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1. Introduction 
 

Chongqing is a typical mountain city in Southwest 

China, whose rail transit is increasingly developing. 

Nevertheless, due to the sinister terrain, the metro lines 

across numerous wide rivers and deep valleys, causing a 

large proportion of high-pier viaducts, and the height of pier 

is even higher than 100 meters. Compared with the 

underground line in plain city, the elevated line in mountain 

city is severely attacked by environmental gusts, which 

induces the drastic vibration of the dynamic system, 

especially at the turn of summer and autumn. Besides, 

compared with the short-pier viaduct, the high-pier viaduct 

has worse stability under crosswind. Crosswind induces the 

strong vibration of the high-pier and the beam, which 

causes the intensified vibration of the track structure by the 

track-bridge interaction. Then the vibration transmits to the 

car body by wheel-rail interaction, that in turn triggers 

running instability of metro train to be derailed or overturn 

in serious cases, which results in loss of running safety or 

traffic disruption. 

By now, many studies have paid their attention to the 

wind-train-bridge (WTB) coupled system, and many 

beneficial suggestions have been proposed. In the authors’ 

opinion, these studies on the WTB interaction can be 

classified into the following three categories by research 

method: a) wind tunnel tests; b) analytical approaches; c)  
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computer fluid dynamics. 

Wind tunnel tests (WTT) plays an essential role in 

studying the WTB system (Cai et al. 2015). Protection 

effect of wind barrier on running safety of train under 

crosswind has been analyzed by WTT (Olmos and Astiz 

2018, Chen et al. 2015, He et al. 2016, Xiang at al. 2018). 

In addition, the characteristics of single running train or the 

meeting of two trains on bridges under wind loads have 

been researched (Li et al. 2014, Niu at al. 2017, Li et al. 

2013, Cheli et al. 2011). 

Analytical approaches are used to study the WTB 

interaction through building an analytical model and 

investigating the concerned parameters and responses of the 

structure based upon the knowledge of structural dynamics 

and fluid mechanics (Cai et al. 2015, Cai et al. 2019). The 

running safety or stability analysis of the WTB system has 

been finished in a slice of works (Carsten et al. 2015), the 

non-linear model for WTB interaction was built by Olmos 

and Astiz (2018), in addition, running safety on the Tsing 

Ma Bridge was analyzed by Guo et al. (2011). 

Computer Fluid Dynamics (CFD), which is an efficient 

tool to reveal the aerodynamic phenomena of running train 

and bridge structures under wind (Cai et al. 2015), for 

instance, Weinman et al. (2018) assessed the effect of mesh 

refinement by comparing CFD with WTT. 

However, few studies pay attention to the running safety 

of the metro vehicle-bridge system with high-pier under 

crosswind. For this reason, this paper analyzes the running 

safety of the metro vehicle over the high-pier viaduct under 

crosswind to ensure the safe operation in metro lines in 

mountain cities. Firstly, the dynamic model of the metro 

vehicle-track-bridge system under crosswind is established  
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in Section 2. Then, crosswind loads model considering the 

condition of wind zone is built in the next section. On this 

basis, the basic characteristics of the dynamic system with 

high-pier under crosswind are analyzed in Section 4. After 

that, the safety zone for metro vehicle traveling on the high-

pier viaduct under crosswind is determined in the last 

section. Finally, some crucial conclusions are reached in the 

end of the work. 

Several highlights in this paper are listed below: 

• A dynamic model of the metro train-track-bridge 

system subjected to crosswind in mountain city is 

established; 

• Considering the condition of wind zone in mountain 

city, crosswind loads for high-pier bridge and metro 

vehicle are described; 

• Running safety of the metro vehicle over a high-pier 

viaduct under crosswind is researched, in which the 

corresponding safety zone is determined. 

 

 

2. Dynamic model of metro vehicle-track-bridge 
system under crosswind 

 

According to the actual construction of Chongqing Rail 

Transit (CRT), a detailed dynamic model of the vehicle-

track-bridge system is established. In the dynamic model, 

metro vehicle, ballastless track and high-pier bridge are 

considered as three subsystems, which are coupled through 

wheel-rail interaction and track-bridge interaction. Besides, 

the dynamic equations are calculated by the Newmark-β  

 

 

 

 

numerical integration method. Dynamic interaction 

principle of metro vehicle-track-bridge under crosswind is 

shown in Fig. 1 (Zhai et al. 2011). 

 

2.1 Metro vehicle sub-model 
 

Based on the actual condition of metro vehicles of CRT, 

as shown in Fig. 2, the following assumptions are adopted 

for the vehicle model. The metro vehicle runs at a constant 

speed on the windward side track of the double-line bridge. 

