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Abstract. For high-speed railways (HSR) in wind prone regions, wind barriers are often installed on
bridges to ensure the running safety of trains. This paper analyzes the effect of wind barriers on the running
safety of a high-speed train to cross winds when it passes on a bridge. Two simply-supported (S-S) PC
bridges in China, one with 32 m box beams and the other with 16 m trough beams, are selected to perform
the dynamic analyses. The bridges are modeled by 3-D finite elements and each vehicle in a train by a
multi-rigid-body system connected with suspension springs and dashpots. The wind excitations on the train
vehicles and the bridges are numerically simulated, using the static tri-component coefficients obtained from
a wind tunnel test, taking into account the effects of wind barriers, train speed and the spatial correlation
with wind forces on the deck. The whole histories of a train passing over the two bridges under strong cross
winds are simulated and compared, considering variations of wind velocities, train speeds and without or
with wind barriers. The threshold curves of wind velocity for train running safety on the two bridges are
compared, from which the windbreak effect of the wind barrier are evaluated, based on which a beam
structure with better performance is recommended.

Keywords: high-speed railway; cross winds; dynamic analysis; simply-supported beam bridge; wind
barrier; windbreak effect; running safety

1. Introduction

With the development of high-speed railways, the running safety of train vehicles on bridges
receives more attention than ever. A bridge built in a wind prone region may experience
considerable deformation and low frequencyvibration due to wind actions, which not only directly
affects the working state and serviceability of the bridge, but also makes worsethe running stability
and safety of the train on the bridge (Xu et al. 2004, Li et al. 2005, Guo et al. 2007, Xia et al.
2008). Wind excitations on the train may directly induce its vehicles to vibrate and even to
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overturn or derail when the wind is strong (Cooper 1981, Baker 1991). Meanwhile, the vehicle
vibration will be transferred through the wheels to the deck and further exaggerate the bridge
vibration, which may in turn magnify the vibration of the vehicle on the bridge. Specially, when a
train passes over the bridge at certain speed, the lateral wind pressure on the vehicles may form a
lateral moving load series acting on the bridge. In this case, even the static wind forces due to the
mean wind may induce dynamic responses of the bridge (Xia et al. 2006).

In some strong wind regions, wind barriers are required in the design of HSR bridges to assure
the running safety and riding comfort of the train (Fujii et al. 1999, Noguchi et al. 2000). Wind
barriers can reduce the aerodynamic forces on the train, but they also have negative influence on
the bridge because they enlarge the windward area of the structure. Meanwile, the existance of
wind barriers exerts a disturbance on the wind field and increases turbulence effects, making the
wind field around the bridge structure more complex. The wind loads on the train-bridge system
with wind barriers are much different from those without barriers, therefore, the effect of wind
barriers on the dynamic behavior of a coupled train-bridge system should be studied and
evaluated.

Many efforts have been made to investigate the effect of cross winds on the train vehicles and
their dynamic behaviors on embankments or bridges by wind tunnel tests (Kwon et al. 2001,
Suzuki et al. 2003, Sanquer et al. 2004, Bocciolone et al. 2008, Golovanevskiy et al. 2012, Li et al.
2013, Li et al. 2014), or numerical simulations (Khieret al. 2000, Cheliet al. 2010, Baker 2010).
Some investigations were made to improve the protection of trains extremely exposed to strong
wind gusts (Baker et al. 1992, Saito et al. 2006, Xiang et al. 2014). Furthermore, Strukel;j et al.
(2005) numerically studied the effects of wind barrier geometry on resulting wind forces on road
vehicles. Kwon et al. (2011) and Kim et al. (2011) presented the design criteria required for wind
barriers to protect road vehicles on an expressway under a high side wind. Kozmar et al. (2012)
experimentally studied the sheltering efficiency of wind barriers on roadway bridges in a boundary
layer wind tunnel. Most of the studies on effect of wind barriers, however, were concentrated on
how to reduce the wind velocity, wind pressure or the tri-component coefficients of the vehicle and
bridge. Only a few studies concerned on the effect of wind barriers on the dynamic responses of a
high-speed train when it passes over a railway bridge by systematically considering the interaction
among the strong cross winds, the moving train vehicles and the bridge structures (Guo et al. 2011,
Zhang et al. 2013).

