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Abstract

Extreme events such as tropical cyclones frequently occur in coastal areas in China. With
high wind speeds and rainfall during such extreme events, the vehicles on sea-crossing
bridges may face severe instability problems. In this study, the dynamics of vehicles
on a cross-sea bridge under the wind–rain coupling effect were analyzed based on field
measurement data using computational fluid dynamics (CFD). Wind field parameters
of the coastal area in China were obtained using wind speed data from measurement
towers. Based on CFD, the sliding grid method was applied to establish an aerodynamic
analysis model of a container truck moving on a bridge under wind and rain conditions.
The discrete phase model based on the Euler–Lagrange method was used to investigate
the influence of rain and obtain the aerodynamic characteristics of the truck under the
coupled wind and rain effects. Based on the computational analysis results, considering
the turbulence intensity, the yaw angle peaks of the tractor and trailer increased by 5.2%
and 3.8%, respectively, and the lateral displacement of the truck’s center of mass increased
by 9.8%. Rainfall may cause the vehicle to have a higher response, resulting in a high risk
of skidding. The results show that skidding occurs for the considered container truck when
rainfall is at 9.8%. These results can provide parameters for traffic control strategies under
such extreme climate events in coastal areas.

Keywords: wind-induced driving safety; dynamical stability of trucks; wind–rain coupling
model; wind field measurement; computational fluid dynamics

1. Introduction
In recent years, sea-crossing bridges have played an increasingly important role

in the transportation network in China’s coastal areas. Due to the changeable climate
in such coastal areas, strong winds accompanied with rain frequently occur, leading to
wind-induced traffic safety problems, especially for container trucks. The aerodynamic
interaction interference among “wind–vehicle–bridge” systems has a significant impact on
container trucks [1,2], considerably affecting traffic safety and travel efficiency. Therefore,
in recent years, researchers worldwide have conducted numerous studies on both systemic
dynamics and aerodynamic perspectives for vehicles on bridges. For example, Chen
et al. [3] investigated the influence of wind speed variations on vehicle stability through
driver-in-the-loop driving simulation tests, indicating that higher wind speeds lead to
greater lateral displacement of vehicles and significantly increase the rollover risk for
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trucks. Based on multibody dynamics analysis, Li et al. [4] developed a driving safety
risk prediction model using the response surface method. Their study revealed that
crosswind on the bridge deck has the most substantial impact on truck safety, followed by
road adhesion conditions, while vehicle speed exhibited the least influence. Sun et al. [5]
proposed a simplified method for calculating the critical wind speeds of moving vehicles
on bridges based on the influence of coefficients of the wind environment on the bridge
and the aerodynamic forces of moving vehicles on open fields, and further discussed the
method’s reliability under different conditions.

Even though numerous studies have been conducted, two main limitations still need to
be considered. First, most existing studies neglect the aerodynamic interaction interference
among wind–vehicle–bridge systems. The aerodynamic loads acting on a vehicle traversing
a bridge depend not only on wind speed and vehicle speed, but also on the bridge’s
structural type and design parameters [6–8] and site-specific wind characteristics. Studies
have shown that near-ground boundary-layer airflow is highly influenced by terrain,
leading to significant variations in wind fields across different regions and elevations [9,10].
For instance, Meng et al. [11] conducted topographic wind tunnel tests to analyze the spatial
distribution of wind speeds at a coastal bridge site, concluding that open coastal terrain has
a minimal impact on wind profile development. In contrast, Wang et al. [12,13] combined
wind tunnel tests, field measurements, and numerical simulations to study wind field
characteristics in mountainous canyon terrain, demonstrating that the local topography
strongly affects the wind speed and direction at bridge sites. Second, existing studies on
vehicle aerodynamics and system dynamics for bridge-crossing vehicles largely overlook
the effects of rainfall, simplifying analyses by only adjusting road adhesion coefficients.
However, coastal regions frequently experience strong winds coupled with heavy rainfall,
which not only reduces road adhesion but also alters the flow field around the vehicle
body, modifying surface pressure distributions [14,15]. Reference [16] explored the effects
on high-speed trains under combined wind–rain conditions using wind tunnel tests and
numerical simulations, revealing that rainfall introduces additional aerodynamic forces
and moments, with greater effects at higher wind speeds.

In summary, when conducting wind stability analysis for vehicles on sea-crossing
bridges, it is essential to comprehensively consider the wind and rain environment at
the bridge site and the corresponding aerodynamic interference, as well as the associated
side wind stability issues. This study takes container trucks as the research object and
establishes an aerodynamic coupling analysis model for vehicle operations on sea-crossing
bridges based on actual wind field parameters measured at the bridge site. The study
employs a coupled method involving automotive aerodynamics and system dynamics to
investigate the effects of wind characteristics and rainfall on the side crosswind-induced
stability of trucks. The results have significant reference value for accurately evaluating the
wind-induced driving safety capabilities of vehicles on bridges.