Then, the vehicle consists of a car body, two bogies, four 

wheelsets and eight axle-boxes, which are all rigid bodies. 

In the meantime, six degrees of freedom (DOFs) are taken 

into consideration for each rigid body except the axle-boxes, 

describing stretch, bounce, sway, roll, yaw, and pitch 

motions, in which total 50 DOFs are considered. Meanwhile, 

the viscous dampers and linear springs are adopted in 

primary and secondary suspension systems to build the 

vehicle sub-model. The detailed equations of motion of all 

the parts can be found in Zhai et al. (2013). 

 

2.2 Ballastless track sub-model 
 

The rails are modeled as Euler beams, which discretely 

supported by fasteners and are simulated as linear spring-

damping force elements. Meanwhile, the track slab and the 

bridge deck are casted as one, as shown in Fig. 2(b). And 

three DOFs of each rail are taken into account, describing 

vertical motion, lateral motion, and torsional motion, and 

the motion of the rail are given as (Chen et al. 2015) 
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Fig. 1 Dynamic interaction principle of metro vehicle-track-bridge under crosswind 
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(a) the viaduct and metro vehicle of Chongqing Rail Transit 
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(b) dynamic model of t h e  metro vehicle-track-bridge 

system with high-pier viaduct 

Fig. 2 Dynamic model of the vehicle-track-bridge system 
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(3) 

where zr(x,t), yr(x,t) and φr(x,t) are vertical, lateral, and 

torsional displacements of the rail, respectively; mr is the 

rail mass per unit length; ρr is the rail density; EIy and  

are the rail bending stiffness to Y-axle and Z-axle; Ir0 is the 

torsional inertia of the rail; GJt is the rail torsional stiffness; 

FrVi(t) and FrLi(t) are the vertical and lateral dynamic forces 

of the ith fastener; Pj(t) and Qj(t) are the jth wheel-rail 

vertical and lateral forces; MFi(t) and MWj(t) are the 

moments applying on the rails due to forces FrVi(t) and 

FrLi(t) and due to forces Pj(t) and Qj(t), respectively; xi(t) 

and xWj(t) are the locations of ith fastener and jth wheelsets; 

Ns and NW are the numbers of fasteners and wheelsets; δ(x) 

is the Dirac delta function. 
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where FrV1i(t) and FrV2i(t) are vertical fastener forces acting 

on the left side and the right side of the rail, and FrV1i(t) + 

FrV2i(t) = FrVi(t); ar is the vertical distance between the rail 

torsional center and the lateral force from the fastener 

system; br is the half of the distance between FrV1i(t) and 

FrV2i(t); hr is the is the vertical distance from the rail 

torsional center to the lateral wheel-rail force; er is the 

lateral distance from the rail torsional center to the vertical 

wheel-rail force. 

Then the rail displacement can be finally described as 

(Guo et al. 2010) 
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(5) 

where Zk(x), Yk(x) and Φk(x) are the rail vertical, lateral, and 

torsional mode functions; qzk(t), qyk(t) and qtk(t) are the kth 

vertical, lateral, and torsional mode time coordinates, 

respectively; NZ, NY and NT are the total mode numbers of 

the rail vertical, lateral, and torsional mode functions 

selected for the calculation. 
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Fig. 3 Wheel-rail contact model 

 

 

2.3 High-pier bridge sub-model 
 

The elevated structures of metro lines are described as a 

three-span simply-supported girder double-line box girder 

bridge with four piers. Considering the calculation 

efficiency and calculation accuracy, the high-pier viaduct is 

established based on the finite element method (FEM) 

(Chen at al. 2019), and the three dimensional solid element 

is adopted to model the pier and the beam, which are shown 

in the next section. 

 

2.4 Wheel-rail dynamic interaction 
 

The wheel-rail interaction forces include wheel-rail 

normal contact forces derived by nonlinear Hertzian elastic 

contact theory according to the elastic compression 

deformation of wheels and rails at contact points in the 

normal directions, and tangential wheel-rail creep forces, 

which are calculated first by Kalker’s linear creep theory 

and then modified with the Shen-Hedrick-Elkins nonlinear 

model (Chen et al. 2019, Li et al. 2013). Wheel-rail contact 

model is show in Fig. 3. 

Wheel-rail contact geometry is described as 
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 (6) 

where Rw and δR are the radius of wheel rolling circle and 

the contact angle of wheel-rail; lx, ly and lz are the direction 

cosines of wheelset axis; xB, yB and zB are the coordinates of 

the center of the wheel rolling circle. 