The HSR line between Lanzhou and Urumqi in northwest China, which was just openedon Dec.
26, 2014, passes through a region that suffers more from windstorm damage than almost anywhere
else in the world, where the instantaneous wind velocity often reaches 40~50 m/s. Because these
strong winds are the main natural disaster that affects the running safety of high-speed trains, wind
barriers are required for bridge designs in this region. There are two types of S-S beam bridge
adopted, one with 32 m PC box beams and the other with 16 m PC trough beams, which are
commonly used for high-speed railways in China. Because it is the first time to design wind
barriers for HSR bridges in China, the design has experienced a long period of time and with a lot
of alternative schemes. The options include the single-side and the double-side structures, the
curved and straight structures, with different height and porosity. Guo et al. (2011) and Zhang et al.
(2013) successively performed a dyanmic analysis on a high-speed train passing over the
box-beam bridge without or with different barrier schemes. After aerodynamic selection and
optimization, the barrier structure type was eventually determined. It is a bilateral straight steel
structure with the height of 3.5 m and composed of columns and screens. The porosity rate of the
screen is not uniform, with the value of 10% at the bottom 1.0 m, while 20% at the other part.
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As the subsequent study, this paper investigates the dynamic behavior of a high-speed train to
strong winds when it passes over the two bridges adopting the final barrier structure type, based on
the wind-train-bridge interaction system. The attention will focus on the effect of the wind barrier
on the running safety indices of the train vehicles, including derailment factors, offload factors,
lateral wheel/rail forces and overturn factors. These indices will be compared for the first time
when the train passes over the two bridges, as well as the bridge responses. Furthermore, the
threshold curves of wind velocity for ensuring the safety of the train on the two bridges with or
without barriers will be proposed, based on which the better performance beam structure type will
be recommended.

2. Dynamic model ofwind-train-bridge interaction system

The behavior of wind-train-bridge interaction system is a complex time-varying dynamic
problem related to many interactive factors, which is generally solved by the computer simulation
method based on a dynamic analysis model for the system. The analysis model can be regarded as
an integrated big spatial dynamic system composed of two submodels, the train-bridge interaction
model and the wind model.

2.1 Train-bridge interaction model

The vibrations of the train and the bridge interact on and inter-affect each other, forming a
complicated coupled vibration system. During the past decades, a number of sophisticated models
have been developed to investigate the dynamic interaction between the bridge and the moving
train, and many useful results published (Yang and Yau 1997, Fryba 2001, Au et al. 2001, Song et
al. 2003, Lou 2005, Lee et al. 2006, Wallin et al. 2011, Guo et al. 2012). The present analysis
method is to establish two sets of equations of motion, one for the bridge and the other for the train
vehicles, which are dynamically coupled with each other through the contact relationship between
the wheels and the rails. To simplify the analysis but with enough accuracy, the following
assumptions are adopted:

(1) Each vehicle in a train is represented by a multi-rigid-body system connected by suspension
springs and dashpots. By assuming five DOFs to the car-body, five DOFs to each bogie, and three
DOFs to each wheel-set, a 27-DOF vehicle model is established for a 4-axle vehicle, as shown in
Figures 1-2.

(2) The bridge is represented by a 3-D finite element model. The displacements of the deck at
any section are identified in terms of the lateral displacement Yy, vertical displacement Z;, and
torsional displacement G,at the shear center of the cross-section (see Fig. 2).

(3) There is no relative displacement between the track and bridge deck.

(4) The close contact assumption is adopted both in normal and tangent wheel-rail interactions,
and no elastic deformation is considered.

Based on the above assumptions and taking the track irregularities as the self-excitations, the
equations of motion for the train-bridge system are derived, which are combined with the wind
model in the later section. Detailed derivation can be found in the authors’ previous work (Xia et
al. 2011).
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Fig. 2 Forces transmitted to the bridge deck through a wheel-set

2.2 Wind model

2.2.1 Simulation of stochastic wind velocity field

The wind velocity field of a bridge is a multidimensional, multivariate, homogeneous Gaussian
stochastic process, since the wind velocity has three components of X, Yy, and z, and varies along
the length of the deck. The computation is usually simplified as a combination of three
independent, one-dimensional, multivariate stochastic processes, with the coherence between
different dimensions ignored. When such a simplification is adopted and considering the train
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moves on the deck of the bridge, the problem of simulating the wind velocity field will be
concentrated on the generation of one-dimensional, i.e., in the Y-z plane, multivariate stochastic
processes.

