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ABSTRACT

Ventilation ratio is one of the important factors that affect the sheltering efficiency
of wind barrier. Under the protection of wind barriers, it gained the aerodynamic
coefficients of vehicles on bridge deck via the wind tunnel test of the scale section model.
The natural wind, vehicle and bridge were regarded as an interacting system, and a
three-dimensional analytical model for wind-vehicle-bridge coupling vibration system
was presented. The judging criteria for the running safety of vehicle are proposed
according to the dynamic response of vehicles. It has investigated the effects of
ventilation ratios of wind barrier on the running safety of vehicles. Results show it is
surely wind barrier, provided a ventilation rate of 50%, will achieve the purpose of
protecting the running safety of vehicles.
1. INTRODUCTION
The effect of crosswind on ground vehicle has received an increasing concern due
to its importance in terms of traffic safety (Gawthorpe 1994). High-sided road vehicles
are more prone to overturning accidents in exposed locations (e.g. coastal & oversea
bridge or viaduct) according to a post-disaster investigation of wind-induced traffic
accidents (Baker and Reynolds 1992). Due to the vibration of bridge affected the
dynamic responses of vehicle, research (Cai and Chen 2004; Guo and Xu 2006) has
demonstrated that the risk of vehicle instability is higher if a vehicle crossing a long span
bridge as opposed to travelling on a road under the same value of wind velocity. Hence,
it should pay great attention on the running safety of the vehicle crossing the bridge,
which is the key to guarantee the clearness of the road and to improve the traffic
efficiency.
Wind barrier is a countermeasure to ensure the running safety of vehicles, which
has drawn great interest in the recent years. The effect of wind barrier on the
aerodynamic force of vehicles was strongly depended on the design parameters of wind
barriers, such as height and ventilation ratio. The wire cloth wind barriers, provided with
a ventilation ratio of 40%, were employed in the railway lines to protect the running
safety of vehicles (Fujii and Maeda et al. 1999; Imai and Fujii et al. 2002). From the wind
tunnel test, the minimum height of a wind barrier required to reduce the wind speed by
50% was found to be 12.5% of the road width (Kwon and Kim et al. 2011). Study
(Kozmar and Procino et al. 2012) also shows that a possibility of wind-induced instability
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of high-sided vehicles at larger vertical incidence angles, especially in the traffic lane
closed to trailing edge of the bridge. Chu et al. (Chia-RenChu and Chao-YenChang et al.
2013) investigate the effect parameters of wind barrier on the aerodynamic coefficients
of vehicles and the distribution of wind velocity above the bridge deck, and recommend
that the wind barrier with a height of 2m plus the barrier of 0.8m height is sufficient to
protect the vehicles of 3.6m height.
However, the evaluation of the sheltering efficiency of wind barrier, just depending
on the two aspects of the aerodynamic forces of vehicles and the flow structure above
the bridge deck, is still far from perfect. Given that the dynamic response of vehicles has
directly reflected the vehicle stability status. So, it is reasonable to optimize the design of
wind barrier based on the coupling vibration analysis of wind-vehicle-bridge system.
In the present study, the aerodynamic coefficients of high-sided commercial van
are firstly obtained in the wind tunnel, taken account of the effects of bridge scenario
and various wind barriers. It especially investigates the effect of wind barrier parameters
on the dynamic response of vehicles crossing the bridge. On the basis of the proposed
judging criterion, the optimum wind barrier scheme is available provided that the running
safety of vehicle has been guaranteed.
2. WIND TUNNEL EXPERIMENTS
The experiments are undertaken in XNJD-3 Wind Tunnel, which is a closed circuit
facility and comprises of a boundary test section that is 36m long, 22.5m wide and 4.5m
high. The wind speed can be adjustable ranging from 0.5~16.5m/s.
2.1 Models of vehicles, bridge and wind barriers
High-sided vehicle is vulnerable to cross wind because of its relatively great lateral
area. A commercial van is selected as a typical high-sided vehicle in the current study.
The geometric scale of the vehicle set to be 1:20 considering the Reynolds number and
the capacity of the balance. The details and dimensions of the vehicles are given in Fig.
1 and
. The bridge is composed of two parallel concrete flat box girders as shown in Fig. 2.
The whole bridge is 35.5m width and 3.0m height carrying a dual three-lane carriageway.
The six lanes are identified as Lane 1~6 in a sequence from the windward side to
leeward side. The same scale (1:20) was adopted for the bridge model, which could
better reflect the structural details mounted on the bridge deck. A pair of pipes and hand
rail, and two sets of protection rail were installed on the bridge to reflect the real
environment of the bridge deck.
Three types of wind barriers were investigated in the wind tunnel test (see Fig. 3).
One was made of perforated aluminous plate with 3mm thickness and approximately 25%
ventilation ratio, the others, designed as railing form, were made of high stiffness plastic
with 2mm thickness and approximately 41% and 50% ventilation ratios respectively.
Wind barriers were installed above protection rail, which combined with protection rail as
a whole to shelter the cross wind. The total height of the wind barrier was 3.5m (full
scale) including the 1.5m height of protection rail.

