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Analysis on running safety of train on bridge with wind barriers
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Abstract. An analysis framework for vehicle-bridge dynamic interaction system under turbulent wind is
proposed based on the relevant theory of wind engineering and dynamics. Considering the fluctuating
properties of wind field, the stochastic wind velocity time history is simulated by the Auto-Regressive
method in terms of power spectral density function of wind field. The bridge is represented by
three-dimensional finite element model and the vehicle by a multi-rigid-body system connected by springs
and dashpots. The detailed calculation formulas of unsteady aerodynamic forces on bridge and vehicle are
derived. In addition, the form selection of wind barriers, which are applied as the windbreak measures of
newly-built railways in northwest China, is studied based on the suggested evaluation index, and the suitable
values about height and porosity rate of wind barriers are studied. By taking a multi-span simply-supported
box-girder bridge as a case study, the dynamic response of the bridge and the running safety indices of the
train traveling on the bridge with and without wind barriers are calculated. The limit values of train speed
with respect to different wind velocities are proposed according to the allowance values in the design code.

Keywords: wind-train-bridge coupled system; turbulent wind field; wind barrier; unsteady aerodynamic
force; running safety of train

1. Introduction

Strong wind happens frequently in Xinjiang and coastal regions in China where the maximum
mean wind velocity even exceeds 40 m/s. There have been many overturn accidents of highway
and railway vehicles caused by strong wind, which leads to enormous disaster. For example, on
the existed Lanzhou-Xinjiang railway in China, more than 30 derailment and rollover accidents of
train have happened and about 100 vehicles been flipped by strong wind since the railway opened
(Qian 2009). The overturn accidents were often reported in news reports during the typhoon
seasons in coastal areas. The wind-induced accidents of vehicles also occurred occasionally in
other countries, such as in 1981 in India, a passenger train was blown down from the bridge that
caused above 800 deaths; and in Japan, wind is said to have caused at least 29 derailments (Liu et
al. 2008) since 1872 when its transport service was open.

The strong wind may produce a serious threat to the safety of railway and cause significant

*Corresponding author, Professor, E-mail: hxia88@163.com

Copyright © 2013 Techno-Press, Ltd.
http://www.techno-press.org/?journal=was&subpage=8 ISSN: 1226-6116 (Print), 1598-6225 (Online)



204 T. Zhang, H. Xia and W.W. Guo

economic losses, so effective measures should be taken to ensure the safety of running trains.
There are two ways to prevent a train from overturn: one is to reduce the aerodynamic rolling
moment acting on its vehicles, another is to stop the train when the wind velocity exceeds the limit
value. The first way involves installation of wind barriers, and the second way involves wind
velocity monitoring and use of train operation control. The experience of Japan's Shinkansen
shows that installation of wind barrier can obviously decrease the number of train stops under
strong wind (Noguchi et al. 2000, Fujii et al. 1999). Therefore, it is necessary and effective to set
wind barriers on bridges in strong wind field, to ensure the running safety and stability of train.

The existed research mainly concentrated on the identification of aerodynamic parameters of
bridges from the wind tunnel test or in-site measurement (Han et al. 2010, Nikitas et al. 2011), and
the wind-induced vibration analysis of large span bridges, including the buffeting, flutter,
vortex-excited vibration and wind-rain vibration of bridges (Xiang et al. 2005, Zhang et al. 2011,
Zhang 2011), the train-bridge coupling vibration (Li and Zhu 2010) and the aerodynamic
properties and running safety of trains in strong wind field (Li et al. 2005, Chen et al. 2010). There
have been many research results on wind-induced instability of vehicles on roads without wind
barriers (Wetzel et al. 2008, Orellano et al. 2002, Diedrichs et al. 2007 and 2010, Cooper et al.
1979, Carrarini 2007, Andersson et al. 2004) and on the aerodynamic characteristic of different
vehicles on embankments or bridges under cross winds adopting numerical simulation and wind
tunnel test method (Ahmed et al. 1985, Cheli et al. 2003, Cooper 1981, Howell 1986, Suzuki et al.
2003). Some efforts were also made to improve the protection, as the vehicles are extremely
exposed to strong wind gusts (Baker et al. 1992, Saito et al. 2006). Strukelj et al. (2005)
numerically studied the effects of wind barrier geometry on resulting wind forces on vehicles.
They also tested a part of barrier prototype in the wind tunnel in terms of thermal and mechanical
endurance. While usually very helpful for improving traffic safety, wind barriers have negative
influence on aerodynamic characteristics of bridge itself. In fact, windbreaks are used all over the
world for purposes such as reduction of soil erosion, control of snowdrift and provision of a
favorable microclimate for humans, animals and plants. Many studies can be found on the change
of flow through windbreak structures (Wilson 1985, Hagen et al. 1981, Heisler et al. 1988). For
the wind barriers on bridges, Procino et al. (2008) investigated the possibilities of protecting the
vehicles on highway viaducts and the effects of wind barrier porosity on a flow field by wind
tunnel tests. Furthermore, Kwon et al. (2011) and Kim et al. (2011) presented the design criteria
required for wind barriers to protect vehicles running on an expressway under a high side wind and
a decision-making process for installation of wind barriers. However, the above-mentioned studies
on wind barriers were aimed at the highway bridges, while for railway bridges, the research on the
interaction between wind barriers and running trains has been given little attention.