There are several numerical methods for simulating stochastic wind velocity processes, such as
the spectral respresentation method, the auto-regressive moving-average method, the convariance
decomposition method, and so on. Herein, a fast spectral representation method based on explicitly
expressing Cholesky’s decomposition proposed by Cao et al. (2000) is adopted for the numerical
simulation of the turbulent winds. This method assumes equi-elevation of the deck, equi-intervals
of the wind velocity simulation points, and uniform distribution of the mean wind velocity and its
spectrum along the deck. The time-histories of alongwind (y-direction) component U;(t) and
upward wind (z-direction) component wj(t) at the ith simulation point can be generated by the
following equations

ui (t) = \/2(Aw)i[i\/8u (@i ) % Giny (@i ) % COS( Dt + Pro )}

m=1]_ k=1

Wi (t) = \/ 2(A0))2|:i v Sw (a)mk ) X Gim (wmk ) X COS(a)mkt + Pk ):|

m=1]_k=1
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where Sy(omk) and S, (@nk) are, respectively, the alongwind and upward spectral density of the
turbulent wind;Ns is the total number of frequency interval Awin the spectrum; i=1,2,....N; N is
the total number of wind velocity simulation points; @n is a random variable uniformly
distributed between 0 and 27;Gin(@mk) is the correlation matrix between two different wind
velocity points of i and m, which can be found in Cao et al. (2000).

2.2.2 Simulation of wind forces on bridge
The wind forces acting on the bridge deck consist of the steady-state force (Fj ) due to the mean

wind, the buffeting force (F;f) due to the wind turbulence, while the self-exciting force due to the

interaction between the bridge motion and wind velocity is neglected. Each force consists of three
components of drag (Ds), lift (Lg) and rolling moment (Mp).

According to the classical airfoil theory, the steady wind force per unit deck length can be
expressed as

D3 (x) (H/B)Cy (@)
F={ i t=-pU’B- C (@) )
M3 (%) BC, (@)

where p is the air density; U is the mean wind velocity; B and H are the width and height of the
deck; Cp(a), CL(@) and Cy( ) are, respectively, the static coefficients of drag, lift and moment;
is the angle of attack of normal incident wind referring to the horizontal plane of the deck.

The buffeting force per unit deck length can be expressed as (Simiu and Scanlan 1996)
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where C[(a), C/(a) and C(«) are, respectively, the first derivatives of the drag, lift and
moment coefficients at =0 .

2.2.3 Simulation of wind forces on vehicle
The wind forces acting on a vehicle consist of the steady force (F\s’,t ) and the buffeting force

(F\l;f ).The wind forces acting on the bogies and wheel-sets of the vehicle are neglected due to their
small windward area, thus only those acting on the car-bodies are taken into account, which
mainly refer to the drag (Dv), lift (Ly) and rolling moment (My) with respect to the mass center of
the car-body, as shown in Fig. 3.

When a train runs at a constant speed Vr subjected to the instantaneous wind with the resultant
velocity of Vy and the wind attack angle of ¢, the wind velocity relative to the train speed and its
yaw angle ¢ are expressed as

Ve =V V7 = \/[(U Uy W Ve (4)
@ = arctan [—“(UJF\L/]WJ ~ arctan (ij ®))

The steady wind force acting on the vehicle is only related to the mean part of oncoming wind
components, which can be expressed as

D\S/t | Cp(p)
R =1L [=1pAUT )| o) ©
Mi,t HCM (¢’)

where A and H are the windward area and the height of car-body, respectively; C,(¢), C,(9)

and Cy (@) are, respectively, the aerodynamic drag, lift and moment coefficients of vehicle.