Fig. 1 Vehicle geometry at full scale (unit: m)
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Fig. 2 Cross section of bridge deck with flat box girder (unit: mm)
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Fig. 3 Configurations of wind barrier and protection rail models (unit: mm)
Table. 1 Dimensions of commercial van
Length
Width
Height
Af
hv
Model scale (mm)
480
125
168
15697
70
Full scale (m)
9.60
2.50
3.35
6.28
1.40
Note: Af represents the front projection area of the vehicle.
hv represents the height of the center of gravity from the ground.

2.2 Force measurements
The bridge deck model was installed on a steel support located in the center of the
wind tunnel at 1.2m above the tunnel floor. The vehicle model was mounted on the
perceiving end of the force balance of six components by use of a Z-shape link, which
was made of a steel bar. Meanwhile, the other end of the balance was fixed on the
centerline of traffic lanes (see Fig. 4). The free-stream wind speed was Vw=10m/s. For
the current work, time histories of 120s were recorded at a sampling frequency of 142
Hz. The turbulence intensity in smooth flow tests in the wind tunnel was measured less
than 1.5%. The Reynolds number based on vehicle height H is 1.15×105.

Fig. 4 Vehicle model mounted on the bridge deck
2.3 Test results
In reference to Fig. 1, the mean wind forces and moments acting on the vehicle
can be defined as
C Fi 
C Mi 
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1 / 2 Vw2 A f
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where Fi is the mean value of the i th force component while M i is the mean value of
the moment about the i th axis, evaluated with respect to the center of gravity of the
unloaded vehicle (Fig. 1). Af represents the front projection area of vehicle (YZ plane,
Fig. 1). hv represents the height of the center of gravity from the ground. ρ is the air
density.
The aerodynamic coefficients of the commercial van located in different lanes are
depicted in Fig. 5 as wind barriers mounted on the bridge deck. It can be seen that the
side force coefficient is mainly affected by the ventilation ratio of wind barrier and the
location of vehicles. There has been obvious difference of the side force coefficients with
and without wind barrier. In the absence of wind barrier, the side force coefficient of the
vehicle lying in lane1 gains the maximal value of approximately 3.2. Compared the
effect of wind barriers, the larger the ventilation ratios, the greater the side force
coefficients. It seems that a sharp change of the lift force coefficient has occurred from
lane1 to lane2. It probably that lane1 is approached to the precaution rail, which could

block the airflow across the bridge deck. The rolling, yaw and pitching moment
coefficients show the same trends as the force coefficients with and without wind
barriers, but the change of moment coefficients is more complicated than the force
coefficients.
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Fig. 5 Mean aerodynamic coefficient of van a) Side force coefficients b) Lift force
coefficients c) Rolling moment coefficients d) Yaw moment coefficients e) Pitching
moment coefficients. R1 represents the lane1 of the traffic road.
3 ANALYTICAL MODEL OF WIND-VEHICLE-BRIDGE SYSTEM
As for road vehicles moving on the bridge deck, it suffers dual excitations from the
crosswind and oscillating bridge, which may change the lateral vibration of road vehicle.
Therefore, it is particularly important to pay great attention on the issue of the running
safety of road vehicle.