The wheel-rail normal forces are calculated based on 

Hertz nonlinear contact theory 

 
3/2

( ) ( ) /NP t Z t G=  (7) 

where δZ(t) is the elastic compression amount at the contact 

location; G is the wheel-rail contact constant; for tapered 

tread, G = 4.57R−0.149 × 10−8 (m/N2/3), while for worn profile 

tread, G = 3.86R−0.115 × 10−8 (m/N2/3). 

According to Kalker's linear theory, the longitudinal 

creep force Fx, lateral creep force Fy and rotary creep 

moment Mz can be given as 
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where fij (i, j = 1, 2, 3) is creep coefficient, εx, εy and εϕ show 

the definitions of the longitudinal, lateral and spin creepage. 

 

2.5 Track-bridge dynamic interaction 
 

Track-bridge dynamic interaction is adopted to 

investigate the track-bridge interaction forces, which is 

illustrated in Fig. 4. 

In the solution for track-bridge vertical force, the left 

and right vertical track-bridge interaction force FrVLi(t) and 

FrVRi(t) under the ith fastener can be described as 
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where among them, KfV and CfV are the fastener's vertical 

stiffness and damping; zrLi and zrRi are the vertical 

displacements of the left and right rails at the ith fastener 

position; zbv and φb are the vertical displacements and 

torsional angles of the bridge section centroid; d represents 

half of the track gauge. 

The left and right lateral track-bridge interaction forces 

are described as 
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where KfL and CfL are the lateral stiffness and damping of 

fasteners; yrLi and yrRi are the lateral displacements of the 

left and right rails at the ith fastener position; ybL is the 

lateral displacement of the bridge section centroids; Hb 

represents the bridge section centroid to the bridge The 

distance from the surface. 
 

2.6 Numerical solution 
 

In order to improve the efficiency of computer 

computing and ensure the stability of calculation, 

academician Zhai proposed the Newmark-β implicit integral 

method (Zhai method, 1996) to solve the equations of 

vehicle-track submodel (Li et al. 2013). In this work, 

Newmark-β integral method is adopted to solve the 

established dynamic equations, whose integral expression is 

2 2
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where X,  and  are the generalized matrix 

displacement, velocity, acceleration of the dynamic system, 

respectively; φ, ψ are the integral parameters; Δt is the time 

integration step length. 

The mixed explicit-implicit integration method can be 

conducted according to the procedure in Fig. 5 (Chen et al. 

2019). 
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Fig. 4 Track-bridge dynamic interaction 
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Fig. 5 Process of the mixed explicit-implicit integration 

method 

 

 

3. Crosswind loads model 
 

Crosswind loads for the high-pier, the box-girder and 

the car body of are described sequentially in this section. 

 

3.1 Numerical simulation of crosswind velocity time 
histories 
 

According to the actual statistical meteorological data in 

Chongqing, a detailed crosswind model is built, as shown in 

Fig. 6, in which the following assumptions are adopted: 

 

 • Crosswind in this paper is described as a natural 

unsteady gust with step change; meanwhile, the 

process of metro vehicle crossing over the wind zone 

is divided into three stages: a) entering stage; b) 

crossing stage; c) leaving stage. 

• The crosswind speed is gradient along the elevation of 

the pier, which does not change along the bridge deck. 

Besides, crosswind only works on the car body, the 

box girder and the high-pier. The mean wind speeds 

for the vehicle, the bridge deck and the pier top are 

equal. 
 

Fluctuating gust action is a random process, and the 

value of wind load changes constantly and is unpredictable. 

It cannot be completely described by time function, but it 

can be analyzed by probability theory and random vibration  
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theory. According to wind records, fluctuating wind can be 

considered as Gaussian process and stationary random 

process. The harmonic superposition method (HSM) is 

adopted to simulate. The numerical simulation procedure is 

shown in Fig. 7. 

The power spectral density (PSD) function with n 

smooth Gaussian processes (vj(t) (j = 1, 2, … , n)) with zero 

mean value is (Cheli at al. 2018, Chen et al. 2015) 
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where Sjk(ω) (j = 1,2,…,n; k = 1,2,…,n) is the Fourier 

transform (FT) of the correlation function. 
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Fig. 7 Numerical simulation procedure of fluctuating 

wind 

 

 

 

 

According to Cholesky’s decomposition method, Sjk(ω) 

is decomposed as 

*( ) ( ) ( )T

jkS H H  =  (13) 

where H(ω) is a down triangular matrix, H*(ω)T is the 

matrix transpose of H(ω). 
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where the Sjk(ω) is the multidimensional random processes, 

the numerical simulation of fluctuating wind velocity vj(t) 

histories are described as 
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where Δω=(ωu-ωk)/N is the increment of frequency, ωu and 

ωk are the upper and lower limits of frequency;  

is the matrix module of H(ω); ψjm(ωl) is the phase angle 

between two points, l = 1,2,3,…,N; θml is random numbers 

uniformly distributed between 0 and 2π. ω1=ωk+(l-1/2)Δω 

is the increasing variable of frequency. 