Owing to the unstable feature of the wind, a vehicle may also be affected by buffeting wind
forces. In this paper, the buffeting wind forces induced by turbulent winds are calculated in the
following way: First, the buffeting wind forces at different points along the bridge are simulated,
with some of them at the bridge nodes and some at the points out of the bridge. Second, when a
vehicle is between any of two adjacent points, its buffeting wind force can be obtained by the
numerical interpolation of those at the two points, by assuming the same spatial correlation
between the turbulent winds along the bridge and that along the train.
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Fig. 3 Wind forces acting on the car-body of a vehicle

2.3 Coupled equations of motion for wind-train-bridge interaction system

By combining the train-bridge model and the wind model, the coupled equations of motion for
the wind-excited train-bridge system can be obtained. To reduce the computational efforts
efficiently, the modal superposition technique is adopted to solve the equation of motion of the
bridge. It is assumed that only the first N modes of the bridge contribute to the interaction
computation and the modal vectors are normalized to the mass matrix. The equations of motion of
the system can thus be expressed as

{MVSV +Cyd, +K 8, =F, +F + Ff -

§+®'C,@4+®'K,0q=0" (F, +F,; +F,')

where the subscripts V and B denote, respectively, the vehicle and the bridge; o, 0,and & are the
displacement, velocity and acceleration vectors of the vehicles, respectively, and My, Cy and Ky
are the mass, damping and stiffness matrices; q, q, and ( are, respectively, the displacement,

velocity and acceleration vectors of the bridge in modal coordinates, and @ is the mode shape
matrix; Cg and Kg are, respectively, the damping and stiffness matrices of the bridge; Fy and Fp are
the force vectors due to the interaction at the wheel/rail interfaces. Detailed information can be
found in Xia et al. (2011).

Eq. (7) is actually a second order linear non-homogeneous differential equation with
time-varying coefficients, which is solved using the Newmark implicit integral algorithm with
=0.25 and »=0.5 according to the trapezoidal rule.

3. Case study
3.1 Engineering background
The high-speed railway line between Lanzhou and Urumgqi in northwest China was just opened

to service on Dec. 26, 2014, which passes through one of the most severe regions suffering from
windstorm damage in the world, see Fig. 4. The total length of the HSR line in the wind region is
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about 420 km. According to the Tiequan West measurement record in this area, there are more than
4 hours per day with the mean wind velocity higher than 20 m/s, and the maximum gust wind
velocity is as high as 50 m/s.

There are 103 elevated bridges located in the wind region with the total length of 51.715 km.
The design speed of the train vehicles on the bridges is 250 km/h. To ensure the running safety of
the high-speed train on the bridges, the wind barriers are required and their windbreak effects

should be evaluated.
3.2 Description of the bridge and train

As an illustrative case study, a S-S PC box-beam bridge with the span length of 32 m and a S-S
PC trough-beam bridge with the span length of 16 m, which are widely used in the windy zones,
are selected to perform the dynamic analysis. As shown in Fig. 5, the width and height of the box
section are 12.7 m and 3.05 m, respectively. For the trough-beam bridge, the separated double
U-shape girders are used, with the total width and height of 14.2 m and 2.0 m, respectively.
Single-column piers and three-column piers are, respectively, adopted for the box-beam and the
trough-beam, with the same height of 15 m (refer to Fig. 9).
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Fig. 4 Distribution of wind area in the Lanzhou-Urumqi HSR
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(a) Box-beam bridge

(b) Trough-beam bridge
Fig. 9 The 3-D FE models of the two studied bridges

A bilateral straight steel wind barrier with the height of 3.5 m was designed for the two bridges,
which is composed of columns and screens, as shown in Figs. 5-8. The columns, using the
hot-rolled H-shape steel (Fig. 7), are fixed inside the beam by the embedded bolts. The screens
with the thickness of 4 mm are connected with the columns also by bolts. The porosity rate of the
screen is 10% at the bottom 1.0 m, while 20% at the other part. The holes shape and size of the
screen are displayed in Fig. 8.

The two S-S bridges are modeled with ten identical spans to consider the multi-span effect.
Since the stiffness of the barrier is much smaller than that of the bridge, and only the columns are
connected with the beams directly, the barrier structures are not included in the bridge FE model
(see Fig. 9).

By the FEM analysis, the natural vibration characteristics including frequencies and mode
shapes of the two bridges are obtained. The fundamental frequencies in the lateral and vertical
directions are, respectively, 3.274 Hz and 4.154 Hz for the box-beam bridge, and 4.451 Hz and
8.412 Hz for the trough-beam bridge, as shown in Table 1. To include the effects of the global
deformation of the bridge, the first 80 modes up to a natural frequency of 31.887 Hz are taken in
the dynamic analysis for the box-beam bridge, while the first 114 modes up to 31.630 Hz for the
trough-beam bridge.

