)

(cm2.rad / m)

(cm2.rad / m)

0.8246
0.8246

0.0206
0.0206

0.438
0.438

2.119e-7
6.125e-7

4.032e-7
10.80e-7

Aa

Av

4. EQUATION OF MOTION OF WIND-VEHICLE-BRIDGE SYSTEM
According to the classical airfoil theory, it is assumed that the wind velocity at one
point along a bridge comprises three components: the mean part U, the fluctuating part
u(x,t) in the along-wind direction, and the fluctuating part w(x,t) in vertical direction.
These three wind components impose drag, lift, and torsional moment on a bridge deck.
The total wind loads are made up of steady-state wind loads, buffeting loads, and selfexcited loads. In this study, the wind loads of bridge structures and railway vehicles
consist of the steady-state wind loads and buffeting loads.
The coupled equations of motion for the wind-railway vehicle-bridge system can be
expressed as:
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where M, C, and K are mass, damping, and stiffness matrices, respectively; u is nodal
displacement vector; F is nodal force vector; each dot denotes the partial differentiation
with respect to time t; the subscripts v and b represent the railway vehicle and the
bridge, respectively; and the superscripts st and bu represent the steady-state wind
loads and the buffeting loads, respectively.
5. CASE STUDY

5.1. Cable Stayed Bridge
The Hongyancun Bridge over Jialing River in Chongqing downtown area is two
towers cable-stayed road-railway Bridge. The Hongyancun Bridge has an overall length
of 720m with a main span of 375 m and two side spans of 120 m and 225 m (see Fig.
2). The bridge deck on one side span is supported by a pier at 135 m from the high
bridge tower.
The bridge is designed with double layer deck section, with 6 lanes on the upper
layer of the deck and two railway tracks and two carriageways on the lower layer within
the bridge deck. The width of the upper level and lower level of the bridge deck are
28.2 m, and the overall height of the bridge deck is 11.059 m (see Fig. 3). The bridge
deck is hybrid steel structure consisting of two longitudinal inclined side trusses acting
compositely, with stiffened steel plated that carry a highway and railway tracks. The
height of the high and low concrete towers are 202 m and 156 m, respectively, and are
measured from the base level to the tower saddle, which are 142 m and 87 m higher
than that of the bridge deck.

Fig. 2 Configuration of the Hongyancun Bridge (Unit: mm)

Fig. 3 Cross section layout of the deck

5.2. Railway Vehicle Parameters
ANSYS Parametric Design Language (APDL) was used to create vehicle dynamic
equation of motion. The coupled Vehicle-Bridge system equation of motion (see Eq.
(26)) is non-homogeneous differential equation with time-varying coefficients. These
equations are solved using the Newmark-β implicit integral algorithm with parameters
α=0.25 , β=0.5 and time interval Δt=7.2e-4 . In this case, Newmark-β is unconditionally
stable and the integration step meets the calculation accuracy. The Railway vehicle in
the calculation is German ICE3 high speed railway vehicle, whose parameters are
listed in Table 2:
Table 2 Vehicle parameters
Parameter
Vehicle body mass Mc
Bogie mass Mt
Wheel-set mass Mw
Vehicle body rolling moment Jc
Bogie rolling moment Jc
Primary system vertical suspension stiffness k1
Secondary system vertical suspension stiffness k2
Primary system vertical suspension damping c1
Secondary system vertical suspension damping c2
Half of rigid wheel base between vehicles lt
Half of length between vehicle centers lc
Distance between hooks

Unit
kg
kg
kg
kg.m2
kg.m2
N/m
N/m
N.s/m
N.s/m
m
m
m

Value
48000
3200
2400
2300000
7200
1.04e6
0.4e6
30000
45000
1.25
8.6875
24.775

5.3. Track Irregularities
The simulated sample of vertical track irregularity and its PSDF are shown in Fig. 4
and compared with targeted values. It can be seen that the simulated power spectrum
can fit the targeted spectrum well. The sample length of the data is 1000m. The
maximum amplitude of vertical irregularities is 8.59 mm.