In this paper, an analysis model for vehicle-bridge dynamic interaction under turbulent wind is
established, and the calculation formula of unsteady aerodynamic forces on bridge and vehicle are
derived. Then the form selection of wind barriers is studied using the CFD software, based on
which the suggested index for evaluating windbreak effect of wind barriers and the reasonable
height and porosity rate of wind barriers are given. Finally, taking an actual bridge for example,
the dynamic response of the bridge and the running safety indices of the train passing the bridge
with and without wind barriers are calculated. The limit values of train speed with respect to
different wind velocities are proposed according to the allowance values in the design code.

2. Wind-field model and wind force computation
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2.1 Simulation of turbulent wind-field

An autoregressive model can be used to simulate the wind velocity field, as it is essentially
stochastic time series. In an AR (Auto-Regressive) model, the m-th related turbulent wind time
histories v(X, Y, Z, t)=[vi(X1, Y1, Z1, 1) Vo(X2, Y2, Z2, 1) ...V (Xm » Y, Zm, 1)] CAN be generated by

v(X,Y, Z,t) =—Zp:(pn V(X, Y, Z, t—n-At) + N(t) 1)

n=1

where: X=[Xy, X2, «.o, Xml s Y=[Y1 Yo s Yl Z=[200 22, -, Zu]', (Xy,,2,) is the coordinate of
the i-th point, i =1, 2, 3, ..., m; p is the order of the AR model, which is selected according to FPE
(Final Prediction Error) criterion and AIC (Akaike Information Criterion) (Zhang et al. 2012); At
is the time interval of wind field simulation; ¢, is the autoregressive coefficient mxm square
matrix of the AR model, n=1, 2, ..., p; N(t) is a zero-mean independent stochastic process with
given variance.

For convenience, v(X, Y, Z, t) is written as v(t). Based on the assumption of wind field
simulation and the characteristics of auto-correlation function expressed by Egs. (2) and (3), the
relationship between the correlations function R(j-At) and the autoregressive coefficient ¢, is

given by

R(-j-At) =E[ v(t)-v'(t—j-At) ] (2)
R(-j-At) = R(j - At) ©)

R(j-A0 =~ 0, RIG-M)-A, J=1,2,....p (4)
RO =-Y 0, -R(N-A)+R, (5)

n=1

Egs. (4) and (5) can be expressed with a matrix form as follows

Mm ©)

p

where @ ,.ymm =1 @ @, -~ @,1", I is the m order unit matrix; Ry is the mxm covariance

matrix; O, is a pmxm matrix where all elements are zero; R is (p+1)mx(p+1)m auto-correlation
Toeplitz matrix, and the detailed expression is

Rn (0) Rlz (At) R13 (ZAt) t Rl( p+1) ( pAt)
R21 (At) Rzz (O) st (At) R2(p+1) [( p _1)At]
R= R31 (2At) Raz (At) Rss (0) e Rs( p+1) [( p- Z)At] (7)
_R(p+1)1(pAt) R(p+1)2 [(p _1)At] R(p+1)3[(p _Z)At] R(p+l)(p+l) (0) Jepstymx(p+nym

in which R, (jAt) is mxm square matrix (s=1, 2, ..., p+1, d=1, 2, ..., p+1, j=0, 1, 2, ..., p) whose
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elements can be calculated by the Wiener-Khintchine formula
Ry(7) = j: S, (f)cos(2nf -7)df (8)

where f is the frequency of fluctuating wind (Hz); if i=q, S,(f) is the auto-spectral density
function, else S, (f) is the cross-spectral density function of fluctuating wind (i=1, 2, 3, ..., m,
o=1, 2, 3, ..., m) that depends on the auto-spectral density function s,(f), S,(f) and
relationship function r (f), i.e.

Siq (1) =S ()Sq (1) 1o () -explio(f)] 9)

where 6(f)=0 in terms of the assumption of wind field simulation; for the structure with large
vertical and lateral size the relationship function r, (f) is suggested by Davenport (1961)

21\[C2(z,—2,)° +C7 (% — %)’

W(f)=oxp) - V(z)+9(z,)

(10)

where v(z) and v(z,) are the mean wind velocity at the i-th and g-th point respectively; (i, z;)

and (Xq, Zg) are the coordinate of the i-th and g-th point respectively; C, and C, are the attenuation
factor of any two spatial points along the x-axis and z-axis. C, and C, can be obtained by field test,
or use the values C,=16 and C,=10 suggested by Simiu (1978) in actual projects if lack of
measured data.

After the matrix R is calculated, the autoregressive coefficient @, can be obtained using Eqg. (6),
and the Ry can be solved by substituting @, into Eq. (5). In this way, the wind velocity time series
can be easily generated using Eq. (1).

2.2 Numerical calculation of crosswind through wind barriers on bridge

Based on the CFD software and using the RNG k-¢ turbulence model, the numerical simulation
is performed for the flow field distribution through wind barriers on bridge, further the windbreak
effect is analyzed of wind barriers with different heights and different porosities. The fluid motion
equations are derived according to the conservation principle of mass and momentum, which are
solved by the finite volume method. The computational domain is discretized with non-structural
grid generation technique, which is highly adaptable, efficient and easy in fining the mesh as
required.

