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As more long-span bridges continue to be completed and opened to traffic, the safety of cars driving across the bridge has attracted
more andmore attention, especially when the car is suddenly affected by the crosswind, the car is likely to have direction deviation
or even a rollover accident. In this paper, the large eddy simulation method is used to study the flow field characteristics and safety
of the car on the bridge under the turbulent crosswind.'e numerical simulation model is established by referring to the Donghai
Bridge, and the correctness of the car model is validated by combining with the data of wind tunnel test. 'e influence of factors
such as the porosity and height of the bridge guardrail and the Reynolds number of airflow on the flow field characteristics is
analyzed. 'e study shows that, in order to ensure the safety of cars on the bridge, the bridge guardrail porosity should be small,
35.8% is more suitable, the guardrail height should be more suitable within the range of 1.5–1.625 meters, and the Reynolds
number should not be 3.51e+ 5.'e research results of this paper will provide reference for the optimal design of bridge guardrail.

1. Introduction

High-speed cars are always affected by the natural cross-
winds when they are meeting trucks, driving out of a tunnel,
and passing a bridge. 'e cars’ driving states will be in-
terfered by the crosswinds, which may produce a side
lurching, cross velocity, and yaw velocity. As a result, the
cars may deviate from their original route, and the drivers
may have tomanipulate their steering wheels to keep the cars
running straight. In recent car designs, the light weight car
and aerodynamic drag have been highly emphasized in order
to a better fuel economy. A crosswind will produce high
pressure on the windward side and low pressure on the
leeward side of a car, especially in the front. It may produce a
yaw moment that tends to rotate the car [1]. A more fuel-
saving design moves the pressure center forward, which
makes a car more likely to deviate from its original path.
'us, the car will have more unstable behavior.

With the construction of more and more sea crossing
bridges around the world, this problem seems more

important now [2]. Over the past few decades, many car
accidents have been caused by crosswind gusts. Traffic ac-
cidents can cause casualties, traffic jams, and economic
losses. Such as, on August 11, 2004, sevenmoving cars on the
Chinese Humen Suspension Bridge were swayed by
crosswind. In order to prevent these accidents, experts
recommend installing windshields or taking traffic control
measurements to protect cars from high-speed crosswinds.
'ese measures can effectively improve the safety of car
driving on the bridge under a crosswind. However, over-
designed windshields or overcomplex traffic control guides
may have negative impacts on the aerodynamic stability of a
car and the bridge. 'erefore, it is necessary to study the
aerodynamics of cars driving on bridges with all-sided
consideration of the surrounding environment and
structures.

In aerodynamic simulation of the engineering problems,
the numerical simulation method has developed greatly
from the finite element method [3] to meshless method. In
recent years, researchers have made a lot of outstanding
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work [4–6]. 'e meshless method has been developed for
solving various engineering problems [7, 8]. Liu et al.
researched on the functionally graded materials using the
meshless method [9]. About the driving car problem, Wang
et al. studied aerodynamics by the CFD coupling method
[10]. Maruyama and Yamazaki added a driver model based
on experimental results to the safety analysis of road cars
[11]; meanwhile, they used crosswind gusts instead of the
actual wind load applied to cars crossing bridges. 'e effects
of the bridge movement at the pylon position on car safety
were neglected [12, 13]. Cheli et al. obtained the aerody-
namic admittance function and the aerodynamics of road
cars driving on flat terrain, viaducts, and embankments [14].
'e turbulent wind fields around the car models were
studied based on the quasi-steady state theory [15]. Cheung
and Chan established a single-car accident assessment
model, considering the coupling effects between cars and
dangerous driving conditions in 2010 [16]. Sigbjörnsson and
Snæbjörnsson proposed a probability analysis model [17].
Xu and Guo took account of road surface roughness and car
suspension systems and studied car safety under crosswinds
[18]. Chen et al. and Krid et al. conducted a wide research on
the rollover prevention and detection of active braking
systems (ABS for short), active suspensions, active stabi-
lizers, and so on [19, 20]. 'ere are also many control
methods like active front steering (AFS), which has been
used to reduce the roll rate and lateral acceleration when the
car is turning [21].