2. Wind Field Measurement Data
Natural wind data were obtained by the research team from a meteorological mast

installed on Yutou Island, Pingtan County, Fujian Province. This coastal island region
features open terrain with a surface roughness coefficient of 0.19, intermediate between
Class B and Class C terrains. Wind field monitoring was conducted using a 3D sonic
anemometer and a cup anemometer, as illustrated in Figure 1. For analysis, measured
winter wind data from 24 January 2018 were selected. Wind monitoring was performed at
multiple heights: 10 m, 30 m, 50 m, 80 m, 90 m, and 100 m above ground level. Figure 2
presents the recorded time histories of wind speed and turbulence intensity during the
monitoring period.
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(a) (b) (c) 

Figure 1. Wind field measurement instruments. (a) Wind tower, (b) Ultrasonic anemometer, (c) Vane
wind meter.

(a) 

(b) 

Figure 2. Measured average wind characteristics. (a) Average wind speed at different heights,
(b) Turbulence at different heights.

As shown in Figure 2, the wind speed exhibits significant variation between 10 m
and 80 m due to topographic and geographical influences. With increasing elevation,
the effect of surface roughness elements gradually diminishes, resulting in reduced wind
energy dissipation. Consequently, the mean wind speed increases with height, while
flow pulsation characteristics weaken, leading to progressively lower turbulence intensity.
Surface roughness elements demonstrate negligible influence on wind speed at an elevation
above 80 m. The wind energy dissipation remains consistent across different heights,
causing minimal variation in the mean wind speed with further elevation increases and
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stabilized turbulence intensity. The highest mean wind speed occurred at 16:00 (local time).
The wind speed profile at this time was fitted using the power law, as presented in Figure 3.

Figure 3. Wind speed profiles.

The average wind speed is determined using Equation (1), the turbulence degree is
determined using Equation (2), and the wind profile is determined using Equation (3).

V =
1

t2 − t1

∫ t2

t1

V(t)dt (1)

Ii =
σi
V
(i = u, v, w) (2)

V(z)
V(zs)

=

(
z
zs

)α

(3)

where V is the wind speed (m/s); U is the 10 min average wind speed (m/s); σi is the root
mean square value of the pulsating wind speed in the u (longitudinal), v (horizontal), and
w (vertical) directions (m/s); (t2 − t1) represents different time intervals, with a 10 min
average wind speed being used in this paper; α is the roughness index, with a fitted value
of 0.08; z is the height (m); and zs is the standard height, which is set as 10 m.

3. Computational Model
3.1. Geometric Model

In this study, a bridge model in Fujian Province in China is taken as an example. Based
on a prior analysis of wind conditions on the dual-girder bridge deck, the maximum inflow
wind speed occurs at the highest clearance point of the bridge’s main span. Accordingly,
this study adopts the cross-section at this location to establish a geometric model of a
container truck traveling on the bridge, retaining the primary geometric features of both
the truck and the dual-girder bridge, with a bridge cross slope of 1.5%. Considering the
characteristics of bridge deck wind fields, the most critical operational scenario occurs
when the container truck is positioned in the windward-side lane [17]. In accordance
with the T/CSAE 112-2019 Technical Specification [18] for Aerodynamic Simulation of
Passenger Vehicles, the geometric model for bridge-crossing vehicle analysis is constructed
as illustrated in Figure 4.
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Figure 4. A geometric model of traffic on the bridge.

3.2. Discrete Phase Model (DPM)

The wind–rain environment essentially constitutes a gas–liquid two-phase flow. The
raindrop is assumed to be an ideal sphere; therefore, the default standard spherical drag
model (Spherical Drag Law) is applied for simulation. In this model, raindrops are sim-
plified as regular spherical particles, with key rainfall parameters including the raindrop
diameter, raindrop size distribution, terminal velocity, and mass flow rate. The relation-
ship between the proportion of different-sized raindrops and rainfall intensity follows
Equation (4), established by BEST [19] based on observational data. The raindrop size
distribution is described using a Gamma distribution empirical formula [20], as presented
in Equation (5). {

F = 1 − exp
[
−( 2r

B1 IP )
n
]

W = B2 Iq
(4)


N(r) = N0rµ exp(−Λr)
N0 = 64500I−0.5

Λ = 7.09I−0.27
(5)

where F is the percentage of the volume of raindrop particles with a diameter of less
than or equal to r; r is the equivalent diameter of raindrops, which ranges from 0.1 mm
to 6 mm; I represents the rainfall intensity, with five conditions set in the text, namely,
50 mm/h, 100 mm/h, 150 mm/h, 200 mm/h, and 250 mm/h; W is the total volume of
raindrops per unit volume of air (mm3/m3); N(r) is the number of raindrops per unit vol-
ume (m−3·mm−1); N0 is the concentration parameter (m−3·mm−1); Λ is the size parameter
(mm−1); and µ indicates the spectrum type, with a value of 2. Other constant parameters
are set as follows: B1 = 1.3, B2 = 67, p = 0.232, q = 0.846, and n = 2.25.