Davenport spectrum is adopted in this paper according 

to ‘Fundamental code for design on railway bridge and 

culvert TB 10002.1-2005’. 

2 2
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S n
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 (16) 

where x0 = 1200n/ 10; 10 is the average wind speed at 

ground base height of 10 m; n is the frequency of wind (1/s); 

Kr is the coefficient of friction at 10 meters. 
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Fig. 6 Finite element model of the high-pier bridge and the schematic of crosswind for the dynamic system 
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Crosswind changes along the gradient, whose speed is 

reduced by the frictional resistance when air flow is close to 

the ground. On the contrary, the higher air flow away from 

the ground, the less energy loss is, higher wind speed is. 

Generally, the wind pressure at the standard height (z = 20 

m) is adopted in ‘Fundamental code for design on railway 

bridge and culvert TB 10002.1-2005’. According to the 

standard, the exponential law is suitable for the upper 

friction layer, while the logarithmic law is suitable for the 

lower friction layer near the ground. 
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where  and  are the average wind speed (m/s) at 

the height z of the upper and lower friction layers;  is 

the average wind speed (m/s) at the standard height ;  

is the ground roughness index, which is set to 0.30;  is 

the height at which the wind speed is reduced to 0. 

On this basis, the wind velocities along the bridge deck 

and the pier are generated, as shown in Fig. 8. 

As can been seen from Fig. 8(a), for instance, while 

mean crosswind speed of standard height is 8 m/s, 

simulated time histories of crosswind at the bridge mid-span 

(z = 50 m) and lower friction layers height of the pier (z = 

10 m) are given. 

Meanwhile, as shown in Fig. 8(b), the calculated 

spectrum is floating on both sides of the target spectrum in 

the simulation process, that conforms to the curve rule of 

the target spectrum and is consistent with the target 

spectrum, which indicates the HSM is credible. 
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Fig. 8 Numerical simulation of fluctuating wind 
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Fig. 9 Crosswind loads for high-pier bridge 

 
 

3.2 Crosswind load for high-pier viaduct 
 

The pier structure is affected by natural wind force (per 

unit height) with an attack angle α on its section (Guo et al. 

2010, Weinman et al. 2018), which is shown in Fig. 9. 

Tri-component forces of the vehicle-bridge system 

under natural wind are shown as 
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where FYP, FXP, FMP are the Y-Pier-Force, X-Pier-Force and 

Pier-Moment, respectively; ρ is the air density; L is the 

width of pier section; CYP, CXP, CMP are the aerodynamic 

coefficients related to section shape and flow direction. The 

coefficients can be obtained from WTT or CFD simulation  

Wind loads (per unit length) for the box girder, shown in 

Fig. 9, can be expressed as follows 
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 (19) 

where ‘DB’ is the drag wind load on bridge, ‘LB’ is the lift 

wind load on bridge, ‘MB’ is the moment wind load on 

bridge, respectively; B is the width of body along the mean 

wind; D is the height of bridge section. 

In addition, the functions of the aerodynamic coefficient, 

CYP, CXP, CMP, CDB, CLB, CMB, have been approximated by 

the two first terms of their development in Taylor series at α 

= 90° and γ = 0°. These coefficients are used to similar pier 

and bridge decks. Aerodynamic coefficients of piers and the 

box girder have been calculated according to the European 

Standard EN 1991-1-4:2005. 
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3.3 Crosswind load for metro vehicle 
 

When metro vehicle enters or leaves crosswind zone, 

whose longitudinal positions change strongly with time. 

Then the change of the wind pressure centers is analyzed, 

the seven discrete wind pressure centers are selected, and 

the positions of crosswind pressure centers are determined. 

Furthermore, the corresponding wind pressure center 

positions at the end of each time period are determined, as 

shown in Fig. 10 and Table 1. 

The crosswind forces and moments of the seven 

intervals is replaced by time-varying functions, and the 

position of wind pressure center at the end of each time 

period is shown in Table 1. 