In lateral wind-field, the bridge and wind barrier are approximated as a two-dimensional model,
where the flow field is incompressible because the oncoming wind velocity is far less than 0.3
times sound velocity. The porosity of wind barriers are modeled with the gap between blocks,
whose thickness is the same as that of wind barriers at the corresponding position and whose
height depends on the height and porosity rate of barriers. The two-dimensional incompressible
governing equations of fluid movement using tension analysis method can be expressed as (Zhou
2010)

o, _0

- (11)
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where the cap bar “— indicates the time average of the corresponding physical quantities; o is the
air density; v is the kinematic viscosity; ¢ is the turbulent kinetic energy dissipation rate; v, is the
eddy viscosity, and Py is the generated term of turbulent kinetic energy, expressed as

v, =C K’le (15)

ou.  OU, ou
P = i i i 16
=G +axi)axj (16)

i
where C, is the model coefficient, generally equals to 0.0845; «, =«,=1.39;and C;, is related to
pand 7, which can be written as

. 1 ou, Oou;
C51=Cs1_77(1_77/’70)/(1+ﬂ773) o :«szij =" k/e; E; :E(_ﬁxl +_8XJ)
j i

where:C, =142, C,=168; 7,=4.377, $=0.012; and E; represents the time average strain

rate of main flow.

In order to ensure the accuracy of the calculation, and consider the computing capability and
efficiency, the calculation region of the model should be chosen reasonably. Qu et al. (2007)
showed that the flow field parameters near outer boundary could be greatly compatible with given
boundary conditions when the size of outside boundary is greater than 20 times characteristic size
of model section, and solutions have better distribution and faster convergence. In this paper, the
distance from inlet boundary to the structure center is 20 times width of the model section, 25
times from outlet boundary to the structure center, and the distance from the top or bottom
boundary to the structure center is greater than 20 times height of the model section. In the near
wall area, the value range of y* is 30 to 60, thus the grid size is calculated by
Ay, =y u/(pCY*¥?), in which Ay, is normal distance from the wall center element to wall

surface, k is the turbulence kinetic energy of the wall center element, C,, is a const depend on the
turbulence model, x is the dynamic viscosity of fluid, o is the fluid density. Repeated computations
are required for the same model using different grid divisions until the calculation results are
almost equal.

2.3 Wind velocity reduction coefficient

For the main girder with wind barriers, there exists a boundary layer with a certain thickness
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when lateral wind flows through the bridge deck, so the wind velocity u(z) at different heights
from the bridge deck is different. To evaluate the windbreak effect of wind barriers, the equivalent
wind velocity at the bridge deck is defined according to the equivalence theory of lateral
aerodynamic force at the range of certain height (Guo et al. 2009). Based on this theory, and the
wind pressure is proportional to u?, the expression of equivalent wind velocity is as follows

Uy = lJ‘Z'uz(z)dz 7
\j z, o

where z, is the equivalent height in which the side wind affects the running train. For four types of
train vehicles commonly used in China, the heights from rail surface to the top of car-body are,
respectively, 4.433 m for passenger cars, 4.063 m for boxcars, 4.029 m for tank cars and 3.082 m
for gondola cars. Thus, the height z, in this study is taken as 5 m for passenger cars, boxcars and
tank cars, and 4m for gondola cars. The wind velocity u(z) at different heights from the bridge
deck can be obtained by the Fluent software computation.

The windbreak effect of wind barriers can be evaluated by a factor A called wind velocity
reduction coefficient, which is the ratio of the equivalent wind velocity at bridge deck to the
oncoming wind velocity, i.e.

A=0, /0 (18)
where T is the oncoming wind velocity at the bridge deck.
2.4 Wind forces acting on bridge

The wind forces acting on the bridge include the static force caused by mean wind, the
buffeting force caused by fluctuating wind, and the self-exciting force caused by the interaction
between the wind and bridge motions. Each component contains forces from three directions of
drag force, lift force and moment. The lift force Ly, drag force Dy and moment Mg, per unit length
caused by mean wind can be calculated according to the classical airfoil theory

1
L=2puC, ()8 (199)
1o
Dst_zpu Cp(a)D (19b)
1 2
Mst—zpu Cy(a)B (19c¢)

where the subscript st represents the static forces; C_(«), Cpo(e) and Cy(«) are, respectively, the
lift, drag and moment coefficient, which are non-dimensional coefficients determined by the
structure size and wind attack angle «, whose values can be measured from wind tunnel tests of
section model; B and D are, respectively, the width and height of the bridge deck segment.

The buffeting forces per unit length are commonly expressed in terms of quasi-steady model as
follows (Xia et al. 2011)

Dy (1) = %pUZB|:2%CD (o) %} (20a)
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L ()= o B[zc( 1404 1c; @)+ 2Cy(a )]W“)} (20b)

My ()= p°B° [20 @ (a )W(t)} (200)

where the subscript bf represents the buffeting force; C, =dC,/de,C/ =dC, /da,C/, =dC,,/da ;

u(t) and w(t) are the lateral and vertical components of the fluctuating wind velocity, respectively.
The self-excited forces per unit length, i.e., lift Ly(t), drag Ds(t), and moment Mg(t) are
commonly described utilizing flutter derivatives in frequency domain as follows (Chen et al. 2000)