'ere are two approaches to reduce the impact of
crosswinds on moving cars: one is regulating the car speed
[22] and the other is installing windproof facilities [23].
Airtight and porous windbreaks have been widely used to
reduce the influences of crosswinds on pedestrians and
buildings [24], but those facilities cannot be applied to
long-span bridges. Based on this, this paper mainly studies
the safety of the car driving on bridge under the turbulent
crosswind and the influence of bridge guardrail on the
safety of the car. 'e turbulent large eddy simulation (LES)
numerical method is used to simulate the flow field around
the car and bridge guardrail. 'e influence of different
porosities and heights of bridge guardrail and the influence
of crosswind under different Reynolds numbers on the
lateral force and lift force of the car are calculated and
analyzed in order to put forward the corresponding ref-
erence to the safety measures and schemes of driving car on
the bridge.

2. Computation Equation

Over the past few decades, some researchers simulated the
crosswinds with gust generators because it is very hard to
measure the parameters of a car under a crosswind by a wind
tunnel test. Although this method is widely used by re-
searchers all over the world, the results have uncertainties
due to many kinds of objective factors. Additionally, this
method produces great danger in operation, and the cost is
relatively high. In contrast, numerical simulations can not
only obtain relatively stable results but also greatly reduce
the risk and cost.

'e large eddy simulation (LES) is a compromise be-
tween direct numerical simulation and turbulent modeling
theory, which requires less computational cost and has
higher calculation accuracy. In this paper, the large eddy
simulation model as a numerical method is adopted. Since
the speed of a car is much lower than that of sound, the
Mach number of the flow is much less than 0.3 and the
Reynolds number can only reach up to 1 × 107; addition-
ally, the influence of the heat exchange with the outside
world is neglected, and the entire mathematical model can
be expressed as an incompressible, adiabatic
three-dimensional turbulent model. 'e crosswind motion
is divided into two parts, including large-scale motion and
small-scale motion. 'e relationships between small-scale
quantities and large-scale quantities are established
through the model.

2.1. Large Eddy Simulation (LES). 'e LES is a mathematical
turbulence model which reduces the range of length scales of
the solution by applying ‘low pass filtering’ to the
Navier–Stokes equations, eliminating the small scales and
thus reducing the computational cost of the simulation.
Denoting the resolved filtered velocity and pressure as ui and
pi, the governing equations for LES are as follows:
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Here, ui and P represent the velocity components and
the pressure, when i, j � 1, 2, 3 which represent x, y, z three
directions. 'e bar above the variable represents the grid
filtering operation. 'e Sub Grid Scale (SGS) stress tensor
τij � uiuj − uiuj contains the influence of the small scales on
the large energy scales in equation (2). 'e original eddy
viscosity model proposed by Smagorinsky [25] will be used
for its simplicity and lower computational cost. 'is method
assumes that dissipation and energy production of the small
scales are balanced. 'e anisotropic part of the SGS stress
sensor is represented as

τij −
1
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where vsgs � (CsfΔ)
2|S| being the SGS viscosity, and
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which is the resolved rate-of-strain tensor, |S| � (2SijSij)
1/2,

and f is the van Driest damping function given as follows:

f � 1 − exp
n

+

25
 , (5)

with n is the wall normal distance. 'is function allows to
partially take in account the wall effects by damping length
scale l � CsΔ near the walls. 'e value of C � 0.1 is normally

2 Mathematical Problems in Engineering



used. Filter width Δ is defined as Δ � (Δ1Δ2Δ3)
1/3, where the

subscripts 1, 2, and 3 refer to the computational cell size in
the three coordinate directions.

2.2. Load Equation of the Car on the Bridge. 'e car moving
on the bridge is subjected to force and the moment of the
airflow around the bridge. 'e force and the moment
depend on the speed and structure of the car. With the
advancement of modern technology, the car manufacturing
process is gradually improving. 'e shapes of cars have also
transformed from horizontal and vertical types to
streamlined types. Although streamlined cars seem more
elegant and lower wind resistant, it should be mentioned
that the stability of a lower wind resistance car sometimes
gets worse stability under a crosswind.