The vehicle is under crosswind with attack angle of α 

and incoming wind velocity of U(t) (Xiang at al. 2018), as 

shown in Fig. 11. 
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Fig. 11 The wind environment around the moving metro 

vehicle 

 
 

 
 

 
 
The relative wind velocity UR and the yaw angle β are 

2 2

2 2

( ) 2 ( ) cos( )

( ) 2 ( ) cos( )

R V V

V V

U U t U U t U

U t U U t U

 



= + − −

= + +

 (20) 

arctan[ ( )sin / ( ( )cos )]VU t U t U  = +

 

(21) 

where UV is the car speed, U(t) is the incoming wind 

velocity, α is the wind attack angle, β is the yaw angle, UR is 

the air velocity relative to metro vehicle. 

The aerodynamic coefficients are obtained from wind 

tunnel tests by Traction Power State Key Laboratory (Yu et 

al. 2012), the fitting formula are described as follows 

2

2

0.1062 5.0535 2.4578
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F

M

C
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 

 

 = − + +


= − + −

 (22) 

where CF, and CM are the force and moment coefficient of 

the car; β is the yaw angle. 

The lateral force Fwv(t) and the yaw moment Mwv(t) for 

the car body during the period of the vehicle crossing the 

crosswind zone (t1 ~ t2) can be described as 
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(23) 

Table 1 Position of wind pressure center at the end of each time period 

Section Period (s) di* (m) Description 

1 0 - t4 7.9 The front bogie enters the wind zone. 

2 t4 - t5 1.6 The rear bogie enters the wind zone. 

3 t5 - t1 0.8 The vehicle enters the wind zone. 

4 t1 - t2 0 The vehicle is immersed in the wind zone. 

5 t2 - t6 -1.6 The front bogie lives the wind zone. 

6 t6 - t7 -7.9 The rear bogie lives the wind zone. 

7 t7 - t3 -9.5 The vehicle lives the wind zone. 

*where di are the distances between the wind pressure center and the shape center of car body at the end of each time period, which 

change with time during the vehicle entering or leaving the wind zone, and the distance of each integral time point is obtained by 

linear interpolation. 

Vehicle starts to enter the wind zone.

0 t1 t2 t3

Vehicle fully enters the wind zone.

Vehicle leaves the wind zone.

Vehicle is out of the wind zone 

completely.Crosswind zone
X

Y

Z

 

Fig. 10 Different stages of the vehicle crossing the crosswind zone 
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(24) 
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(25) 

where ρ is the air density (kg/m3), Sv is the effective 

windward area (m2), Hv is the distance between mass center 

of car and bridge (m). 

Based on this, for instance, when the mean wind speed 

of standard height is 8 m/s, while vehicle speed is 80 km/h 

and the wind attack angle α is 900, the crosswind forces Fwv 

and the moment Mwv change with time are shown in Fig. 12, 

as follows 
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Fig. 12 Crosswind force and moment samples for car 

body 

 

 
 
where t3 is the time when the vehicle completely leaves the 

crosswind zone; t4, t5 are the moments when the front and 

the rear bogies of the metro vehicle enter the crosswind 

zone, respectively; t6 and t7 are the departure moments, 

respectively. 

 

 
4. Characteristic analysis of the metro vehicle-bridge 
system with high-pier under crosswind 
 

In this section, calculation parameters of metro vehicle, 

line, high-pier bridge and crosswind loads are determined, 

and the track irregularity excitation is correctly considered. 

Then, dynamic evaluation indices are selected according to 

the research needs. Meanwhile, response comparison of the 

dynamic system with crosswind and no-wind is analyzed, in 

which the response comparison of the dynamic system with 

high-pier and low-pier is analyzed. 

 

4.1 The evaluation indices for the dynamic system 
under crosswind 

 

The components at high-pier bridge mid-span and car 

body in along-wind direction are mainly studied. Therefore, 

the safety and stability of the running train crossing bridge 

and dynamic performance of the bridge are three aspects 

that not be overlooked.  

Lateral WY index calculate Sperling’s running stability 

indices for lateral direction of car body (GB/T 50157-2013). 

Lateral Sperling index of car body are calculated as 

30
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(27) 

where a is acceleration in frequency domain (cm/s2), f is the 

frequency (Hz). 