Raindrops with different diameters have varying falling speeds [21,22], as determined
using Equation (6). The terminal velocity of the raindrop is determined by the weighted
average velocity in Equation (7). The mass flow rate of the discrete phase entering the
calculation area within a unit time is determined using Equations (8) and (9). The distri-
bution relationship between particle number and particle diameter is determined using
Equation (10).

V(r) = 9.4(1 − exp(−1.57 × 103r1.15)) (6)

V =

∫ r2
r1

N(r)V(r)dr∫ r2
r1

N(r)dr
(7)
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M1 =
∫ r2

r1

m(r)N(r)V(r)dr (8)

M2 = M1 × S (9)

Yr = e−(r/r)n
(10)

where V(r) is the final velocity (m/s) of the raindrop; M1 is the mass entering the com-
putational domain per unit time and area (kg/s m2); M2 is the total mass entering the
computational domain per unit time (kg/s); S is the incident area of the discrete phase
particles (m2); r is the median diameter (mm); Yr is the mass fraction of raindrops larger
than this diameter; and n is the distribution index. The initial condition parameters for the
discrete phase under different rainfall intensities are shown in Table 1.

Table 1. Settings of discrete phase model parameters.

Rainfall Intensity
(mm/h)

Terminal Velocity
(m/s)

Flow per Unit Area
(kg/s·m2) Diameter (mm) Distribution Index

Number

50 4.3725 0.0177 2.678 2.710
100 4.9719 0.0410 3.188 2.785
150 5.3280 0.0657 3.493 2.886
200 5.5794 0.0905 3.702 2.992
250 5.7721 0.1150 3.856 3.094

3.3. Computational Methodology

A coupled aerodynamics–system dynamics approach was employed to investigate
the crosswind stability of vehicles on bridges. The computational domain was discretized
using a hybrid mesh scheme featuring polyhedral cells near the rainfall surface and wall
boundaries and hexahedral cells in the core region. The volume mesh surrounding the
truck was progressively refined, with a core resolution of 80 mm. The surface mesh size
was set to 32 mm, accompanied by four boundary layers with a growth ratio of 1.1, and the
height of the first layer was 1 mm. The final mesh comprised approximately 42 million cells
after grid independence verification under different meshing styles in Table 2 and Figure 5.
The computational model was validated against wind tunnel tests [23], demonstrating
satisfactory accuracy, as illustrated in Figure 6. The conditions in the simulation were set
the same as in the reference [23]. In the wind tunnel experiment [23], the aerodynamic drag
coefficient of the vehicle was 0.259, and the verification data of this simulation is 0.257.
The error between the numerical simulation value and the wind tunnel experiment value
is around 5%, indicating that the slip grid method can effectively simulate the driving of
the vehicles.

Table 2. Lateral force coefficient under different meshing strategies.

Meshing Strategies 1 2 3 4

Number of elements (million) 18 31.37 42.00 54.70
Lateral force coefficient 0.2356 0.2441 0.2571 0.2562

For the aerodynamic analysis of bridge-crossing vehicles, a sliding mesh technique
was implemented, with the container truck traveling at 80 km/h. The sliding mesh model
includes a stationary region and a moving region, which are dynamically coupled through
an interface. During the transient solution process, flow data are transmitted through this
interface, ensuring flux conservation. By considering rigid motion as vehicle displacement,
the model accurately captures non-steady flow effects through transient calculations, mak-
ing it suitable for numerical simulations of moving boundaries, such as vehicle outflow
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fields. The time step size is 0.0005 s, the simulation time is 1.5–2 s, the number of processors
used is 90 threads, and the calculation time of one condition is 7–10 days. The realizable k-ε
turbulence model and second-order upwind scheme were adopted for numerical solution.
Three inflow boundary conditions were considered: (1) uniform flow, (2) wind profile with
low turbulence intensity (TI), and (3) wind profile with high TI. The wind profiles were
prescribed via UDF using the power-law fitting curve in Figure 3. Based on the measured
wind speed data, the mean turbulence intensity(7.76%) was calculated and set as input
values in the simulations. To show the influence of turbulence intensity, the low value
of 0.5% was applied for comparison. The high-TI condition (7.76%) corresponded to the
turbulence intensity at the truck’s centroid height, while the low-TI condition was set to
0.5%. The uniform flow velocity was specified as 18.06 m/s at the truck’s centroid height.