Fig. 4 Sample of track irregularity and PSDF
5.4. Simulation of Wind Velocity
The average elevation of the bridge deck above river level and the mean wind
speed at the deck level were taken as 65.242 m and 10-40 m/s in step of 5 m/s ,
respectively. The friction velocity of wind u* was selected as 1.15 m/s for wind flow over
the river at which the bridge is located. The corresponding turbulent intensity at the
deck level was about 12%. The exponential decay coefficient λ was selected as 16
(Simiu and Scalan 1996). The sampling frequency and duration used in the simulation
of wind speeds were 20Hz and 102.4s, respectively. The frequency interval and the
total number of frequency interval were 0.001Hz and 1000, respectively. The whole
bridge deck was divided into 72 cross-sections with 10m interval between two cross
beams. Then, the lateral and vertical time histories of turbulent winds were simulated
using Eq. (4) at each cross-section. The vertical and lateral time histories of turbulent
winds at the mid-span of the bridge main span are shown in Fig. 5.

Fig. 5 Time histories of turbulent vertical wind velocity at mid-span of bridge deck (Wind
velocity 25 m/s)
5.5. Wind Forces on Bridge
Based on the simulated turbulent wind time histories and using Eq. (10), the
buffeting forces acting on the bridge deck can be determined and the modal buffeting
forces can then be obtained for the dynamic analysis of a coupled railway vehiclebridge system in cross winds. The drag, lift and moment coefficients of the bridge deck
at the zero wind angle of attack with respect to the normal deck upper width of 31m and
widened deck upper width of 43.09 m, and their first derivatives with respect to wind
angle at the zero wind angle of attack used in the case study are listed in Table 3.
Fig. 6 depicts the time histories of the first modal buffeting forces in the lateral,
vertical, and rotational directions on the segment at the mid-main span of the bridge
deck under the mean wind velocities of 10 m/s, 25 m/s and 40 m/s.

Table 3 Aerodynamic force coefficients of bridge deck used in the study
Case
No vehicle is on deck
Vehicles are on deck

CD
0.843
0.919

CL
-0.005
-0.004

CM
-0.0232
-0.0262

ĆD
-0.0215
-0.0045

ĆL
0.0750
0.03

ĆM
-0.0006
-0.0059

Fig. 6 Time histories of simulated first modal buffeting forces
of bridge at mid-main span (Wind velocity = 25 m/s)
5.6. Wind Forces on Railway Vehicle
In the simulation of wind forces on the railway vehicle, the lateral force, vertical force,
and rolling moment coefficients of the vehicle were taken, as shown in Table 4.
Fig. 7 shows the samples of aerodynamic forces and moment simulated at the midspan of the bridge deck for passenger coaches.
Table 4 Aerodynamic force coefficients of vehicle used in the study
Case
Vehicles are on the rail

CD
1.013

CL
-0.152

CM
-0.103

ĆD
0.359

ĆL
1.458

ĆM
2.962

0
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Lift buffeting
force (kN)

Drag buffeting
force (kN)

50
40
30
20
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0
-10
-20
-30
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6
0
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-12
-18
-24
0

5 10 15 20 25 30 35 40 45

Rolling buffeting
force (kN.m)

Time (sec.)

Time (sec.)

120
90
60
30
0
-30
-60
-90
-120
0

5 10 15 20 25 30 35 40 45
Time (sec.)

Fig. 7 Aerodynamic forces on vehicle at mid-span of bridge deck
(Wind velocity = 25 m/s)
5.7. Dynamic Responses of the Bridge
The vertical and lateral displacements and acceleration responses of the bridge
were slightly smaller than the allowable value, indicating that the bridge is safe for
displacement and acceleration responses.
Fig. 8 shows the simulated vertical and lateral displacement response histories of
the bridge girder at the railway vehicle speeds of 90 km/h and wind velocity of 0 m/s, 25
m/s and 40 m/s. The maximum vertical displacement response is at the middle of main
span of the bridge. Since the bridge is relatively long and the railway vehicle is
relatively light, the vertical deflection curve under running railway vehicles without wind
is similar to the static influence line. Under the wind action, the maximum vertical
deflection response of the bridge increases slightly, and the fluctuating wind-induced
parts add to the curve. The maximum lateral displacement is at the middle main-span
of the bridge. When the railway vehicle runs on the bridge at 90 km/h without wind, it is
seen from the response time histories that the lateral displacement response is quite
small. Under the wind action, there is a sudden rise in responses. It can be concluded
that the lateral displacement responses are fully controlled by the buffeting wind loads.