'e force and moment on the car have been divided into
three orthogonal component forces and three moments in
the cartesian coordinates system. As shown in Figure 1,
under the asymmetric airflow (β≠ 0), the car is subjected to
the aerodynamic drag Fx, the aerodynamic lateral force Fy,
the aerodynamic lift Fz, the roll moment Mx around the x

axis, the trim moment My around the y axis, and the yaw
moment Mz around the z axis.

A large number of experiments have confirmed that the
magnitude of the aerodynamic force on a car is proportional
to the square of the relative velocity, the projected area of the
windward surface, and the aerodynamic coefficient of the
car. 'e magnitude of the aerodynamic moment is pro-
portional to the square of the relative velocity, the projected
area of the windward surface, the wheelbase of the car, and
the aerodynamic coefficient of the car. 'e aerodynamic
force and the aerodynamic moment are usually expressed by
the following equations:

Fx �
1
2
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where CD, CS, and CL are the aerodynamic drag coefficient,
the aerodynamic lateral coefficient, and the aerodynamic lift
coefficient; CMx

, CMy
, and CMz

are the aerodynamic roll
moment coefficient, the aerodynamic trim moment coeffi-
cient, and the aerodynamic yaw moment coefficient, and all
are dimensionless; A represents the projected area of a car’s
windward side in m2; ρ is the density of air, usually taken as
1.225 kg/m3; V∞ represents the relative velocity of the

resultant airflow, which is the resultant velocity of the car
and the lateral wind velocity in m/s; and a is the car
wheelbase.

3. Aerodynamic Simulation Model

3.1. 3e Car Model and Validation. According to the wind
tunnel test of the car, the numerical simulation model of a
car is built. 'e car is placed in the wind tunnel test space
with a size of 20m × 13m × 8m. In this numerical simulation
model, some parts of the car have to been simplified. 'e
wipers on the front windshield and the rearview mirrors are
simplified in order to prevent some mesh deformation that
makes the result in large errors during the generation of the
grid. Six boundaries are set, including up, down, right, left,
front, and back sides. 'e front boundary is set as the ve-
locity inlet, the back boundary is set as the pressure outlet,
and the ground is set as the slip plane.'e car model and the
wind tunnel model are shown in Figures 2 and 3 .

'rough numerical simulation computation, the dis-
tribution of pressure over the car is given as shown in
Figure 4:

In Figure 4, the maximum pressure over the car is
675.9Pa, the aerodynamic drag coefficient is 0.337, the
aerodynamic lift coefficient is 0.144, and the aerodynamic
drag and lift forces are 443.3N and 190.1N, without the
influence of other factors. Table 1 indicates that the errors
between the simulation results and the wind tunnel test data
are less than 10%. 'e results of the numerical simulation
and the wind tunnel test are fitting well, which shows that
this numerical simulation model of the car is reliable and
accurate, and can be used for following research.

3.2. Simulation of the Bridge and Crosswind Load. About
simulation of the bridge, the Donghai Bridge is taken as a
reference. 'e total length of the Donghai Bridge is
32.5 km, located in the northern part of Hangzhou Bay,
and is an auxiliary project of the Yangshan deep-water
port area. 'e weather in that area is complex and
extremely changeable; typhoons, tornadoes, and
paroxysmal small-scale disasters happen often. 'e
annual maximum wind speed can reach 27m/s. Strong
winds, especially crosswinds, may increase the lift force
and the lateral force, the rise of which is dangerous to

z
Fx

Fx Fγ
Mγ

Mx

Mx
yx β

v∞

Figure 1: 'e forces and moments on the car.
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cars on the bridge. 'e windproof guardrail is necessary
to build bridge protection facilities to reduce the impact
of crosswinds.

Hence, in the numerical simulation model, a model of
the guardrail is placed on the left side of the car to simulate
the facility of bridge, and the car driving velocity and the
crosswind velocity are, respectively, set 120 km/h and 24m/s
as the initial conditions. 'e model is shown in Figure 5.