3.1 Dynamic Model of Road Vehicles
In the existing vehicle model, a vehicle consists of several rigid bodies, suspension
systems and tires, being connected by a series of linear or nonlinear springs and
damping devices. Fig. 6 represents a typical configuration of a dynamic model of vehicle.
According to the requirement of coupling vibration analysis, the vehicle body is
considering 5 degrees of freedom (DOFs), including vertical displacement Zv, lateral
displacement Yv, rolling displacement Φv, yawing displacement φv, and pitching
displacement θv, while each tire only take vertical displacement (Zs) and lateral
displacement (Ys) into account. So in terms of two-axle vehicle, it has a total of 13 DOFs,
which can be expressed as
 Zv
Z s 2

u  

Yv

v

v

v

Z s1

Ys 2

Z s3

Ys 3

Z s4

Ys 4

Ys1 



(2)

where the subscripts v and s represent vehicle body and tire, respectively.
The dynamic equation of motion for the vehicle can be derived using either
D’Alembert’s principle or the principle of virtual work and is written as:

 v  Cv u v  K v u v  f v
Mvu

(3)

where uv is the vector of vehicle displacement; Mv, Cv, Kv are the mass matrix, damping
matrix and stiffness matrix of the vehicle, respectively; fv is the load vector acting on the
vehicle. The subscript v denotes vehicle.

Fig. 6 Two-axle four-wheel vehicle dynamic model
3.2 Dynamic Model of Bridge
The analytical finite element model consists of three dimensional beam elements
with two nodes. Each element has 12 DOFs, including 6 translational DOFs and 6
rotational DOFs. The equation of motion of the whole bridge can be written as:

 b  Cbu b  K b u b  f
Mbu

(4)

where ub is the displacement vector of bridge nodes; Mb, Cb and Kb are mass matrix,

damping matrix and stiffness matrix of the bridge, respectively; f is the load vector acting
on the bridge. The subscript b denotes bridge.
The structural damping Cb is assumed to be Rayleigh damping and is expressed by：

Cb  K b  Mb

(5)

where the damping constants α and β are determined by two specific frequencies with
the corresponding structural damping ratios.
3.3 Road Surface Roughness
The relationship between the displacement power spectral density PSD S(n) and
the spatial frequency n (cycles/m) can be described as (GUO and XU 2001):
G (n / nd )  p1
S ( n)   0
 p2
G0 (n / nd )

n  nd
n  nd

(6)

where p1 and p2 are exponents of the PSD; G0 is the roughness coefficient (m3/cycle)
related to the road condition; nd is the discontinuity frequency of 1/2π (cycle/m).
From field test results, Ammon (Ammon 1992) deduced a formula to reflect the
correlation properties of the left and right wheels. Considering the correlation between
the left and right wheels, the road surface roughness in the time domain can be
simulated by applying the inverse fast Fourier transformation on S(n) as follows (Zhu
and Law 2002):
N

rxL 



2S (n k )n c o s2(n k x   kL )

k 1

rxR   (n k )

N


k 1

2S (n k )n c o s2(n k x   kL )  1   (n k )
2

N



(7)
2S (n k )n c o s2(n k x   kR )

