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ABSTRACT

The issues with coupling vibrating of the wind-
vehicle-bridge system are related to not only vehicle
ride comfort but also driving safety. Static vehicle-
bridge model and dynamic vehicle-bridge model are
built up respectively and the aerodynamic coefficients
as a function of wind direction are analyzed. Then
based on the analysis results from the static numerical
wind tunnel simulation and dynamic numerical wind
tunnel simulation, the overturning and sideslip critical
wind speeds of vehicle running at different speeds on
dry, wet, snow, icy road conditions under different
yaw angles wind action were calculated respectively.
Results show that, while vehicle running on the bridge,
it should consider the interaction between the vehicle-
bridge system and natural wind to study the
aerodynamic characteristics of vehicle and driving
safety. While vehicle running on a long-span bridge
under different yaw angles wind excitation, it is not
safe to take safety critical wind speeds under cross
wind excitation as safety critical wind speeds.
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The factors such as rain, snow, wind and other bad
weather are the major cause of affecting the expressway
traffic accidents. It is estimated that 50% of traffic
accidents in China are caused by the bad weather. Among
the traffic accidents occurred in the adverse weather, 71%
are serious traffic accidents and the direct economic loss
from traffic accidents is 65% (Xiao Zhuo 2013). While
vehicle running on a bridge under wind action, driving
safety analysis requires comprehensive consideration of
interaction between the vehicle-bridge system and natural
wind environment (LI Xiao-zhen et al. 2008).

The wind-vehicle-bridge system is regarded as a
coupled mechanical system consisted of wind action,
vehicles and bridge with coordinate interaction. When
vehicles running on the bridge under the wind action,
vehicles and bridge subjected to wind excitations. At the
same time, the vibration of the vehicle-bridge system leads
the variation of natural wind field characteristics around
which will lead the change of the aerodynamic force acting
on bridge and vehicles.

Currently, there are two major methods used in
investigating vehicle aerodynamic characteristics, wind
tunnel test (LI Lei et al. 2009, ZHENG Shi-xing et al. 2011)
and numerical wind tunnel simulation (Su Yang et al. 2015,
Lining Liu et al. 2017). During the vehicle aerodynamic
characteristics study, the study models are divided into two
kinds, including static vehicle-bridge model (HAN Yan et
al. 2014, GUO Wen-hua et al. 2015) and dynamic vehicle-
bridge model (CUI Tao et al. 2013). In the process of fluid
domain numerical analysis vehicle is stationary on the
bridge for the static vehicle-bridge model, and the vibration
of vehicle-bridge system is ignored. But for the dynamic
vehicle-bridge model, in the process of fluid domain
numerical analysis the vehicle moving on the bridge and
the vibration of vehicle-bridge system is considered at the
same time. Nowadays research on the aerodynamic
characteristics of vehicle, the static vehicle-bridge system
is the main method used, then based on the vehicle
aerodynamic  coefficients  study the  vibration
characteristics for vehicle running on the bridge (HAN Yan
etal. 2015). At present, there are less research results in the
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vehicle aerodynamic characteristics based on dynamic
vehicle-bridge model. In the process of studying the
aerodynamic characteristics of vehicle, the established
research model mostly not be able to consider both the
moving of vehicle on the bridge and the vibration of
vehicle-bridge system.

In this paper, a three-dimensional numerical wind
tunnel model of vehicle static on the bridge is established
based on CFD (Computational Fluid Dynamics)
numerical simulation. Meanwhile, a three-dimensional
numerical wind tunnel model which will consider both
the moving of vehicle on the bridge and the vibration of
vehicle-bridge system is established based on the FSI
(Fluid-solid interaction) numerical simulation. Then
based on the two different models, study the differences
of aerodynamic coefficients of wvehicle and the
differences of critical driving safety wind speeds.

NUMERICAL SIMULATION OF STATIC
VEHICLE-BRIDGE MODEL

Based on software FLUENT establish numerical
tunnel model of vehicle stationary on bridge to study the
vehicle aerodynamic characteristics and analyze the flow
field domain for wind-vehicle-bridge coupling system. A
three-dimensional numerical wind tunnel model of
vehicle static on the bridge is established based on CFD
numerical simulation. For the numerical tunnel model,
the windward boundary condition is velocity inlet, the
leeward boundary condition is pressure outlet, both rest
sides conditions are symmetry. For fluid computation,
determine the size of the numerical model with the
considering of clogging effect to make the windward
modeling area and numerical wind tunnel cross section
area ratio lower than 5%. A local mesh encryption
method is presented on the fluid mesh to make the wall
y* function value ( y* =y</z./ o /v ) between
30~300 at the vehicle and bridge boundaries. Where y is
the distance from the unit center to the wall, p is
aerodynamic viscosity, p is air density, tw is wall shear
stress. The pulsating flow field is simulated by the
turbulence intensity 5% and Turbulent viscosity ratio 5.