L. (1) = —pu E{KH{(K) +KH; (K) B¢h+K2H;(K)¢b+KZH:(K)h—é’JrKH;(K)%+K2H;(K)%}
(21a)

D, (t)=+ 5 AU B{KP{(K)%+KP§(K)%+K2P§(K)¢b+K2P4*(K)%+KPS*(K)%+K2PG*(K)%}
(21b)

'Vlse(t)— U ‘B* {KN(K)%+K&(K)%+KZA;(K)(A)+K2§(K)%+K'¥(K)%+KZ&(K)%}

(21c)

where the subscript se represents the self-excited wind forces; H;,P and A (i=1,...,6) are
frequency dependent flutter derivatives from wind tunnel tests; K =Bw/U is reduced frequency;

 is the circular frequency of vibration; h,, pp, and ¢, are vertical, lateral, and torsional
displacement of bridge , respectively. The detailed process and method for the self-excited forces
from frequency domain to time domain can be found in Xia et al. (2011).

2.5 Simulation of aerodynamic forces on train

Similar to the bridge, wind forces acting on a train in cross-wind field can be divided into two
parts, i.e., the steady aerodynamic forces induced by the mean wind velocity component of natural
wind and the unsteady aerodynamic forces induced by the fluctuating wind velocity component
(Baker 1991). The wind forces acting on the bogie and wheel-sets of the vehicle are neglected
because of their small windward area, thus only wind forces acting on the car-body are taken into
account, which mainly refer to side force Fs, lift F_ and rolling moment M with respect to the mass
center of the car body, as shown in Fig. 1.

If all the vehicles are the same in a train, the conventional strip theory and quasi-steady theory
for bridge decks can be also used to calculate the aerodynamic forces on the train. From Fig. 1, the
instantaneous wind velocity V and wind attack angle « can be written as

V2 =(U+u)’ +w (22a)
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Fig. 1 Wind forces acting on the car-body of a train vehicle

a =arctan _l (22b)
U+u

Suppose the train runs on a straight track at a constant speed V-, the wind velocity Vr relative to
the vehicle and its yaw angle ¢ can be expressed as

VE=VZ4V7:= [(U+u)2 +W2]+VT2 (23a)

o= arctan(«/(LT+u)2 +W NT) (23b)

Generally, the lateral fluctuating wind velocity u and the vertical fluctuating wind velocity w
are considerably smaller than the mean wind velocity @, so the higher-order quantities such as u?,
w? and uw can be neglected, and Egs. (22) and (23) can be simplified as

V2 ~U?+20u o ~arctan & (24)
u
VZ =~ (U2 +20u)+V7  p=~arctan(@/V;) (25)
According to quasi-steady theory, the aerodynamic forces on the running train can be expressed
as

_1 2
FS_EPAVR CFS (a, 9) (263)
F=1,av2c 26b
L _Ep R “~F (a, ¢) ( )

1

M =2 pAVLHC,,, (. ¢) (26¢)
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where A and H are the reference area and height of the vehicle, respectively; C,Cg andCy,

are the aerodynamic coefficients of vehicle that are the function of wind attack « and yaw angle ¢.
Based on the Taylor series expansion at «=0, these coefficients can be approximated as

C/(@.0) =C,(9)+Cl(¢)- a ~C, (¢)+cs(¢)~vﬁv 27)

where C,(p) and C/(p) (i=F,F_,M,) are the side force, lift force and moment coefficients of

the vehicle and their first order derivatives at a=0.
Substituting Egs. (24), (25) and (27) into Eqg. (26), the wind forces acting on the car body can
be given

F=0.5pAVC, ()+0.5pAV,; {C ((p) +C () } (28a)
R
— — 20u , w
F = 0.5,0AVR2C,:L (p) +0.5pAV [CFL (p).— 72 CFL ((p)E} (28b)
Vi
—, — 2uu , w
M =0.5pAV HC,,, (9)+0.50AV H |:CMV (®) ‘\7_2+CMV (®) E:| (280)
R

where V2 =V7?+0?.
In the right side of Eq. (28), the first term represents the steady aerodynamic force, while the
other two terms represent the unsteady, respectively. The aerodynamic admittance functions are

often introduced to reduce the errors involved in quasi-steady theory for the unsteady aerodynamic
forces as follows

Fo=0.50AV? { (f)-Cp.(9)- 2“”+xF (f)-CL(p)- ﬂ (29a)
F*=05pAV; [;{ (f)-Cq (rﬂ) +zF ()-C (o) } (29b)
M = 05p AV H{m(f)cw(@ Tz, (D) (rp)-ﬂ (29c)

where  the  superscript  ust  represent  the  unsteady  aerodynamic  forces;
Ze () sz () 2o (F), 2o (F), xw (f)and g, (f) are aerodynamic transfer functions

between the fluctuating wind velocity and aerodynamic forces, and f is the frequency in Hz.

It can be seen from Eq. (29) that the fluctuating components of wind velocity field u and w
should be obtained in order to decide the unsteady aerodynamic forces. In addition, the
aerodynamic coefficients of the vehicle and their first order derivations, aerodynamic transfer
functions also should be provided. Of course, the turbulent wind velocities can be simulated at a
series of points along a longitudinal line passing through the mass center of the car-body by the
method in Section 2.1. For lack of available data, all aerodynamic transfer functions are taken as
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1.0 in calculation of the unsteady wind forces (Xu et al. 2006).