k 1

where rxL and rxR represent the left wheel and right wheel road roughess respectively;
 (nk ) is the Ammon correlation function. nu and nl are the lower and upper cutoff
frequencies respectively; Φ kL and Φ kR are the phase angle uniformly distributed
between 0 and 2Π; nk  nl  (k  1/ 2)n n  (nu  nl ) / N.
;
3.4 Dynamic formulation of wind-vehicle-bridge system
Natural wind will produce aerodynamic effects on both of the vehicle and bridge.
Only the static wind forces and turbulent buffeting forces are considered in the current
study. For linear structure, static wind loads are usually expressed by three components
(Simiu and Scanlan 1996): drag, lift and rolling moment. Scanlan (Scanlan 1978) has
deduced the buffeting force expressions according to the quasi-steady theory and the
expressions are amended by means of aerodynamic admittance function. The static
wind force for road vehicle should be expressed by five components as defined by
Eq.(1), because of its blunt body. The formula of the buffeting forces acting on road

vehicle has the similar expression as the bridge.
Considering the interactions between natural wind, road vehicle and bridge, the
wind-vehicle-bridge system can be expressed as:
 b  Cb u b  K b u b  f bg  f vb  f stb  f bub
Mbu

(8a)

 v Cv u v  K v u v  f vg  f bv  f stv  f buv
Mvu

(
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a
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where the subscripts b and v represent bridge and vehicle, respectively; M, C and K
represent the globe mass matrix, damping matrix and stiffness matrix respectively. fbv
and fvb represent the interaction forces in the vehicle-bridge system; fbg and fvg
represent bridge and vehicle weights respectively; fstb and fstv are the static wind forces
acting on bridge and vehicle respectively; fbub and fbuv are the buffeting forces acting on
bridge and vehicle respectively.
In equations (9a) and (9b), mass matrix, stiffness matrix, damping matrix and the
load vector may vary with the motion of vehicles. Therefore, it has a considerable
advantage to use the separation iterative method (Li and Qiang et al. 2005) to
independently solve equations (9a) and (9b) at each integration step, and then to
achieve the solution through equilibrium iterations according to the coupling relationship
of the two subsystems (Cai and Chen 2004; Xu and Zhang et al. 2004). The iteration
between vehicle and bridge calculation is used to satisfy the balance of vertical and
lateral contact forces.
The displacements of vehicles and bridge and the dynamic contact force between
the wheel and deck are obtained in time domain with the separation iterative method.
Time history of the contact force can reflect the running status of road vehicle perfectly,
so two safety criteria are used in this work base on the contact force. The RSF (roll
safety factor) (Liu 1999) proposed by Liu is adopted as a criteria for rolling safety
accident, defined by the following formula.
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where Fvli and Fvri represent the vertical contact forces of the left and right wheels for the
i th axle, respectively. k represents the number of the axles of road vehicle except the
first axle.
The value of the RSF is located in the interval [0,1], which takes no consideration
of the security reserve for the rolling accident. According to general engineering
experience, the reserve factor can be set as 0.2, so the criteria of the rolling accident
could be rewritten as
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In consideration of 20% safety reserves, the judging criteria of sideslip accident (Li
and Chen et al. 2012) can be expressed by Eq.
(11)
H res  FSR  1.645 SR  0.2 s Ga

(11)

where FSR is the mean value of sideslip resistance FSR; σSR is mean square root of
sideslip resistance FSR; Hres is called residual sideslip resistance. μs=0.7 or 0.5, is the
friction coefficient of tire on dry or wet road surface. Ga is the gravity of the lightest axle.
Then, 0.2μsGa is equal to 5.49 kN and 3.92kN for van as μs=0.7 and 0.5 separately. FSR
is expressed as follows:

FSR   s ( Fvl  Fvr )  ( Fhl  Fhr )

(12)