Picked up the bus as investigation subject. The
vehicle body presented in Fig.1 is10.49m long, 2.5m
wide and 3.6m high. The forms of bridge cross section
and the position of the vehicle on the bridge are shown
in Fig.2. The vehicle is on the windward side of the
bridge section and the flow source comes from the left
side of the bridge cross section. The tetrahedral prism is
taken for meshing numerical analysis model of fluid
flow and use varied grade of cell to make the mesh could
control the changes of elements size around the vehicle
and bridge areas. The model section of numerical wind
tunnel and the meshing at vehicle location are shown in
Fig.3~4.
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Fig.1 Vehicle model (unit: m)
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Fig.2 Bridge cross section (unit: m)

Fig.3 Numerical tunnel model cross section

Fig.4 Numerical tunnel mesh model cross

NUMERICAL SIMULATION OF DYNAMIC
VEHICLE-BRIDGE MODEL

According to wind pressure characteristics of vehicle
and bridge subject, the coupling vibration of the vehicle-
bridge system and the data transmission characteristics of
the coupling system, this paper proposes two-way fluid-
solid coupling method to study the wind-vehicle-bridge
coupling system. So, a three-dimensional numerical wind
tunnel model which will consider both the moving of
vehicle on the bridge and the vibration of vehicle-bridge
system is establish

For the wind-vehicle and wind-bridge fluid domain,
vehicle-bridge system solid domain, the main assumptions
in the process of coupling vibration numerical simulation
analysis of wind-vehicle-bridge system are as follows. (1)
Ignore the influence of bridge detail components in fluid
domain, such as the inclined cables and bridge railings. (2)
Mainly research the vibration characteristics of wind-
vehicle-bridge system while the vehicle running away
from the bridge tower location. (3) Vehicle wheels always
keep in contact with the deck and vehicles drive at a steady
speed on the bridge. (4) The attachments of vehicle-bridge
system will be simplified to linear springs and viscous
dampers.

By defining vehicle and bridge interface in coupling
interface, the interaction between fluid domain and solid
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domain is transmitted. The fluid domain and solid
domain are calculated respectively in each load step. The
two-way fluid-solid coupling numerical simulation
process of wind-vehicle-bridge system is shown in the
Fig.5.

Select solve method a0d sel parameters Select solve method and set parameters

— [ . P
Undate tame T load in solid dowmam

Save solve results snd transmit displacement results to fluid docnain pressure

T "
Update tame T load and solbve in fluid domain - 1 Mo solid

End calealation

Fig.5 Fluid-solid interaction analysis process

At each load step, firstly study the effect of wind
action on vehicle and bridge in the fluid domain. Then,
transferring the wind pressure acting on the vehicle and
bridge which are got from the fluid domain analysis to
the solid domain as the loads acting on the vehicle and
bridge for computing the coupling vibration of vehicle-
bridge system. Last, transfers the displacement of
vehicle and bridge which got from solid domain analysis
to the fluid domain as the wall motion of vehicle and
bridge for numerical analysis in the fluid domain. At
each load step, transfer data between fluid domain and
solid domain and analyze separately a few times until the
transferring data stability or achieving specified times.
Then the next load step starts to analyze.

For the dynamic vehicle-bridge model, the fluid
numerical analysis model is similar to the static vehicle-
bridge model. The solid numerical analysis method and
parameters adopt the following settings. Simplifies
vehicle as the combination of rigid bodies which
connected by several springs and damping devices. The
masses of the vehicle model all concentrate on the rigid
bodies. In the vehicle model, it is assumed that the tires
contact the bridge deck without separation. The
suspension system and energy dissipation of the vehicle
model are modeled separately with springs and viscous
damping(Fig.6).

. -
Zy T‘ ) y P
b 4 : k,
oo . i & wzl | k X Nzl
w2t 16 Gl "Ij uzl Corl™, -gf—l Cuyl e = iy
A wd Va3t
7 l I i :“.‘ g 7 ik Zsl'u:"sk"ﬂ A J‘.zﬁk
% iF - Izl — 7 Iyl i M
kip JCIE a1 T ki X Ci = Gy G T oy, ¥

Fig.6 Numerical model of vehicle
Where Fig.6 shows the simplified vehicle analysis
model. The displacements of the rigid body of the

vehicle express as: vertical displacement Zy, lateral
displacement Y, pitching displacement 6, rolling
displacement g¢y.