 

Table 2 Evaluation indices for the wind-train-bridge system 

Item Index Logogram Unit Threshold value 

Running stability 

index 

Lateral Sperling index of car body -- -- 2.75 

Lateral acceleration of car body -- g* 0.2 

Running safety 

index 

Lateral force of wheel-rail Q kN 50 

Derailment factor Q/P -- 0.8 

Offload factor 
 

-- 0.6 

Overturning factor D -- 0.8 

Bridge dynamic 

index 

Lateral displacement of beam midspan -- mm 7.5 

Lateral acceleration of beam midspan -- m/s2 1.3 

Lateral displacement of the top of pier -- mm 8.5 

Lateral acceleration of the top of pier -- m/s2 -- 

*where the ‘g’ is gravity acceleration (9.81m/s2). 
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The lateral force of wheel-rail (Q), the derailment factor 

(Q/P) and offload factor ( ) are three kinds of 

derailment safety indices, ( ) is described as 

1 2

1 2

( ) / 2

( ) / 2

st st i

st st

P P PP

P PP

+ −
=

+
 (28) 

where P is the vertical force of wheel-rail; Pst1 and Pst2 are 

the static wheel weight of left and right side wheels; Pi is 

the vertical force of the load reducing side wheel. 

The overturning factors is used to identify whether the 

vehicle will capsize, which can be described as 

2 1 2 1/ ( ' ') / ( ' ')d stD P P P P P P= = − +  (29) 

where Pst is the vertical static load of wheel rail without 

lateral force; Pd is the change of vertical force under the 

action of transverse force; P2’ and P1’ are, respectively, 

vertical force of wheel rail on load side and load side. 

To sum up, the evaluation indices and the corresponding 

threshold are selected according to GB/T 50157-2013: Code 

for Metro Design, as shown in Table 3. 
 

4.2 Calculation parameters of the dynamic system 
and crosswind load 

 

Lots of calculation parameters should be determined to 

study the running safety of the dynamic system. Firstly, the 

high-pier viaduct is described as a three-span simply-

supported girder bridge with four piers, whose names are 

shown in Fig. 6. The height of high-pier is 50 m and short-

pier is 5 m, the cross section of the pier is 3 800 mm×2 000 

mm, respectively, as shown in Fig. 13. The mean wind 

speed of standard height (z = 20 m) is 8 m/s and the wind 

angle α = 90° and γ = 0°, while train speed is 80 km/h. 

Considering the actual conditions of the metro lines in 

Chongqing, the power spectrum of German low-speed track 

irregularity is adopted in this work (Zhai et al. 2011), which 

are shown in Fig. 14. 

A typical metro vehicle is adopted in this work, whose 

parameters were provided by CRRC Qingdao Sifang Co., 

Ltd, as shown in Table 3.  
 

4.3 Responses comparison of the dynamic systems 
with crosswind and no-wind 

 

Crosswind can trigger damage to bridges in many ways. 

Vibration of bridge deck may lead to traffic disruption or 

loss of safety for running train, lead to premature fatigue of 

bridge components and, in serious cases, lead to bridge 

destruction (Cai at al. 2015), which affects the dynamic 

system apparently, especially the piers are high. Therefore, 

it is significant to study the characteristics of the wind-

vehicle-bridge system. The response is shown in Fig. 15. 

As can be seen from Fig. 15, crosswind acts on the car 

body, the piers and the bridge decks, which triggers strong 

vibrations of vehicle and lateral deformation of the entire 

bridge. 
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Fig. 13 Cross section of the bridge 
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(a) Vertical and horizontal irregularities of left rail 
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(b) Vertical and horizontal irregularities of right rail 

Fig. 14 Samples of the power spectrum of German low-

speed track irregularity 
 
 
Table 3 Parameters of the metro vehicle 

Item Component Value 

Car body 

Vehicle width 2 800 mm 

Vehicle height 3 695 mm 

Vehicle length 20 020 mm 

Vehicle base 12600 mm 

Car mass 35.443 t 

Height of car mass center 1 929 mm 

Bogie 

Frame mass 4.007 t 

Wheelset mass 1.878 t 

Wheel diameter 840 mm 

Wheel base 2300 mm 

Transverse span 1493 mm 

Suspension 

Primary suspension (kpz) 0.34 MN/m 

Primary suspension (kpxy) 0.22 MN/m 

Secondary suspension (ksz) 0.34 MN/m 

Secondary suspension (ksxy) 0.15 MN/m 
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The yaw moment change during (t0 ~ t1) and (t2 ~ t3), while 

the car body is subjected to a strong torque due to enter and 

leave crosswind zone. It can be seen in Fig. 10, the 

vibration of the beam and pier are consistent between 0.4s 

and 1.2s, which is caused by vehicle entering crosswind 

zone. After loading crosswind, the amplitudes of all indices 

become larger than the condition of no-wind. That indicates 

that crosswind triggers larger response of the dynamic 

system and greater effect on the running safety of metro 

vehicle compared with the conditions of no-wind. 
 