where Fvl and Fvr represent the vertical contact forces of left and right wheels,
respectively, of an axle; Fhl and Fhr represent the lateral contact force of left and right
wheels, respectively, of an axle.
4 NUMERICAL EXAMPLES
A computer program WVBRoad (Wind Vehicle Bridge for Road) was programmed
based on the formulation derived above and used to perform a case study. It especially
investigates the issues of running safety of road vehicle crossing the bridge under
crosswind.
4.1 Analytical parameters
The overall length of the prototype bridge is 1270m, consisted of seven continuous
girder concrete bridges, among which two of them have three spans of 45m and the
others have four spans of 50m. The overall sketch of the fourth continuous girder bridge
and the detailed cross-sectional dimensions of its main beam and column piers are
given in Fig. 7. The bridge locates in coastal southeast of China, and the ground surface
roughness set to be 0.12 according to the exponential law of the mean wind velocity
profile. The bridge deck is 51.0m above the sea level.
Based on the simplified simulation method of wind velocity field (Deodatis 1996;
Cao and Xiang et al. 2000), discrete wind velocity fields along the bridge deck in the
vertical and horizontal directions of the bridge are generated in terms of the wind
spectral proposed by Lumley and Panofsky (Panofsky 1965), and the coherence
function adopted is in Davenport’s form, In total, 255 points are uniformly distributed
along the bridge deck with the distance of 5.0 m. Fig. 8 shows typical histories of wind

velocity as mean wind velocity U=15m/s.
The value of roughness coefficient G0 is taken as 20×10-6m3/cycle according to
ISO specification for good road (ISO 8608, 1995). The power exponent p1 and p2 are
set equal to 2 in order to simplify the Eq.(6) suggested by Huang et al. (Huang and
Wang 1992). The vertical road surface profile is shown in Fig. 9 and used in the
following case study.
The bridge has different aerodynamic coefficients as wind barriers mounted on the
bridge deck. The aerodynamic coefficient of the bridge in windward side is listed in Table.
2. It is assumed that the aerodynamic coefficients of the bridge with 25% ventilation ratio
wind barrier are the same as that of 41% due to the lack of necessary data.
The running safety of the commercial van is investigated in the following case
study. On one traffic lane, the number of the analytical vehicle set to be 8. The distance
between two vehicles is taken as 10m.

Fig. 7 A configuration of bridge and cross-section of girders and piers
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Fig. 8 Simulated fluctuating wind velocities along bridge deck
(vertical wind velocity w(t), horizontal wind velocity u(t))
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Table. 2 Aerodynamic coefficients of bridge
Aerodynamic coefficient
CL (lift)
CD (drag)
CM (moment)

41%
-0.197
1.043
0.098

Ventilation ratio of wind barrier
50%
Without wind barrier
-0.190
0.050
1.009
0.883
0.115
0.115

4.2 Dynamic responses of vehicle and bridge under crosswind
Without wind barrier mounted on the bridge, Fig. 10 depicts the time histories of
lateral and vertical dynamic response of the forth bridge (see Fig. 7) at the middle points
of the third span under wind speed U=15m/s. The fleet of the commercial van runs on
the bridge at a speed of V=80km/h. The response of bridge excited only by commercial
van, without wind forces (U=0m/s), is also shown in Fig. 10 contrasted with the case of
considering wind forces. Note that the lateral vibration of the bridge is mainly excited by
crosswind; commercial van only has little influence on the lateral displacement of the
bridge, probably affected by the lateral coupling relation between bridge and vehicle,
even taking into account the eccentric of the traffic lane.
Time histories of the vertical displacement of bridge in case of with and without
crosswind almost coincide with each other for commercial van. It concludes that strong
coupling of vehicle contributes to the vertical vibration of the bridge.
Among all of the vehicles, the fifth vehicle is chosen to monitor the response in the
study. Two indicators should be introduced assessing the running safety of vehicle. One
is the RSF and the other factor is the residual sideslip resistance. Time histories of RSF
and sideslip resistance are depicted in Fig. 11. It shows that in the region of low wind
velocity the RSF is not sufficient to turn over the vehicle. With a view of the road
condition, the sideslip resistance of vehicle on dry road is much greater than that of on
wet road. It deduces that wet road surface becomes the key controlling factor of the
sideslip accidents of vehicles.
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Fig. 10 Dynamic responses of bridge for commercial van
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Fig. 11 Time histories of RSF and sideslip resistance (U=15m/s, V=80km/h)
4.3 Influence of traffic lane
As vehicle travelling along the traffic lanes in windward side at a speed of 80km/h,
it has investigated the influence of traffic lanes under the conditions of no wind barrier
and wind speed U=25m/s. Fig. 12 shows that the residual sideslip resistance and the
RSF appear significant changes varying with the traffic lane. The first traffic lane in
windward side has adverse effect on the running safety of vehicles. In the range of wind
speed U=35m/s, residual sideslip resistance is greater than the threshold value for
commercial van on the wet road surface, meanwhile, the wind will overturn vans as wind
speed greater than 35m/s.
4.4 Influence of wind barriers and critical wind speed
Although wind barrier could ensure the running safety of vehicles, it also brings
about to the issues of wind-resistant behavior of bridge. Considering that wind barriers
with various ventilation ratios (25%, 41%, and 50%) are mounted on the bridge, the
residual sideslip resistance and RSF of vehicle are depicted in Fig. 13 as vehicles