The track on the bridge is a ballast track. Because no measurement data are available for this
new HSR, the lateral, vertical, and rotational track irregularities are taken into consideration by
using the measured data from one of the main railways in China. The length of the data is 2,600 m
with 8536 data points, including four groups of irregularities, i.e., left vertical, right vertical, left
lateral and right lateral, used for the left and right rails. The statistical characteristic values are
listed in Table 2. It can be seen that the maximum vertical and lateral amplitudes are 4.89 mm and
5.5 mm, respectively.
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Table 1 Calculated natural frequencies of the two bridges

Frequency (Hz)
Modes
Box-beam bridge Trough-beam bridge
1* lateral bending mode 3.274 4.451
2" Jateral bending mode 3.371 4512
3™ Jateral bending mode 3.532 4.614
1* vertical bending mode 4.154 8.412
2" vertical bending mode 4.436 8.426
3" vertical bending mode 4.443 8.447
Table 2 Statistical characteristics of measured irregularities
Vertical Lateral
Values (mm)
Left Right Left Right
maximum 4.89 4.61 5.06 54
minimum -3.85 -4.25 -4.52 -5.5
Table 3Fitted parameters for the irregularity spectra
Fitted parameters A B c D E F G
Left 1.1029 -1.4709 0.5941 0.8480 3.8016 -0.2500 0.0112
Vertical
Right 0.8581 -1.4607 0.5848 0.0407 2.8428 -0.1989 0.0094
L | Left 0.2244 -1.5746 0.6683 -2.1466 1.7665 -0.1506 0.0052
atera
Right 0.3743 -1.5894 0.7265 0.4353 0.9101 -0.0270 0.0031
Torsional 0.1214 -2.1603 2.0214 4.5089 22227 -0.0396 0.0073

According to the measurement data, the irregularity spectra can be fitted as

A(f?+Bf’+C)

S(f)=
() f*+Df’+Ef*+Ff +G ®)

where the unit of S(f) is mm*/(1/m); f is the spatial frequency of the track irregularities with the
unit of 1/m; A, B, C, D, E, F and G are the seven parameters to be fitted. The fitted parameters are
listed in Table 3.
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Fig. 10 Configuration of high-speed EMU train (unit: cm)

The train considered is a high-speed EMU train, with a composition of 4x(3M+1T), where M
represents the motor-car and T the trailer-car. The full length, width and height of the carriages are
24.775 m, 2.7 m and 3.5 m, respectively, as shown in Fig. 10. The average static axle load is 160
kN for a motor-car and 146 kN for a trailer-car. Detailed information about the vehicle can be
found in Xia et al. (2011).

3.3 Wind forces on the train-bridge system

The stochastic wind velocity fields are generated by Eq. (1). The alongwind and upward wind
auto-spectra are adopted according to the Chinese Code

27 200f(z)us

Su(@)=— —F————~
 [1+50f(2)] o)
Sw(a))=2_72'. 6f(z)us :
[1+4f(2)]
w’Z
f(Z)—zﬂUZ (10)
0.4U,
=7 TH1257, (an
e

where U, is the mean wind velocity along the main windflow at height z; u-is the friction velocity
of the wind; H is the average height of surrounding buildings; Z is the ground roughness length.
The coherence function adopts the Davenport’s form

or;
Cohjj(w) exp[ Aij 2”U2j (12)
where rjjis the distance between the two points i and j; is the coefficient relating to wind
correlation, ranging from 7 to 12.

In total, there are 201 simulation points uniformly distributed along the deck axis with the
distance of 5 m. The average elevation of the box deck and the trough deck are taken as 18.05 m
and 15.75 m, respectively. The sampling frequency and duration used in the simulation of
turbulent wind velocity are, respectively, 50 Hz and 10 min. The frequency interval and the time
interval of wind velocity are, respectively, 0.001 Hz and 0.02 s.
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Table 4 Tri-component coefficients and derivatives of the two beams

ltem . .Box—beam . . . T.rough—beam . .
Without barrier With barrier Without barrier With barrier

Cp 2.110 3.503 1.134 5.621
C, -0.202 0.055 -0.725 -0.316
Cwm -0.015 0.371 -0.137 0.210
Co 0.350 2.474 -7.733 -3.615
L -2.009 0.280 -3.252 0.827
Cu 0.106 0.518 -0.686 -0.300