Based on a generalized long-span cable-stayed bridge,
this paper analyzes the vibration characteristics of wind-
vehicle-bridge system. The sketch of the bridge and
vehicle location is illustrated in Fig.2. The bridge which
belongs to half floating structural system has a main span
of 620m and two side spans of 295m each. Introducing
equivalent elastic modulus to sufficiently consider the
effects of sag. Stress stiffening applies to sufficiently
consider the influence of axial force on bending stiffness.
Bridge deck and stay cable were established to study the
coupling vibration of vehicle-bridge system based on the
software ANSYS and ignore the effect of deck roughness
in the coupling system. During mesh division of the bridge,
tetrahedral solid 187 elements and hexahedral solid 186
elements which support plasticity, super-elasticity, stress
stiffening, large deflection and large strains were applied
in the solid model structure. Link180 elements were
employed in the line body. Combine 14 element were
applied to the wvehicle springs and vehicle damping.
Contact 174 element and target 170 element were utilized
in the wheel contact with the bridge deck. Finally, the
bridge grid and model could be obtained, as showed in
Fig.7.

[ =

Fig.7 Numerical model of vehicle — bridge

AERODYNAMIC AND VIBRATION
CHARACTERISTICS ANALYSIS

Aerodynamic characteristics of vehicle

The vehicle body bears a joint action of wind load
which consisted of front wind action caused by vehicle
running and natural wind action. The aerodynamic forces
and moments on the vehicles have six components, which
are the drag force, side force, lift force, rolling moment,
pitching moment and yawing moment. The non-
dimensional aerodynamic side force coefficients Cs, lift
force coefficient C. and moment coefficients Cr are
defined as:

Cs=Fs/(0.5pV2HL) 1)
CL=F/(0.5pV2HL) @)
Cr=Mr/(0.5pV?B2L) @)

Where p is the air density(1.225kg/m3), L is the
length of the vehicle, B is the width of the vehicle, H is the
height of the vehicle. Fs is the side force, F_ is the lift force,
M is the rolling moment, V is the resultant of a natural
wind vector and the wind induced by vehicle running.

In this section, based on static vehicle-bridge model
and dynamic vehicle-bridge model, study the vehicle
aerodynamic characteristics respectively for the wind-
vehicle-bridge system by comparative analysis the
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aerodynamic force coefficients of the two different
analysis models. The wind yaw angle is 0 degree when
the vehicle under the lateral wind action. The wind yaw
angle is positive when the vehicle under the front wind
action. The change rule of the aerodynamic force
coefficients along with wind yaw angles within +90
degrees is shown in Fig.8. Where static analysis is based
on the static vehicle-bridge model which ignores the
interaction between natural wind and vibrations of
vehicle-bridge system. Where dynamic analysis is based
on the dynamic vehicle-bridge model which considers
the interaction between natural wind and vibrations of
vehicle-bridge system.
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Fig.8 Aerodynamic force coefficients of vehicle vs. yaw
angles
Compare the results of the two different analysis
methods, it can conclude that the analysis results exist
certain differences within +90 degrees. The causes for
the different conclusions are that vehicle and bridge
subject the different wind yaw angle for the different
analysis model. The vehicle and bridge are under the
same wind yaw angle at the same time for the static
vehicle-bridge model. But the vehicle and bridge are
under the different wind yaw angle at the same time for
dynamic vehicle-bridge model, because the wvehicle
subject the joint wind action which consists front wind
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action caused by vehicle running and natural wind action
but the bridge subject the natural wind action only.

The rolling moment coefficients, side force
coefficients and lift force coefficients of the vehicle
obtained through dynamic analysis model are slightly
larger than that obtained through static analysis model.
There is an obvious difference between -40 to 40 degrees
and the biggest difference for vehicle aerodynamic
coefficients obtained from the different analysis method
reaches 30%.