3. Dynamic model of vehicle-bridge system in wind field

The dynamic model of vehicle-bridge system in wind field is composed of three parts: the train
subsystem, the bridge subsystem, and the wind loads acting on the train-bridge system.

The train subsystem consists of several locomotives and vehicles. Each locomotive or vehicle is
composed of a car-body, bogies, wheel-sets, and the spring and dashpot connections between the
three components.

For the bridge model using for vehicle-bridge dynamic analysis, it can be established by the
finite element method or the modal decomposition technique according to the type of bridge
structures.

The calculation procedure of the wind loads on the bridge and the train are described in
Sections 2.4 and 2.5.

3.1 Modeling of vehicle

In this paper, a 4-axle vehicle with two suspension systems is taken as an example to
demonstrate the modeling of the vehicle (see Fig. 2). To simplify the analysis but with enough
accuracy, the following assumptions are used in the modeling the vehicle subsystem:

(i) The vehicle runs on the track at a constant speed V1, so that it is unnecessary to model the
movement of the car-body in the longitudinal direction.

(ii) The car-body, bogies and wheel-sets are regarded as rigid components, neglecting their
elastic deformation during vibration.

(iii) The connections between a bogie and the wheel-sets are characterized by linear springs and
viscous dashpots with identical properties, named the first suspension system. The connections
between the car-body and the bogies are represented by linear springs and viscous dashpots of
identical properties, named the secondary suspension system.

(iv) The wheel-set and rail keep contact, thus the movement of the wheel-set can be expressed
by the bridge movement and the corresponding rail irregularity profile.

Both the car-body and each bogie have five degrees-of-freedom, including floating, lateral
swing, rolling, yawing and pitching movements. Each wheel-set has three degrees-of-freedom,
including floating, lateral swing and rolling movements with respect to its mass center. As a result,
the total degrees-of-freedom for a four-axle vehicle are 27, as shown in Fig. 2.

3.2 Modeling of bridge

The bridge is composed of girders, piers, abutments, deck system and track system. Due to the
complexity of coupled components, the following assumptions are adopted in modeling the bridge
subsystem:

(i) There is no relative movement between the track and bridge deck, and the elastic
deformation of the track system is neglected.

(ii) The girders and piers are modeled adopting spatial beam element, and the damping matrix
is assumed as Rayleigh damping.

Based on the above assumptions, the bridge is discretized as a three-dimensional finite element
model. By applying the modal decomposition technique where the generalized coordinates of
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bridge vibration modes are solved rather than the motion equations of the bridge directly, the total
number of the degrees-of-freedom of the system is significantly reduced and the coupled equations
of motion are efficiently solved. Detailed formulations can be found in Guo et al. (2007).

Fig. 2 Model of vehicle subsystem

3.3 Coupled vehicle-bridge system under cross winds

According to the train submodel, the bridge submodel, the assumed train-bridge interaction
relationship, and the wind forces acting on the train and bridge described above, the equations of
motion of the train-bridge coupled system under wind action can be expressed as

Mvv 0 j.(v va va Xv va Kvb Xv FVO F\ft +F\?St
Lt b = oy e (30)
O Mbb Xb va Cbb Xb Kbv Kbb Xb FbO Fb +Fb +Fb

where: M,,, C,yand K,, are the mass, damping and stiffness matrices of the train; My, Cy, and
Ky are the mass, damping and stiffness matrices of the bridge; K, and Ky, , Cy, and C,, are the
stiffness and damping matrices due to the interaction between the bridge and the train; X, , X, , X,
and X,, X,,X, are the displacement, velocity and acceleration vectors of the train and the
generalized coordinate vector of the bridge; F,, and Fy are the force vectors due to the
train-bridge interaction through the track and wheels; F', F, and Fare the modal static wind
force vector, buffeting force vector and the self-excited force vector of the bridge; and F' and

F* are the steady force vector and unsteady force vector of the vehicle, respectively.

Eq. (30) is actually the second order linear non-homogeneous differential equation with
time-varying coefficients, which can be solved using the Newmark-# implicit integral algorithm or
other numerical methods.
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4. Case study
4.1 Background

The total length of the new-built second double-line railway from Lanzhou to Xinjiang is about
1780 km, which will be the longest high-speed railway line in China. The design train speed is 200
km/h. The wind environment is very serious along the railway line. There exist some strong windy
zones such as the Anxi windy zone in Gansu, the Yandun windy zone, the 50-km windy zone, and
the Dabancheng windy zone in Xinjiang, with the total length of about 330 km. The airflows with
the characteristic of sand-driving wind in the region, the wind velocity is high, and the destructive
power is strong. In addition to the serious train operation accidents caused by strong wind, there
are many other problems such as the breakage of window of the vehicle, cement hardening, rail
wears, and shortened service life of technical equipments for train safety. Therefore, it is
indispensable to analyze the running safety of high-speed train and the windbreak measures, to
ensure the operation safety of railway bridges in this strong wind field.

In this case study, the distribution law of wind velocity along the height above the bridge deck
is studied for the bridge with simply-supported box-girders on the new Lanzhou-Xinjiang railway.
The bridge is installed with wind barriers with different porosity rates and heights, as shown in
Fig. 3.

5

700

400

1340/2 1340/2 N 134072 N 134072
4 .