According to the automobile industry standard, the
lateral acceleration when a car begins to roll over is called

the rollover threshold. 'is value is commonly used to
estimate a car’s rollover resistance ability. 'e rollover
threshold can be identified by the automobile industry
standard:

ay

g
�

B

2h
+ β. (12)

For the rollover of cars with suspensions, the rollover
threshold can be determined by the following equation:

ay

g
� 0.95

B

2h
, (13)

where ay represents the lateral acceleration (units: m/s2), g

represents the gravitational acceleration (units: m/s2), B

represents the track width (units: m), h represents the car’s
centroid height (units: m), and β is the ramp angle.

When the car is on a cross-sea bridge, the ramp angle can
be neglected. Equation (13) can be simplified to

ay

g
�

B

2h
. (14)

'e value of rollover threshold from equation (14) is
usually higher than the actual value.

In this paper, the track width of the test car is 1.41m, the
total weight of the whole car model is 1135kg, and the
centroid height is set between 0.51 and 0.58m. Based on the
rollover threshold set between 1.1 and 1.5 g, the crosswind
force of the rollover of the car can be given as
12235–16684N.

4. Analysis and Discussion

Figure 5 shows the entire flow field domain. 'e front
boundary and left boundary in the numerical simulation
model are as the velocity inlets. 'e air velocity of the front
boundary inlet represents the relative velocity of car, and the
air velocity of the left boundary inlet represents the cross-
wind velocity. 'e back boundary and the right boundary
are as the pressure outlets.

'e results of the different performed simulations are
shown and analyzed. 'e different air flows can be
produced by different distances, heights, and diameters
of the upright bar of the windproof guardrail on bridge,
and the influence of which are discussed. Some

Table 1: Comparison between the wind tunnel test and the nu-
merical simulation.

Wind tunnel
test

Numerical
simulation

Errors
(%)

Maximum pressure
(Pa) 637.0 675.9 6.1

Aerodynamic drag
force (N) 468.5 443.3 5.4

Aerodynamic lift force
(N) 180.6 190.1 5.3

Drag coefficient 0.346 0.337 2.6
Lift coefficient 0.133 0.144 8.3

Figure 2: Car model.

Figure 3: Wind tunnel test model.

–1260.7 –776.58 –292.42 191.74–1744.9 675.90
Pressure (Pa)

Figure 4: 'e distribution of pressure over the car.

8

20 13

Unit: m

2

Figure 5: Model of the calculation domain.
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visualizations of the flow field around the car are pre-
sented, and the pressure, the lateral force, and the lift
force over the car are compared with the different case
results.

4.1. Influences of the Porosity. 'e porosity is calculated by
the opening part area divided by the overall area of the
guardrail model. 'e height of the bridge guardrail is set
2.244m, and the diameter of the upright bar of the bridge
guardrail is set 0.236m. 'e distance between the axes of
adjacent upright bar of the bridge guardrail is set 0.5m,
0.75m, 1m, and 1.5m, respectively, and the different po-
rosities of the bridge guardrail are calculated, which are
35.8%, 52.1%, 61.8%, and 72.8%.

Figure 6 shows that the pressure distributions on the car
with different porosities under the crosswind. 'ese dis-
tributions indicate that the positive pressure is mainly on the
near guardrail side of the car, especially on the front of the
left side and on the back of the right side of the car, which are
relatively higher than the other area of the car. With the
increase in porosity of the bridge guardrail, the area of the
positive pressure on the left side of the car increases. 'e
negative pressures distributed on the front of the right side
and the back of the left side of the car are also relatively
higher. 'e difference between the positive pressure and the
negative pressure is the primary cause of the car lateral offset.

'e lateral force and the lift force on the near guardrail
side of the car are shown in Table 2. It is observed that the
lateral force increases as the porosity increases from 35.8% to
61.8%; it slightly decreases with the porosity from 61.8% to
72.8%, and the lift force of the car increases as the porosity
increases from 52.1% to 72.8%, and it decreases with the
porosity from 35.8% to 52.1%. Obviously, if the lateral force
and the lift force are too large, the car will roll over very
easily. 'erefore, compared with others porosities, when the
porosity is 35.8%, the lateral force and the lift force are
smaller; in other words, the car will be relatively stable.