For both analysis model, the rolling moment and side
force coefficient values are relatively large around 0
degree. It is easy to see that, the larger wind pressure on
vehicle leads the larger rolling moment coefficient and
side force coefficients when vehicle subjected the lateral
wind excitation. Through this research, this paper
concludes that the uneven distribution of wind pressure on
the vehicle surface will also leads the larger rolling
moment coefficients and side force coefficients when
vehicle subjected wind excitation around 0 degrees.
Vibration characteristics of vehicle

Vehicle running on smooth deck bridge at 90 km/h
speed under the Om/s, 10m/s, 15m/s, 20m/s speed wind
excitation respectively, the change rule of vertical
vibration of car body and the contact force between
vehicle wheels and bridge deck which obtained based on
dynamic vehicle-bridge model are shown in the Fig.9. It
can be observed form the different vehicle vibration value
for the different speed wind action, vertical displacement
of car body fluctuates and increase synchronously with the
wind speed increase in the driving process. The change
rules of car body displacement are basically identical for
different speed wind actions.
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Fig.9 Vertical vibration of car body and wheel contact
force vs. driving distance

It is easy to see from the contact force, the large
fluctuation of the wheel contact occurs at the initial
running, but it tends to be stable with the vehicle running.
Because of the rolling degree of freedom, the rolling
angle generates under the cross-wind action which leads
the leeward wheel contact force larger than the
windward wheel contact. The phenomenon that the
windward wheel contact force decreases and leeward
wheel contact force increase along with wind speed
increase verified the dynamic model and the analysis
method. From the variation of wheel contact force, it can
be observed that the vibration characteristics of the
vehicle mainly decided by the vehicle-bridge system and
the vibration displacement are influenced by natural
wind load when vehicle running on a bridge under
different speed wind action.

DRIVING SAFETY ANALYSIS

Overturning critical wind speeds

In this section, study the overturning critical wind
speed based on the former aerodynamic coefficients and
wheel contact force of the different numerical simulation
model. Assume the variation of wheel contact force
accord with normal distribution when the vehicle
running on bridge, and taking 95% reliability of wheel
contact force with no existence of suspending plate as
the evaluation criteria of driving safety (Li Yongle et al.
2012). Studying the driving safety based on the static
vehicle-bridge model and dynamic vehicle-bridge model,
the change rules of overturning critical wind speeds
along with the driving speed and wind yaw angle are
shown in Fig.10.

o 140

a) Static vehicle-bridge system

T 120

Cricital wing speed (ms)

60 40
Ya X 0 2 '
Waniges)” 4 60 gy

b) Dynamic vehicle-bridge system
Fig.10 Overturning critical wind speed

By calculation the two numerical simulation models,
it can be got that minimum critical wind speed does not
occur on the wind yaw angle of 0 degree but on the wind
yaw angle around 20~30 degrees. This predicts that the
critical wind speed is not the minimum when the vehicle
running on a bridge under cross-wind action with contrast
vehicles being more prone to overturn when running on
the bridge under wind action of 20~30 degrees.

Based on the static analysis model and the dynamic
analysis mode, the overturning lateral critical wind speed
and the overturning minimum critical wind speed are
shown in Tablel

Tablel Overturning critical wind speeds (m/s)

Critical Static analysis Dynamic analysis
wind speed 80 90 100 80 90 100

Lateral

\ 4299 4167 4055 39.09 3832 37.63
wind speed
Minimum = 2057 3704 3568 3705 3613 3507
wind speed

In Table 1, where lateral wind speed represents the
critical wind speed when the vehicle running on bridge
under cross wind action, minimum wind speed represents
the critical wind speed when the vehicle running on the
bridge under the wind action on yaw angles ranges of -90
to 90 degrees.

Based on the two different analysis models both
overturning critical wind speed decrease with the driving
speed increase while vehicle running on a bridge at 80-100
km/h speed. Lateral critical wind speed and minimum
critical wind speed analyzed from dynamic analysis model
shows a slightly smaller than that analyzed by static
analysis method. The biggest difference of critical wind
speed between static vehicle-bridge model and dynamic
vehicle-bridge model approach 10%.

By the contrast between the critical wind speeds, the
overturning critical wind speed which is calculated while
vehicle running on bridge under the cross-wind action is
not the minimum critical wind speed which is calculated
while vehicle running on bridge under natural wind action
with the range of -90 to 90 degrees yaw angles. The
biggest difference of critical wind speed between lateral
wind speed and minimum wind speed approach 12.3%.
This predicts that taking safety critical wind speeds under
cross wind excitations as safety critical wind speeds are
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relatively less safe for vehicle running on a bridge under

different yaw angles wind excitations.

Sideslip critical wind speeds
This section studies the sideslip critical wind speed

while the vehicle running on a bridge under wind action
by adopting the consistent parameters used in calculating
the overturning critical wind speed. When deck
conditions are dry, wet, snow and ice road the adhesion
coefficients ps are 0.7+ 0.5, 0.15. 0.07 respectively.
Studying the driving safety based on the static
vehicle-bridge model and dynamic vehicle-bridge model,
the change rules of sideslip critical wind speed along
with the driving speed and wind yaw angle are illustrated

in Fig.11.
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Fig.11 Sideslip critical wind speeds under different road
conditions

It can be predicted from the value of sideslip critical
wind speeds at different pavement conditions, the
minimum critical wind speed does not occur on the wind
yaw angle of 0 degree, but on the wind yaw angle around
10~20 degrees. This predicts that the critical wind speed
is not the minimum when a vehicle running on a bridge
under cross wind action. By contrast, vehicle is more
prone to sideslip when running on the bridge with dry,
wet, snowy and ice pavement under the wind action
around 10~20 degrees.