LT N

(a) Cross sections of wind barriers with different heights

L 200 200 | 200 | 200 |

305
305

(b) Elevation of the single-side wind barrier (4 m high)

Fig. 3 Single-side wind barriers on the box-girder (Unit: cm)
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Fig. 4 Wind velocity distributions along the height at the track central line on the box-girder with
wind barriers

The wind velocity reduction coefficients are calculated to select the proper type of wind
barriers. Then the dynamic response of the bridge and the running safety indices of the train are
calculated in cases with and without wind barriers when the wind acts at the level of the vehicle
mass center in the direction normal to the motion of the vehicle.

4.2 Comparison of windbreak effect for wind barriers

The form selection for wind barriers are based on these cases: the barrier height is 4 mand 7 m,
the porosity rate B is 10%, 20%, 30%, 40% and 50%, which is the ratio of the hole area to the
whole area per unit length of the wind barrier. The numerical simulation is carried using the
FLUENT software for all cases. The wind attack angle is zero degree, the oncoming wind velocity
is 10 m/s, the structure surface and the upper and lower surface of the computation region are the
wall conditions, the velocity condition for the inlet boundary condition, and the pressure boundary
condition for the outlet boundary condition.

Illustrated in Fig. 4 are the distribution curves of wind velocity along the height at the track
central line on the box-girder with wind barriers of different porosity rates.

It is clearly shown that the wind barriers can effectively reduce the wind velocity on the bridge
deck, and the windbreak effect is closely related to the porosity rate and height of barriers. The
wind velocity in the protection region increases with the porosity rate f,. In general, the wind



216 T. Zhang, H. Xia and W.W. Guo

Table 1 Wind velocity reduction coefficients of wind barriers with different porosity rates

Porosity 4 m high single-side wind barrier 7m high single-side wind barrier
rate At the center of At the center of At the center of At the center of
the left line the right line the left line the right line
10% 0.103 0.116 0.224 0.196
20% 0.219 0.126 0.262 0.145
30% 0.387 0.298 0.357 0.295
40% 0.535 0.498 0.476 0.431
50% 0.585 0.585 0.527 0.482

velocity at the left line is bigger than that at the right line, and it presents a waving form due to the
influence of holes at the left line position close to wind barriers. At the height range of 4 m from
rail surface, the difference in wind velocity using 4 m or 7 m wind barriers is not so big, but the
wind velocity above 4 m obviously increase for 4 m single-side wind barrier. The turbulent
intensity is significantly reduced, so hereinafter only the steady forces acting on the vehicle are
calculated for the bridge installed with wind barriers, while for bridge without wind barriers, both
the steady forces and unsteady forces on the vehicle are taken into account.

Based on the theory in Section 2.3, the wind velocity reduction coefficients are calculated for
different porosity rates and heights of wind barriers as z.=5m, as shown in Table 1. It can be seen
that the wind velocity reduction coefficient for the 4 m wind barrier is smaller than that for the 7 m
wind barrier when the porosity rate is not bigger than 20%. The windbreak effect for the 7 m wind
barrier is better than that for the 4 m barrier when the rate is greater or equal to 30%. Therefore, at
the range of 5 m protection height, the 4 m single-side wind barrier with the porosity rate about
20% is a reasonable form to protect the train operation, which can reduce the wind velocity at the
rail central line by about 80%. This type of wind barrier is used on the bridge in the dynamic
analysis of coupled wind-vehicle-bridge system.

4.3 Train parameters and finite element model of bridge

The train used for the case study is the ICE train in Germany, composed of 3x(3M+1T), where
M represents the motor-car and T the trailer-car. The height and width of the car-body are 3.5 m
and 2.7 m, respectively. The average static axle load is 160 kN for a motor-car and 146 kN for a
trailer car. The other parameters of the ICE train can be found in Xia et al. (2011).

The track vertical, lateral, and torsional irregularities are generated from the German PSD
functions of rail irregularities for high-speed railway, which are recommended by the technical
condition of the high-speed train in China (Xia et al. 2011). The length of the simulated data is
2000 m with the maximum amplitude being 4.20 mm in the lateral direction, 5.80 mm in the
vertical direction and 0.002 rad in the torsional direction, as shown in Fig. 5.

The bridge consists of 10x32 m simply-supported box-girders with 13.4 m width, and the solid
piers of 15 m height. The bridge model established with finite elements is shown in Fig. 6. The
range of natural frequency of the first 60 orders is from 1.23 Hz to 27.1 Hz.

4.4 Wind loads
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Fig. 6 Finite element model of the bridge

The fluctuating wind velocity time histories at the bridge site are simulated to calculate the
buffeting forces on the bridge and the unsteady aerodynamic forces on the train without wind
barriers. The following lateral and vertical wind auto-spectra are adopted in the code of China

(JTG/T D60-01-2004)

fs,(f)  200f,
u?  (1+50f.)%°

fS,(f)  6f.
u? (1+41.)?