Table 5 Tri-component coefficients of vehicle on the beams

Iten : Vehif:le on box-be?am . ' Vehicl.e on trough-l?eam ’
Without barrier With barrier Without barrier With barrier
Cp 1911 0.161 1.573 0.209
C, -0.001 0.022 0.012 0.002
Cwm 1.173 0.144 0.898 0.160
40 1 Turbulence Turbulence component W(t)

component u(t)

W
(=]

Wind velocity (m/s)
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Fig. 11 Simulated instantaneous, mean and turbulence wind at the deck of box-beam bridge
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Fig. 12 Time history comparison of first modal buffeting drag force of the two bridges with barriers
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The drag, lift, and moment coefficients of the train-bridge system were measured from wind
tunnel tests. Table 4 displays the tri-component coefficients of the two beams and their first
derivatives at the zero wind attack angle. The drag, lift, and moment coefficients of the vehicle on
the two bridges with and without the barrier are listed in Table 5.

Fig. 11 shows the simulated time histories of lateral and vertical wind components at the deck of
box-beam with respect to the instantaneous wind velocity of 30 m/s (the corresponding mean wind
velocity is around 22 m/s). The buffeting forces acting on the bridge deck can be determined by Eq.
(3) and the modal buffeting forces can then be obtained. Compared in Figs. 12 and 13 are the time
histories of the first modal buffeting drag and lift forces on the two bridges with the barrier. It is seen
that due to the larger drag and lift force coefficients, the modal buffeting drag and lift forces on the
trough-beam with the barrier are larger than those on the box-beam with the barrier.

3.4 The TOM system during high wind period

Since the Lanzhou-Urumqi HSR passes through the severe windstorm regions, a TOM (Train
Operation Management) system was established in the windy zone to ensure the running safety of
trains on the bridges. The expected operating train speeds during high wind period were prescribed
by ROD (the Railway Operation Department), as shown in Table 6. According to the provisions,
the train should be able to run through the bridges at the design speed 250 km/h for the
instantaneous wind velocity up to 30 m/s. For higher wind velocities, the train speed on the bridges
should be limited. Specially, the railway operation should be closed when the wind velocity
exceeds 40 m/s.
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Fig. 13 Time history comparison of first modal buffeting lift force of the two bridges with barriers

Table 6 Operating train speed on the simply-supported bridges by ROD

Instantaneous wind velocity U+u(t)
<30 m/s <35 m/s <40 m/s > 40 m/s
Train speed Vt 250 km/h 200 km/h 120 km/h No entry

Guideline
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3.5 Dynamic responses of train vehicles

With the above bridge, train, track irregularity and wind load parameters, the whole histories of
the train travelling through the two bridges subjected to the cross wind are simulated. The damping
ratio of the bridge structure is taken as 2.5% for all modes in reference of the measured value (Luo
2005), and the integration time step is taken as 0.002 s to provide enough accuracy.

Displayed in Figs. 14 and15 are the comparisons of the first vehicle acceleration time histories,
when it runs at 250 km/h on the two bridges with barriers under the instantaneous wind velocity of
30 m/s. The travelling time is defined as from the moment when the first car enters the bridge to
the moment when the last one goes out the bridge completely. So the train travelling time through
the two bridges are calculated as 10.45 s and 8.15 s, respectively. The numerical results show that
the maximum lateral and vertical accelerations of the first car on the box-beam bridge are 0.451
m/s” and 0.618 m/s*, while on the trough-beam bridge are 0.518 m/s* and 0.535 m/s’, respectively.

To investigate the windbreak effect of the wind barrier, the vehicle accelerations when there is
no wind barrier are calculated for comparison. Illustrated in Figs. 16 and 17 are the lateral and
vertical maximum accelerations of all vehicles when they pass over the two bridges with and
without barriers.
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Fig. 15 Vertical acceleration time histories of the first car on bridges with wind barriers
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Fig. 17 Distribution of vertical acceleration of vehicles on bridges

It is seen from the figures that both the lateral and vertical accelerations of the vehicles are
reduced due to the protection of the wind barriers. In general, the lateral accelerations decrease
more obviously than the vertical one, because it is in the direction against the main wind flow. In
the case without wind barrier, the maximum lateral accelerations of vehicle on the box-beam
bridge and the trough-beam bridge are, respectively, 0.954 m/s* and 0.832 m/s*, both occurring at
the last car. While in the case with wind barriers, the maximum vehicle lateral accelerations are
reduced to 0.502 m/s* by 47% and 0.518 m/s” by 38%, respectively.