4.2. Influences of the Guardrail Height. 'e diameter of the
upright bar of the bridge guardrail is maintained as 0.236m,
and the porosity is 35.8%; the height of the bridge guardrail
is set from 1m to 2.5m with an interval of 0.125m, and there
are 13 different heights, respectively, as 1m, 1.125m, 1.25m,
1.375m, 1.5m, 1.625m, 1.75m, 1.875m, 2m, 2.125m,
2.25m, 2.375m, and 2.5m.'e different heights of the bridge
guardrail make the characteristics of flow field around the
car different, the distribution of pressure on the car different,
and thus the lateral force and lift force on the car are also
different.

Firstly, based on analysis of the characteristics of flow
field around the car, the turbulent characteristics of the
crosswind have a remarkable influence on the entire flow
field. Here, the cross section of the car is intercepted to show
the changes of the flow field, and the flow fields with 4
different guardrail heights, respectively, as 1m, 1.5m, 2m,
and 2.5m are shown in Figure 7.

It is observed that with the increase in guardrail height,
the turbulent area of flow field increases continuously. 'e

flow field of the car under the guardrail height being 1m is
significantly different from that under the other three
guardrail heights conditions. When the guardrail height is
1m, the airflow in the top area of the car is almost unaffected
by the guardrail and is still flowing at 24m/s. Most of the
turbulence is concentrated in the area of lower the leeward
side of the car and upper the windward side of the car, and
the airflow of lower the leeward side of the car is more
turbulent than that of upper the windward side. 'e whole
leeward side of the car is turbulent under the other three
guardrail heights.

Secondly, based on analysis of the pressure distributions
on the car, the pressure distributions with 4 different
guardrail heights, respectively, as 1m, 1.5m, 2m, and 2.5m
are shown in Figure 8. It shows that when the guardrail
height is 1m, the pressure of the windward side of the car is
the largest, and the car is also the most affected by crosswind
loads.

'irdly, based on analysis of the lateral force and lift
force on the car, Figure 9 shows that the lateral force and lift
force on the car with 13 different guardrail heights. It is
observed that the values of the lateral force and the lift force
are maximum when the guardrail height is 1m, and then the
values of the lateral force and the lift force have a decreasing
tendency with increase in the guardrail height. 'e values of
the lateral force and the lift force reach relatively minimum
when the guardrail height is in a range of 1.5m to 1.625m.

'at is, when the guardrail height is 1m, the guardrail
height is less than the height of the car, and the state of the
car is the most unstable. When the guardrail height is in a
range of 1.5m to 1.625m, the car is relatively safe.

4.3. Influences of the Reynolds Number. 'e guardrail height
is set to 1m, which has the greatest impact on the car. 'e
upright bars of the bridge guardrail are circular; at the same
time, the distance between the circumference of the adjacent
upright bar of the guardrail is kept unchanged at 0.2m. 'e
different Re numbers can be obtained by setting different
diameters of the upright bar of the guardrail.'e diameter of
the upright bar of the guardrail is, respectively, set as 0.15m,
0.2m, 0.25m, 0.3m, 0.35m, and 0.4m, and there are 6
different diameters to different sizes, and the corresponding
6 different Reynolds numbers are 2.63 e+ 5, 3.51e+ 5,
4.39e+ 5, 5.27e+ 5, 6.15e+ 5, and 7.03e+ 5.

'e distribution of vorticities with 6 different Reynolds
numbers is shown in Figure 10. With the increase in di-
ameter of the upright bar of the guardrail, the number of the
upright bar of the guardrail decreases and the Reynolds
numbers increase. 'e crosswind flow passes through the
upright bar of the guardrail, blows to the left windward side
of the moving car, and then bypasses around the car, making
a large number of small vortex gathering on the rear of the
right leeward side of the car. When the Reynolds number Re

is smaller, the flow field pass through the guardrail is laminar
flow, and the pressure on the windward side of the car is
higher. With the increase in Reynolds number, the flow field
passes through the guardrail and gradually forms into
turbulence. When the Reynolds number increases to
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Figure 6: 'e distribution of pressure on the car with different porosities.