1)

(32)
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Fig. 7 Simulated fluctuating wind velocity time histories

Table 2 Aerodynamic coefficient

Item Co C, Cy C/ Cu
Bridge without wind barriers 1.0903 0.4681 0.1483 0.7391 -0.4011
Vehicle on the bridge without wind barriers 1.37 0.0524 0.82 -- --
Bridge with 4m high wind barriers 2.0302 -0.1334 0.2366 0.0573 0.1318
?)/ehl_cle on the bridge with 4m high wind 0.329 0.094 0.212 _ _

arriers
fz Ku(z) — . .
where f,=——, u. = ,z,=H-z,/K; S,(f)ands,(f) are, respectively, the power
u(z) Inf(z-z,)/ z,]

spectral density functions in the lateral and vertical direction; u.is the friction velocity of the

airflow, in m/s; K is a non-dimensional const, K=0.4; z is the height from ground or water surface,
in m; T(z2)is the mean wind velocity at the height z, in m/s; zis the ground roughness height, in

m; H isthe mean height of surrounding buildings.

Fig. 7 shows the time histories of vertical and lateral fluctuating wind velocity at a point of the
bridge, corresponding to the mean wind velocity 25 m/s.

For simulation of dynamic behaviors of the train-bridge system under crosswinds, the
aerodynamic data, including both steady force coefficients and turbulent characteristics, for the
bridge and the moving train are required. These values can be acquired from a wind tunnel
experiment. The aerodynamic coefficients of the bridge and their first derivatives at the zero wind
attack angle are listed in Table 2, also the aerodynamic coefficients of the vehicle at zero the wind
attack angle and 90° yaw angle. Thus, the wind forces on the bridge and vehicle can be easily
calculated using the method described above.

4.5 Bridge response with wind barriers
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The maximum displacement responses of the bridge versus mean wind velocity are plotted in
Fig. 8(a), where the train speed is 200 km/h, and those versus train speed are in Fig. 8(b), where
the wind velocity is 25 m/s. It can be seen that wind force has obvious influence on the lateral
displacement of the bridge, which is very small without wind action but increases significantly
with the wind velocity. The train speed has small effect on the lateral displacement of the bridge,
but great effect on the vertical displacement of the bridge, especially when the train speed is higher
than 200 km/h. This is because the vertical displacement of the bridge is mainly caused by the
moving gravity force of the train, while the lateral displacement is mainly caused by the wind
forces.

Fig. 9 shows the time histories of lateral and vertical accelerations of the bridge, when the train
runs at 200 km/h on the sixth span without and with wind forces. The time histories show that the
accelerations reach the maximum value when the train travels on the bridge, while the fluctuating
wind forces have slight effect, because the accelerations are mainly caused by the track irregularity
and train excitation. The accelerations decrease rapidly after the train leaves the span without wind
action, while they obviously have turbulent characteristic with wind action. The maximum
mid-span accelerations of the sixth span are, respectively, 15.3 cm/s* without wind and 19.5 cm/s*
with wind in lateral direction, and 15.2 cm/s® without wind and 14.6 cm/s?with wind in vertical
direction.

4.6 Vehicle response and safety indices with wind barriers
The evaluation indices for the running safety of train currently adopted in the high-speed

railways in China include: the derailment factor Q/P,(defined as the ratio of the lateral wheel-rail
force Q to the vertical force P, of the wheel at the climbing-up-rail side), the offload factor AP/P
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Fig. 9 Mid-span acceleration time histories of the sixth span of the bridge as V=200 km/h

Table 3 Maximum dynamic response of the train with wind barriers (V=200 km/h)

Wind velocity @ /(m/s) 0 5 10 15 20 25

motor-car  63.5 63.5 63.5 63.5 63.5 63.51
trailer-car  46.34 46.34 46.27 46.39 46.38 46.92
motor-car  51.32 51.37 51.49 51.98 52.79 54.53
trailer-car  59.72 59.73 59.77 59.85 59.93 60.07
motor-car  0.193 0.195 0.229 0.297 0.402 0.545
trailer-car  0.157 0.157 0.201 0.282 0.408 0.575
motor-car  0.209 0.218 0.249 0.306 0.400 0.574
trailer-car  0.241 0.232 0.224 0.281 0.404 0.666
motor-car  32.5 33.6 37.0 425 50.0 60.3

trailer-car  30.6 29.8 33.1 38.5 46.2 56.0

Acceleration of ~ Vertical
car-body
I(cm/s?) Lateral

Offload factor

Derailment factor

Lateral W/R force /kN

(defined as the ratio of the offload vertical wheel-rail force AP to the average vertical wheel-rail
force P of the two wheels on a wheel-set), and the lateral wheel-rail force H.

The maximum acceleration responses and running safety indices of the train vehicles, such as
offload factor, derailment factor and lateral wheel-rail force, are listed in Table 3, as the train runs
at 200 km/h and the mean wind velocity from 0 m/s to 25 m/s.

As can be seen, wind forces have slight effect on the accelerations of the car-body due to the
wind barriers when the mean wind velocity is below 25 m/s. It is also shown that the offload factor
and the derailment factor of the train under wind force are larger than those without wind force.
These two factors increase with the mean wind velocity, and the greater the wind velocity is, the
faster the increase growth, and this is similar to the lateral wheel-rail force. The maximum values
of offload factor and derailment factor are 0.575 and 0.666, respectively, and the maximum lateral
wheel-rail forces are 60.3 kN for the motor-car and 56.0 kN for the trailer-car, respectively, when
the mean wind velocity reaches 25 m/s.
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Fig. 11 Maximum acceleration time histories of the vehicle as V+=200 km/h and T =25m/s

Table 4 Maximum dynamic response of the train without wind barriers (V=200 km/h)

Mean wind Derailment  Offload Late_ral Lateral acceleration  Vertical acceleration
velocity /(m/s) factor factor wheel-rail force of the car—?ody/ of the car—?ody/
/ KN (cm/s9) (cm/s9)
0 0.24 0.19 325 59.7 63.5
5 0.26 0.25 37.1 59.3 63.7
10 0.48 0.51 50.8 59.9 64.0
15 25 0.99 74.1 64.5 70.0

Shown in Fig. 10 are, respectively, the distributions of offload factor and derailment factor of
the train versus train speed while keeping the other parameters unchanged. It is seen that in general
trend these factors increase with the train speed.