3.6 Running safety indices of train vehicles

The evaluation indices for the running safety of a train subjected to strong winds currently
adopted in the HSR in China include: the derailment factor Q/P (defined as the ratio of the lateral
force Q acting on the wheel-set to the total vertical force P acting on the same wheel-set at the
climbing-up-rail side), the offload factor AP/P(defined as the ratio of the static and dynamic
vertical force difference AP to the total vertical force P acting on the wheel-set), the lateral wheel
force Q, and the overturn factor D (defined as the ratio of the overturn moment to the anti-overturn
moment of the vehicle, which is induced by the direct wind actions on the car body).The allowable
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values of these indices given in the Chinese codes are as follows (Ministry of Railways of PRC
2010)

Derailment factor: Q/P <0.8 (13a)
Offload factor: AP/P<0.6 (13b)
Lateral wheel force: Q<10+ P, /3 (13¢)

Overturn factor : D<0.8 (13d)

where P, denotes the static wheel-set load in kN. In this case, the static loads of forces for the
motor-car and trailer-car of the high-speed train are 160 kN and 146 kN, corresponding to their
allowable lateral wheel forces of 63.3 kN and 58.7 kN, respectively.

By keeping the train speed at 250 km/h, while changing the instantaneous wind velocity from 0
m/s (without wind action) to 50 m/s, the distributions of the running safety indices of the train
versus the wind velocity are calculated, as displayed in Figs. 18-22, in which the horizontal solid
lines are the corresponding allowances.
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It is seen that all the running safety indices of the train vehicles are sensitive to the wind
velocity. In the case without wind barrier, the indices increase remarkably with wind velocity,
while with barriers, the growth rate becomes less remarkable. The distribution curves show that
the running safety of the train is greatly enhanced due to the windbreak effects of the wind barriers.
The following characteristics can be summarized from the figures:
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Fig. 23 Critical train speed for running safety vs instantaneous wind velocity

(1) For the box-beam bridge without wind barrier, when the train runs at the speed of 250 km/h,
the lateral wheel force of the trailer-car goes beyond the limit first when the wind velocity is over
15 m/s, becoming the controlling index for the critical wind velocity to this train speed. As a
contrast, in the case with the designed barrier, the critical wind velocity ensuring the train safety
increases up to 45 m/s.

(2) For the trough-beam bridge, in the case without wind barrier, the critical wind velocity is
also 15 m/s corresponding to the train speed of 250 km/h, but the controlling index is the offload
factor. With the designed barrier, the critical wind velocity increases up to 35 m/s.

3.7 Critical train speed on bridge

In order to examine whether or not the designed wind barriers can satisfy the running safety
requirement of the train on the two bridges according to the TOM system, the critical speeds of the
train when it travels through the two bridges under various wind velocities are analyzed in the
following way:

(1) Let the instantaneous wind velocity keep constant at each stage, the running safety indices
of the train vehicles are calculated by changing the train speed. The critical speed of the train at
which one of the running safety indices gets closest to but do not exceed its limit is obtained as the
critical train speed related to this stage.

(2) Let the instantaneous wind velocity change from 0 m/s to 50 m/s with an increment of 5 m/s,
the critical speeds of the train related to all stages are calculated.

(3) By plotting the calculated results in an identical coordinate system, with the abscissa
representing the wind velocity and the ordinate the train speed, the relationship curves between the
critical train speed and the wind velocity is obtained, as shown in Fig. 23.

It is easy to find that in the case without wind barrier, the critical speed of the train on the
bridges decreases remarkably with increasing wind velocity and the TOM provisions cannot be
satisfied once the wind velocity is higher than 15 m/s. While with the designed wind barriers, the
critical train speed on both the two bridges are higher than the expected train speed, indicating that
the provisions can be fully guaranteed. For the wind velocity lower than 35 m/s, the critical train
speeds on the two bridges are close to each other. However, for the wind velocity higher than 35
m/s, the critical speed of the train on the trough-beam bridge drops off remarkably. For the wind
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velocity higher than 45 m/s, the rail traffic on the trough-beam bridge should be closed. As a
contrast, even when the wind velocity reaches 50 m/s, the train can still run safely at 165 km/h on
the box-beam bridge. According to the measured data from the wind tunnel test, it is seen that the
drag, lift and moment coefficients for the trough-beam are larger than those for the box-beam in
the case with barriers. Besides, the drag and moment coefficients for the vehicle on the
trough-beam are also larger than on the box-beam, as shown in Tables 4 and 5. Thus for the
box-beam bridge, the wind loads on the vehicle and bridge are smaller under the same wind
velocity due to its good aerodynamic characteristics, which leads to the two structures behave so
different.