Table 2: Lateral force and lift force on the car with different porosities.

Porosity Lateral force (N) Lift force (N)
35.8% 1794.07 992.35
52.1% 1943.01 854.06
61.8% 2057.03 1059.23
72.8% 2051.48 1158.40
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403.333
337.778
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75.5556
10

(a)
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Figure 7: Continued.
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Figure 7: 'e flow fields with different guardrail heights.
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Figure 8: 'e pressure distributions with different guardrail heights.
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Figure 9: 'e curve of lateral force and lift force with different guardrail heights.
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7.03e+ 5, the flow field passes through the guardrail directly
forming turbulence; the turbulence dissipates some of the
energy of the crosswind, which results in relatively lower
pressure on the windward side of the car.

'e values of the lateral force and the lift force with
different Re numbers are shown in Table 3. With the increase
in Reynolds number from 2.63e+ 5 to 3.51e+ 5, the values of
the lateral force and the lift force increase and reach the
maximum. With the increase in Reynolds number from
3.51e+ 5 to 7.03e+ 5, the values of the lateral force and the

lift force have decreasing tendency at the whole. When the
Reynolds number increases to 7.03e+ 5, the values of the
lateral force and the lift force are minimum; in other words,
the car will be relatively safe at this time.

5. Conclusions

In this paper, the large eddy simulation method is used to
study the flow field characteristics and safety of the car on the
bridge under the turbulent crosswind. 'e numerical

2.36e + 5

(a)

3.51e + 5

(b)

4.39e + 5

(c)

5.27e + 5

(d)

6.15e + 5

(e)

7.03e + 5

(f )

Figure 10: Distribution of vorticities with different Reynolds numbers.

Table 3: Lateral force and lift force with different Re numbers.

Upright bar diameter (m) Re number Lateral force (N) Lift force (N)
0.15 2.63e+ 5 2399.33 1475.63
0.20 3.51e+ 5 2615.24 2059.39
0.25 4.39e+ 5 2534.40 1762.40
0.30 5.27e+ 5 2239.34 1919.91
0.35 6.15e+ 5 2242.86 1617.17
0.40 7.03e+ 5 2022.38 1177.59
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simulation model is established by referring to the Donghai
Bridge, and the correctness of the car model is validated by
combining with the data of the wind tunnel test. 'e in-
fluence of factors such as the porosity and height of the
bridge guardrail and the Reynolds number of airflow on the
flow field characteristics is analyzed. 'e research results
showed the following:

(1) According to the calculation of 4 different porosities,
with the increase in the porosity of the bridge
guardrail, the windward pressure of the car increases,
and the lateral force and lift force of the car also
gradually increase. 35.8% is a more appropriate
porosity rate of the bridge guardrail.

(2) Under the condition of constant porosity, the cases
of 13 kinds of bridge guardrail heights are calculated.
As the height of guardrail increases, the turbulence
area of flow field increases continuously. When the
height of guardrail is greater than the height of the
car, the whole leeward of the car cross section is
turbulence.

(3) When the guardrail height is less than the height of
the car, which is 1 meter, the windward pressure, the
lateral force, and the lift force of the car are the
maximum, which is a relatively unsafe condition.
When the range of the guardrail height is from 1.5 to
1.625 meters and the lateral force and lift force are
smaller, the car is relatively safe.

(4) On the condition that the height of the guardrail
remains unchanged at 1meter, the cases of 6
different Reynolds numbers are calculated. With
the increase in Reynolds number, the flow field
passes through the guardrail and gradually forms
turbulence. 'e area of turbulence is concentrated
in the rear of the leeward of the car’s overhead
plane.

(5) When Reynolds number is 3.51e+ 5, the lateral force
and the lift force are the largest, which means the car
is relatively unsafe. After that, with the increase in
Reynolds number, the lateral force and lift force
gradually decrease, and the safety of the car gradually
improves.
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