 
 

The yaw moment change during (t0 ~ t1) and (t2 ~ t3), 

while the car body is subjected to a strong torque due to 

enter and leave crosswind zone. It can be seen in Fig. 10, 

the vibration of the beam and pier are consistent between 

0.4s and 1.2s, which is caused by vehicle entering 

crosswind zone. After loading crosswind, the amplitudes of 

all indices become larger than the condition of no-wind. 

That indicates that crosswind triggers larger response of the 

dynamic system and greater effect on the running safety of 

metro vehicle compared with the conditions of no-wind. 
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(d) lateral displacement of the top of 2# pier 

Fig. 15 Changes of response after loading crosswind 
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4.4 Responses comparison of the dynamic systems 

with high-pier and short-pier 
 

Crosswind is stronger because of the distance increases 

between the deck and the ground. Compared with the short-

pier bridge, the high-pier bridge has worse stability. In these 

lateral flexible bridges, the deck movements, induced by 

crosswind, can affect running safety aggravating the 

problem. Responses of the dynamic system with high-pier 

(50 m) and short-pier (5 m) are shown in Table 4. 
As can be seen from Table 4, compared with short-pier 

bridge, the metro vehicle traveling on the high-pier bridge 

triggers stronger vibration of the bridge structure and car 

body, which in turn triggers running instability of metro 

train (Guo et al. 2010). The responses of the dynamic 

system increase with high-pier than that with short-pier. 

 
 

5. Safety zone for metro vehicle traveling on high-
pier viaduct under crosswind 
 

The effect of vehicle speed and wind speed on running 

safety of the vehicle-bridge system under crosswind is 

analyzed in this section. According to the selected sensitive 

indices, safety zone of critical train speed versus mean wind 

speed of standard height is determined. 

 

5.1 Influence of metro vehicle speed 
 

Crosswind load acts on car body and triggers vibration 

of the train directly, which affects the running stability of 

the car (Guo et al. 2010). Meanwhile, running train are 

moving loads for the dynamic system, and loading 

frequency changes with train speed. In order to explore the 

effect of vehicle speed, the train speed is 60 - 100 km/h, 

while the mean crosswind speed of standard height (z = 20 

m) is 8 m/s and the wind angle α = 90° and γ = 0°. The 

maximum responses of the dynamic system change with 

train speed are shown in Fig. 16. 

 
 

 
As can be seen in Fig. 16, the stability responses of the 

vehicle, the safety responses of wheel-rail and the dynamic 

responses of the high-pier bridge increase with the vehicle 

speed on the whole process. Furthermore, several 

abnormalities in the evaluation of car body and bridge 

vibration cannot be ignored. In particular, unusually large 

amplitude points occur at the vehicle speed 70 & 80 km/h. 

The running vehicle is a moving load for the dynamic 

system, loading frequency changes with the vehicle speed 

(Guo et al. 2010). Assuming that the vehicle over the 

viaduct at a speed v, while that is equivalent to applying a 

periodic load of frequency fv = v / L to the bridge structure. 

For these reasons, the corresponding dynamic load 

frequencies for vehicle speed of 60 km/h, 70 km/h, 80 km/h, 

90 km/h and 100 km/h are 0.556 Hz, 0.648 Hz, 0.741 Hz, 

0.833 Hz and 0.926 Hz, respectively. In the meantime, the 

lateral natural vibration frequencies of the high-pier bridge 

are 0.648 Hz (the yaw natural vibration frequency of metro 

vehicle), 0.783 Hz (the lateral oscillation vibration 

frequency of the high-pier) and 0.961Hz (the horizontal 

swing natural vibration frequency of the beam), respectively. 

These loading frequencies are close to the natural vibration 

frequency so that resonance occurs, which triggers each 

structure transmits violent vibrations to each other and the 

indices increase sharply. 

 

5.2 Influence of crosswind speed 
 

In order to explore the effect of wind speed and the 

corresponding threshold, the vehicle speed is 80 km/h 

(22.22 m/s), while mean crosswind speed of standard height 

(z = 20 m) are 5 - 28 m/s and the wind angle α = 90° and γ = 

0°, and other parameters are unchanged. The maximum 

responses of the vehicle-bridge system change with wind 

speed are shown in Fig. 17. 