3.8 Dynamic responses of bridge

Compared in Figs. 24 and 25 are, respectively, the time-histories of lateral and vertical
displacements of the bridge decks at the 5™ mid-span (displayed in the figures), when the train
speed is 250 km/h and the instantaneous wind velocity is 30 m/s.
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Fig. 27 Distribution of maximum vertical deck displacements along bridge span

It is seen that the maximum lateral and vertical displacement for the box-beam bridge are 3.521
cm and 0.302 cm, while for the trough-beam bridge are 1.690 cm and 0.279 cm, respectively. The
static deformation of the bridge induced by the cross winds can be observed from the figures. The
lateral static displacements for the box-beam and trough-beam bridges are 3.205 cm and 1.408 cm,
while the vertical ones are 0.147 cm and 0.115 cm, respectively. Furthermore, one can find that the
lateral response of the bridge is mainly influenced by the fluctuating winds, while the vertical
response is mainly induced by the gravity loading of the train.

Compared in Figs. 26 and 27 are the distributions of maximum lateral and vertical deck
displacements along the bridge span. It is seen that under the combined effect of the cross wind
and the moving train, the lateral and vertical maximum deck displacements of the box-beam bridge
both occur at the middle of the 8" span, with the value of 3.724 cm and 0.318 cm, respectively.
The maximum lateral deck displacement of the trough-beam bridge also occurs at the middle of
the 8" span and with the value of 1.911 cm, while the maximum vertical one occurs at the middle
of the last span, with the value of 0.332 cm.
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4. Conclusions

The dynamic responses of two multi-span S-S PC beam bridges with the wind barrier subjected
to a high-speed train and strong cross winds are computed by using a wind-train-bridge system
model. The whole histories of the train passing through two bridges are simulated under several
loading cases. The following conclusions have been obtained from the study:

e Protected by the wind barrier, the vehicle accelerations are efficiently reduced, and in
general, the windbreak effect on the lateral acceleration is higher than on the vertical one,
because the former is in the direction of the main wind flow.

e The running safety indices of the train are sensitive to the wind velocity, among which the
offload factor and the lateral wheel force of the trailer-car are the key factors that control the
train safety when it passes over the two bridges. In the case without wind barrier, all the
indices increase remarkably with wind velocity, while comparatively slow in the case with the
barriers. In the wind velocity range of 0 m/s ~ 40 m/s, the critical speeds of the train on the two
bridges with the designed barriers are all higher than the expected ones, indicating that the

TOM provisions can be guaranteed due to the protection of the wind barriers.

e In the wind velocity range of 0 m/s ~ 35 m/s, the critical speeds of the train on the two
bridges are very close to each other. However, as the wind velocity exceeds 35 m/s, the critical
speeds of the train on the trough-beam bridge drop off remarkably. Once the wind velocity
exceeds 45 m/s, the rail traffic on the trough-beam bridge should be closed. As a contrast, even
when the wind velocity reaches 50 m/s, the train can still run safely at 165 km/h on the
box-beam bridge.

e The existence of the wind barriers brings negative effects to the bridge, because they
increase the windward area of the structure. In the case with barriers, the lateral deflections to
the span reach 1/859 for the box-beam bridge and 1/837 for the trough-beam bridge, while the
vertical deflections to the span reach 1/10063 for the box-beam bridge and 1/4819 for the
trough-beam bridge.

o With the designed wind barriers, the box-beam bridge has better performance than the
trough-beam bridge in the windy zone of the Lanzhou-Urumqi HSR by comparing the running
safety indices of the train vehicles as well as the bridge responses.

It is worthwhile to point out that the case study presented in this paper is just a single event. It
is obviously in sufficient for the optimization and selection of HSR bridge type in the windy zone.
Therefore, further investigations on the relationship between the design details of the wind barrier
and the dynamic behaviors of train-bridge system, more case studies and field measurement data
are needed in the future before solid conclusions can be reached.
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