Based on the static analysis model and dynamic
analysis model, the sideslip critical wind speeds and
minimum critical wind speeds for a vehicle running on a
bridge with different road conditions under wind action
are given in Table 2~3.

Table.2 Sideslip critical wind speeds based on static
vehicle-bridge model (m/s)

minimum 31.56 30.54 29.67

snow lateral 16.98 15.97 15.10
minimum 15.95 15.30 14.47

ice lateral 10.56 10.02 9.54
minimum  10.19 9.59 9.03

Pavement Cri_tical . .
i wind Static analysis
conditions
speed
80 90 100
Dry Lateral 44.37 43.08 42.09
minimum  39.84 38.57 37.22
wet Lateral 37.04 36.05 34.78
minimum 33.14 31.78 30.61
Show Lateral 17.50 16.03 14.95
minimum 15.91 14.98 14.24
ice Lateral 10.37 9.67 8.89

minimum 9.90 9.28 8.88

Table.3 Sideslip critical wind speeds based on dynamic
vehicle-bridge model (m/s)

Critical
Pavement . . .
i wind Dynamic analysis
conditions
speed
80 90 100
dry lateral 39.43 38.84 38.11
minimum  37.30  36.230 35.26
Wet lateral 33.99 33.23 32.20

It can be concluded from the comparison of critical
wind speed obtained from static vehicle-bridge model and
dynamic vehicle-bridge model, sideslip critical wind
speed obtained from two different analysis models
decreases along with driving speed increase when vehicle
running on bridge at 80-100km/h speed. Sideslip critical
wind speeds obtained from the static vehicle-bridge model
are slightly larger than the dynamic vehicle-bridge model
when the vehicle running on dry and wet pavement, the
maximum difference of which is 12.5% for lateral critical
wind speed and 6.8% for minimum critical wind speed.
Sideslip critical wind speeds obtained from the static
vehicle-bridge model are slightly smaller than the
dynamic vehicle-bridge model when the vehicle running
on snow and ice pavement, the maximum difference of
which is 7.3% for lateral critical wind speed and 6% for
minimum critical wind speed. This anticipates that there is
a larger difference between the two analysis models for
sideslip critical wind speeds. So, study driving safety
should adopt the dynamic analysis model which considers
both the moving of vehicle on the bridge and the vibration
of vehicle-bridge system.

It can be concluded from the comparison between
lateral critical wind speed and minimum critical wind
speed, the sideslip minimum critical wind speed usually
lesser than the lateral critical wind speed. The biggest
difference of critical wind speed between lateral wind
speed and minimum wind speed approach 8.8%. This also
predicts taking safety critical wind speeds under cross
wind excitations as safety critical wind speeds are
relatively less safe for vehicle running on a bridge under
different yaw angles wind excitations.

From the comparison between overturning critical
wind speeds and sideslip critical wind speeds it can be got
that the owverturning critical wind speeds are slightly
smaller than sideslip critical wind speeds when vehicle
running on the bridge of dry pavement, but overturning
critical wind speed is slightly larger than sideslip critical
wind speed when vehicle running on the bridge of wet,
snow and ice pavement. So, this predicts the vehicle is
most likely to overturn when vehicle running on a bridge
with a dry road and more likely sideslip when vehicle
running on a bridge with wet, snow and ice road.

CONCLUSIONS

Based on the CDF numerical simulation and fluid-
solid numerical simulation, the static vehicle-bridge
model and dynamic vehicle-bridge model are established
separately in this paper. Through comparative study
comes to the following conclusions.

(1) It should consider the interaction between the
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vehicle-bridge system and natural wind environment to
study the aerodynamic characteristics and driving safety
when vehicle running on a long-span cable-stayed bridge
under wind action.

(2) Taking safety critical wind speeds under cross
wind excitations as safety critical wind speeds are
relatively less safe for the vehicle running on a bridge
under different yaw angles wind excitations.

(3) The vehicle running on a bridge at 80~100km/h
speed under wind action is more prone to sideslip when
the bridge deck is dry, wet or snow road but more prone
to sideslip when the bridge deck is ice road.
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