It can be seen in the calculation results, lateral Sperling 

index value of car body, lateral acceleration of car body, 

ΔP/ and D exceed the limits. While others are not to reach 

the safety limit, whose regularity are nearly consistent so 

that they are not shown in this work. The maximum 

responses of the vehicle-bridge system change with wind 

speed are shown in Fig. 17. 

Table 4 Responses comparison of the wind-vehicle-bridge system with high-pier and short-pier 

Item Index High-pier Short-pier 

Running stability index 
Lateral Sperling index 2.70 2.20 

Lateral acceleration of car body (g*) 0.10 0.05 

Running safety index 

Q/P 0.31 0.17 

Q (kN) 27.97 11.95 

D 0.75 0.28 

 0.79 0.33 

Bridge dynamic index 

Lateral displacement of pier top (mm) 1.67 0.001 

Lateral displacement of beam midspan (mm) 1.05 0.16 

Lateral acceleration of pier top (m/s2) 0.16 0.02 

Lateral acceleration of beam midspan (m/s2) 0.20 0.15 

*where the ‘g’ is gravity acceleration (9.81m/s2). 
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(b) The safeties of running vehicle 
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(c) The dynamics performance of the beam 
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(d) The dynamics performance of the high-pier 

Fig. 16 The response changes of the vehicle-bridge 

system with vehicle speed 
 
 

From the figures, it can also be seen that the maximum 

response of running train on the high-pier bridge increases 

to varying degrees with wind speed. Further, the dynamic 

response of metro train is more sensitive to the change of 

wind speed than bridge structure. Even if the index value of 

the bridge does not reach the limit value, the vehicle 

stability index and safety index exceed the safety limit,  
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Fig. 17 The changes of the dynamic system with 

crosswind speed 
 

 

which is very dangerous. The critical speed of lateral 

Sperling index of car body, lateral acceleration of car body, 

overturning factor (D) and offload factor ( ) are 19.8 

m/s (2.75), 26.1 m/s (0.2 g), 24.1 m/h (0.8) and 20.7 m/s 

(0.6).  

The results show that when the mean wind speed of 

standard height reaches 19.8 m/s and the train speed is 80 

km/h, lateral Sperling index of car body exceeds its limit  
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(2.75), indicating the running safety of the train on the 

bridge cannot be guaranteed. 

 

5.3 Safety zone for metro vehicle-bridge system with 
high-pier viaduct under crosswind 

 

It can be noticed that the running safety indices increase 

significantly with mean wind speed, whereas appear to 

fluctuations with train speed. To ensure the running safety 

of metro train over the high-pier bridge, it is necessary to 

strictly limit the train speed under various wind speeds. The 

train speed is 50 - 100 km/h, while mean crosswind speed 

of standard height (z = 20 m) are 5 - 30 m/s and the wind 

angle α = 90° and γ = 0°. The threshold speed of a train 

traveling on the bridge under crosswinds is determined, as 

shown in Fig. 18. 

As can be seen from Fig. 18, the red curve shows the 

boundary between the safety zone and the dangerous zone. 

For instance, as the mean wind speed of standard height 

reaches 22 m/s, the critical train speed is around 50 km/h, 

indicating the metro traffic on the high-pier bridge should 

not exceed the corresponding limited vehicle speed to 

ensure the running safety. 

 
 
6. Conclusions 

 

Dynamic analysis of metro vehicle traveling on a high-

pier viaduct under crosswind in mountain city has been 

studied in this paper. In the first place, a dynamic model of 

the metro vehicle-track-bridge system under crosswind is 

built, then crosswind loads model considering the condition 

of wind zone has been established. After that, the evaluation 

indices and the calculation parameters have been selected, 

based on this, the basic characteristics of the dynamic 

system with high-pier under crosswind have been analyzed. 

Moreover, the response varies with vehicle speed and 

wind speed have been calculated, thereupon, the safety zone 

has been determined. Some conclusions could be drawn on 

the basis of above calculation analysis: 

 

 

• The conditions of wind zone and the factor of high-pier 

bridge play essential roles that cannot be ignored in 

ensuring the running safety of the metro vehicle 

traveling on the high-pier viaduct under crosswind in 

mountain city. 

• Compared with the conditions of no-wind, crosswind 

triggers severer vibration of the dynamic system; 

besides, compared with the short-pier bridge, the high-

pier bridge has worse stability under crosswind, which 

in turn causes running instability of the metro train. 

• The running safety indices increase significantly with 

mean wind speed, whereas appear to fluctuations with 

train speed; on this basis, the safety zone is determined 

to ensure the running safety of metro train. 

In the further work, more reasonable conditions will be 

adopted to further analyze running safety of metro train-

bridge system in mountain city. 
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