4.7 Vehicle response and safety indices without wind barriers

To investigate the windbreak effect of wind barrier, the car-body accelerations and running
safety indices of the train are compared when it travels on the bridge without wind barriers. Fig. 11
shows the maximum acceleration time histories of the car-body in these two cases when the train
speed is 200 km/h and the mean wind velocity is 25 m/s. With wind barriers, the maximum lateral
acceleration is reduced from 88.9 cm/s® to 60.1 ¢cm/s?, and the vertical acceleration from 111.4
cm/s® to 63.5 cm/s?.

The maximum responses of the train are listed in Table 4 without wind barriers as the train runs
at the speed of 200 km/h increased the mean wind velocity to 15 m/s from 0 m/s. It can be seen
that the derailment factor, offload factor and lateral wheel-rail force increase rapidly with the mean
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Table 5 Limit train speeds with and without wind barriers

Mean wind  Limit value of train speed / (km/h) Mean wind Limit value of train speed / (km/h)

Ve(lr?;';)y / with barrier without barrier Ve(lr?](;lst)y/ with barrier Vg:::?eurt
0 360 360 22.5 280 --
5 350 300 25 200 --
10 350 200 27.5 80 --
125 350 40 30 60 --
15 350 Forbidden running 325 30 --
20 350 . 325 Forbidden -
running

wind velocity, especially when the wind velocity exceeds 10 m/s. The car-body acceleration is
influenced little when the mean wind velocity is less than 10 m/s, and the difference is small with
or without wind barriers (compare the results in Table 3 and Table 4). This indicates that the wind
forces are not the main influence factor on car-body acceleration when the mean velocity is less
than 10 m/s.

4.8 Limit value of train speed

In order to judge the running safety of the train, the allowances of these safety indices defined
in Section 4.6 are given in the Chinese code (TB 10621-2009) as follows

Derailment factor : Q/B <038
Offload factor : AP/P<0.6 (33)
Wheel/ rail force: H<10+PR,/3

where, Py denotes the static wheel-set load in kN. The allowable lateral wheel-rail forces for the
motor-car and trailer-car of the train are, respectively, 63.3 kN and 58.7 kN, corresponding to their
static loads 160 kN and 146 kN.

The allowances for the car-body accelerations in the Chinese code are as follows

Vertical acceleration <0.13g (34a)
Lateral acceleration <0.10g (34b)

Then the calculation results considering different wind velocities from 0 m/s to 32.5 m/s and
train speeds from 30 km/h to 360 km/h are compared with the above allowances. The limit train
speeds for running safety corresponding to different wind velocities are listed in Table 5.

One can find that, the limit values of train speed with respect to different wind velocities are
raised obviously with wind barriers. When the mean wind velocity reaches 30 m/s, the train still
runs safely on the bridge at the speed of 60 km/h. While for a bridge without wind barriers, it
should be closed to the train when the mean wind velocity exceeds 12.5 m/s. Therefore, installing
wind barriers on the bridge is an effective measure to reduce the number of stopping train
operation in wind areas and to enhance the running safety of the train in wind field.
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5 Conclusions

For the running safety of the train under cross winds, the wind barriers are installed on the
bridge to reduce the wind forces acting on the vehicle. The form of wind barriers is selected based
on the numerical simulation of airflow through wind barriers on bridge. A case study is performed
to calculate the dynamic response of the bridge and the running safety indices of train on the
bridge with and without wind barriers under cross winds. Some conclusions drawn from the study
are as follows:

(1) The windbreak effect is closely related to the porosity rate and height of barriers. The wind
barriers are suggested to have a height similar to the structures to be protected, and the porosity
rate can be from 10% to 20%.

(2) Wind action has influence on the displacement responses of the bridge. The lateral
displacement is very small without wind action but increases significantly with wind velocity.
Train speed has small effect on the lateral displacement of the bridge, but great effect on the
vertical displacement of the bridge, especially for train speed above 200 km/h.

(3) The fluctuating wind intensifies the acceleration of the bridge, and produces greater impact
on lateral direction than on vertical direction. For a bridge without wind barriers, wind has strong
influence on the acceleration of car-body when the mean wind velocity is higher than 10 m/s,
while for a bridge with wind barriers, this influence is very slight when the wind velocity is below
25 mf/s.

(4) The offload factor, derailment factor and lateral wheel-rail force of the train under cross
wind increase with the wind velocity and the greater the wind velocity, the faster the increase rate.
The increasing amplitude without wind barriers is much bigger than that with wind barriers.

(5) Installing wind barriers on the bridge can greatly raise the safety running speed of the train.
For the bridge with a 4m high single-side wind barrier, the allowable wind velocity is 32.5 m/s,
which is much greater than 12.5 m/s for the bridge without wind barriers.
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