running on the first traffic lane at a speed of 80km/h. Moreover, Table. 3 lists the critical
wind speed of vehicles running on the bridge. Noting that, wind barrier has dramatically
improved the running stability of the vehicle in crosswind environments. Assume that
there has no wind barrier on the bridge, the critical wind speed of vehicles is less than
25m/s for commercial van at a speed of V=100km/h. Due to the effects of wind barrier,
the critical wind speeds of vans rises to 35m/s regardless of the road surface condition
and vehicle speed. It is seen from Fig. 13 that the residual sideslip resistance of vehicles
tends to decrease with increasing of ventilation ratio, while the change trend of RSF is
just the reverse. It indicates that greater ventilation ratio is unfavorable for the running
safety of vehicles. It is reasonable to adopt the wind barrier scheme with greater
ventilation ratio as far as possible on the premise that the running safety of vehicles has
been guaranteed. The wind barrier with 50% ventilation ratio is the optimum scheme in
the present study.
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Fig. 12 Safety indicators vary with the traffic lane for van (wet road surface)
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Table. 3 Critical wind speed for the vehicle running on bridge
Bridge condition
Vehicle velocity (km/h)
Dry road surface
Wet road surface

Without wind barrier
60.0
80.0
100.0
≤30.0
≤30.0
≤25.0
≤30.0
≤30.0
≤25.0

With wind barriers
60.0~100.0
≥35.0

5. CONCLUSIONS
The present work has investigated the aerodynamic coefficients of commercial
van located in different traffic lanes of bridge deck by means of wind tunnel test. The
analytical framework of wind-vehicle-bridge is established taken the natural wind,
vehicle and bridge as an interacting system. Judging criteria for the running safety of
vehicles, including the residual sideslip resistance and RSF, are proposed based on the
dynamic response of vehicles. As an engineering application, the optimum wind barrier
scheme is obtained by comparing with the running stability of vehicles. The following
conclusions can be drawn:
(1) The aerodynamic coefficients of vehicle on the bridge deck are mainly affected
by the ventilation ratio of wind barrier and the location. With the appearance of wind
barrier, it has greatly reduced the aerodynamic coefficients of vehicle on bridge deck.
Generally, aerodynamic coefficients of vehicle in windward side are greater than that of
in leeward side.
(2) The lateral vibration of the bridge is mainly affected by the crosswind. The
lateral coupling relation between bridge and vehicle also plays an indispensable role in
the lateral vibration of the bridge, while strong coupling of vehicle contributes to the
vertical vibration of the bridge. Dynamic response of vehicles reveals that wet road
surface becomes the key controlling factor of the sideslip accidents of vehicles, and
rolling accidents are mainly influenced by the mean wind speed.
(3) Wind barrier has dramatically improved the running stability of vehicles in
crosswind environments. Although the first traffic lane in windward side is adverse for
the running safety of vehicles, the critical wind speeds for van running on bridge deck
rises to greater than 35m/s from 25m/s with the aid of wind barrier. A greater ventilation
ratio is adverse for the running safety of vehicles, but it is better to adopt the wind barrier
scheme with greater ventilation ratio as long as the running safety of vehicles has been
guaranteed.
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