Fig. 8 Vertical and lateral displacement response of bridge girder at mid-main span
(Railway vehicle speed = 90 km/h)
The maximum displacements and accelerations of the bridge girder versus wind
velocity are shown in Fig. 9, when the railway vehicle passes the bridge at the speed of
90 km/h, and the mean velocity of the turbulent wind is 0-40 m/s.

Maximum
displacement
(mm)

80
60
40
20
0
0

5

Vertica…
Wind velocity (m/s)
10 15 20 25 30

35

40

Fig. 9 Maximum bridge displacements and accelerations at mid-main span versus wind
velocity (Railway vehicle speed = 90 km/h)
From this figure, the dynamic characteristics of the suspension bridge under railway
vehicle and wind loads can be summarized as follows:

1. Wind has very great influences on the dynamic responses of the bridge; the
displacements and the accelerations of the bridge girder increase rapidly versus
wind velocity.
2. Since the main direction of the wind is lateral to the bridge, the lateral displacements
and accelerations of the bridge are more sensitive to the wind than the vertical ones.
3. For such a cable stayed bridge, the influence of railway vehicles speed on the
dynamic responses of the bridge girder is much smaller than wind velocity.
5.8. Dynamic Responses of the Railway Vehicles
5.8.1. Acceleration of the Railway Vehicles
The acceleration response of the car body is random due to random wind forces and
track irregularities and it contains a wide range of vibration frequencies. By considering
that the vehicle runs at a constant velocity of 120 km/h in crosswind, the wind is normal
to the motion of the vehicle, with a speed of 30 m/s at the level of the vehicle mass
center. The relative wind velocity VR is, therefore, 44.85 m/s and the wind yaw angle is
41.99o. The distributions of the maximum responses of the Locomotive and coach
vertical and rolling accelerations versus mean wind velocity are shown in Fig. 10. It can
be seen that the mean wind velocity in the range of 0-40 m/s affects the vehicles
responses. From this figure one also can see that wind has great influences on the
dynamic acceleration responses of the railway vehicles, and the maximum acceleration
responses of the passenger coaches are greater than those of the locomotive.
The allowable vertical accelerations in the Chinese design guideline for special
railway is 1.3 m/s2. It can be concluded that, the locomotive and coach acceleration
responses were less than the corresponding allowances for the running safety,
indicating that the running railway vehicle is safe for acceleration responses.

Fig. 10 Maximun coach and locomotive accelerations versus wind velocity
5.8.2. Railway Vehicles Safety and Comfort Factors
The safety of a railway vehicle concerns mainly the risk of derailment. There are two
important indices currently adopted in China railways in the evaluation of the running
safety of railway vehicles under wind actions. The first index is the derailment factor
Q/P, the ratio of lateral force Q acting on the wheel-set to the total vertical force P
acting on the same wheel-set. The total vertical force is the sum of the self-weight of
the vehicle per wheel-set Ps and the dynamic vertical force Pd on the wheel-set. The
second index is the offloading factor ΔP/P, the ratio of the vertical force difference ΔP
to the total vertical force P acting on the wheel-set with ΔP= Ps-Pd.

(27)

(28)
The allowable derailment factor specified in the Chinese design guideline for special
railway is shown in Table 5, and the allowable offloading factor is 0.6.
Table 5 Derailment factor evaluation scales
Safety factor
Q/P

Excellent
0.6

Good
0.8

Qualified
0.9

The ride comfort of the passenger coach in a running railway vehicle can be
assessed using the Sperling comfort index, defined as:

( ))

(

(29)

The Running quality index is defined as:

(

(30)

)

Where a is the acceleration of the car body in cm/s2; f is the frequency in Hz; and F(f)
is the modification coefficient of frequency. When vertical vibration is considered
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)
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when lateral vibration is considered
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(
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The acceleration response of the car body is random due to random wind forces and
rail irregularities, and it contains a wide range of vibration frequencies. Thus, the
Sperling comfort index is calculated for a series of frequencies based on the Fourier
spectrum of the acceleration response time history. Its mean value is then taken for the

assessment of vehicle comfort. The allowable value of ride comfort and running quality
specified in the Chinese design guideline are 3 and 4, respectively, for both lateral and
vertical vibrations.
Figs. 11 and 12 show the derailment factor and offloading factor history curves of
the locomotive and coach, respectively. It is clear that in the when the wind velocity is
25 m/s, both the derailment curve and the offloading curve are stable. While under the
action of turbulent winds with a mean wind velocity of 40 m/s, both curves assume
some obvious frequency components of bridge natural vibration. This is especially true
when the railway vehicle moves at the mid-main span of the bridge. The amplitude of
the derailment factors and offloading factors increase greatly, thus it can be concluded
that bridge vibration has a great influence on the running safety of the railway vehicle
on the bridge.

(a) Locomotive

(b) Coach

Fig. 11 Derailment factor time histories of the wheel-set

Fig. 12 Offloading factor time histories of the wheel-set of the locomotive
The distributions of the maximum wheel derailment factors and offloading factors of
the locomotive and the coach versus mean wind velocity are shown in Fig. 13. From
this figure one can also see that wind has great influences on the dynamic responses of
the railway vehicles, and most of the maximum safety indices of the locomotives are
greater than those of the passenger coaches.

Fig. 13 Maximum derailment factor and offloading versus wind velocity
(Railway vehicle speed = 120 km/h)
It can be seen that the derailment factor and the offloading factor of the passenger
coach under wind forces are larger than those without wind forces. They do not exceed
the allowable values, but the derailment factor at wind velocity(40 m/s) and the
offloading factor at wind velocity (35 m/s) exceed the allowable values by (22.2% to
28.6%) and 6%, respectively. However, it is recommended that some attention be paid
to the possibility of the vehicle unsafety hazards and the risk of accidents.
The distributions of the maximum ride comfort factors and running quality factors of
the locomotive and the coach versus mean wind velocity are shown in Fig. 14. From
the figure one can also see that wind has great influences on the dynamic responses of
the railway vehicles, and most of the maximum sperling indices of the locomotives are
greater than those of the passenger coaches.
Based on the allowable value of the offloading factor, the critical wind speed should
be about 35 m/s. Note also that, even at the critical wind speed, the vertical Sperling
index is less than 2.4, indicating that the ride comfort and running quality are
satisfactory.

Fig. 14 Maximum comfort factor and running quality factor versus wind velocity
(Railway vehicle speed = 120 km/h)
6. CONCLUSIONS
1. This study researches the dynamic interaction of the Hongyancun cable stayed
bridge with a running railway vehicle under turbulent winds using a 3-D analysis
model of a wind-vehicle-bridge coupling system. The entire time history of the
railway vehicle passing through the bridge at different speeds was simulated.
2. The vertical and lateral displacements and acceleration responses of the bridge and
the railway vehicle were slightly smaller than the allowable value, indicating that the
bridge and vehicle are safe for displacement and acceleration responses.
3. The wind has very great influences on the dynamic responses of the bridge, the
displacements and the accelerations of the bridge girder increase rapidly versus
wind velocity. Since the main direction of the wind is lateral to the bridge, the lateral
displacements and accelerations of the bridge are more sensitive to the wind than
the vertical ones. For such a cable stayed bridge, the influence of railway vehicles
speed on the dynamic responses of the bridge girder is much smaller than wind
velocity.
4. Both steady and unsteady aerodynamic forces have significant influence on the
vertical and lateral displacement responses of the moving railway vehicle; in
particular, in the lateral direction, where the lateral displacement of the car body is
very small with low wind velocity but increases significantly under wind forces. The
wind has great influences on the dynamic acceleration responses of the railway
vehicles, and the maximum acceleration responses of the passenger coaches are
greater than those of the locomotive.
5. The derailment factor and the offloading factor of the passenger coach under wind
forces are larger than those without wind forces. They do not exceed the allowable
values, but the derailment factor at wind velocity is 40 m/s and the offloading factor
at wind velocity is 35 m/s, exceeding the allowable values by (22.2% to 28.6%) and
6%, respectively. However, it is recommended that some attention be paid to the
possibility of the vehicle unsafety and the risk of accidents. The derailment factor
increases significantly as the mean wind velocity increases, whereas for the
derailment factor and offloading factor, fluctuations appear with increasing railway
vehicle speed. The comfort factor and the running quality factor for the vertical
vibration of the railway vehicle is slightly smaller than the allowable value. The wind
has great influences on the dynamic responses of the railway vehicles, and most of
the maximum sperling indices of the locomotives are greater than those of the
passenger coaches.
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