Figure 5. Lateral force coefficients under different meshing strategies.

  
(a) 

 
(b) 

Figure 6. Meshing of calculation domain. (a) Surface grid, (b) Body grid.

The coupled simulation employed a Eulerian–Lagrangian approach through the DPM,
treating wind as the continuous phase and raindrops as the discrete phase with gravitational
effects. The key parameters for the simulation are summarized in Table 2.

Finally, a multi-body dynamic model of a container truck driving on the bridge under
non-load conditions was established according to the bridge route. The influence of route
curvature and crosswind was comprehensively considered. The main parameters of the
tractor and semi-trailer are shown in Table 3, and the truck model is shown in Figure 7.
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Table 3. Main parameters of container trucks.

Parameters Tractor Semi-Trailer

Size/m 5.4 × 2.4 × 3.4 11.6 × 2.4 × 3.9
Distance from center of mass to front axle/m 0.971 7.822

Height of centroid/m 1.251 1.936
Body side inclination inertia/(kg·m2) 2284 8997

Body pitch inertia/(kg·m2) 35,403 150,000
Body sway inertia/(kg·m2) 34,803 150,000

Sprung mass/kg 4455 5500
Velocity 80 km/h 80 km/h

Reference area 7.117 m2 8.65 m2

Characteristic length 3413 mm 11,553 mm

(a) (b) 

Figure 7. Truck dynamic model. (a) Tractor, (b) Semi-trailer.

Based on the aerodynamic analysis results obtained under coupled wind–rain condi-
tions, the corresponding aerodynamic forces and moments were applied at the centroid
positions of both the tractor and semi-trailer for each operational scenario. These loads
were implemented as a gust excitation with a 3 s duration. Directional control was achieved
through a preview-follower driver model with a preview time of 1.4 s.

For rainfall conditions, the relationship between precipitation intensity and water
film thickness was determined using Equation (11). The road adhesion coefficient was
characterized as a function of both post-rainfall water film thickness and vehicle speed.
The adhesion coefficient under partial hydroplaning conditions was calculated using
Equation (12) [24,25].

h = 0.1258 × l0.6715 × i−0.3147 × I0.7786 × TD0.7261 (11)

φ = 1.3280 − 0.0078v − 0.017h (12)

where h is the water film thickness (mm); φ is the road adhesion coefficient; v is the speed
of the container truck, set to 80 km/h; l is the slope length (m); i is the bridge gradient,
set to 1.5%; I is the rainfall intensity (mm/min); and TD is the construction depth (mm).
The corresponding bridge surface adhesion coefficients for rainfall amounts of 0, 50, 100,
150, 200, and 250 mm/h are 0.70, 0.58, 0.49, 0.40, 0.33, and 0.26, respectively. The software
ANSYS 2021 was used for the pneumatic part, and TruckSim 2019 was applied for the
system dynamics part. In the simulation, the static coupling simulation method was applied
for simulation using the Truck Sim software platform. The route curvature of the considered
cross-sea bridge is very small; therefore, it is simplified as a straight line, and the bending
of the bridge is neglected. The aerodynamic load under different working conditions is
calculated by the computational fluid dynamics (CFD) method, and it is applied to the
vehicle dynamic model as the external disturbance quantity, and the transient response of
the vehicle dynamics under different working conditions can be obtained. The simulating
procedure can be seen in Figure 8. Specifically, the interactions between the vehicle and
crosswinds were simulated by the aerodynamic module. The crosswinds were modeled
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using a stepwise gust model, and the driver’s pre-aim model was used to simulate the
actual driving behavior of the driver, which can help obtain the dynamic response of
the vehicle under crosswind, thereby evaluating the overall stability of the vehicle under
crosswind. Moreover, it should be mentioned that, according to T/CSAE 112-2019, the
aerodynamic drag coefficient is a curve that changes with each time step. The number of
internal iterations should be adjusted based on the convergence within a single time step,
ensuring that the physical duration is at least two vehicle lengths. And the aerodynamic
drag coefficient should periodically fluctuate within 0.5 s before the stop. Therefore, the
CFD results in this simulation are the average values calculated over the 0.5 s before the
stop of vehicles.

Figure 8. Simulating procedure of vehicle dynamics.

4. Results and Discussion
4.1. Influence of Wind Field

Figure 9 illustrates the influence of different crosswind loading patterns on the flow
field around the tractor’s front axle section under a rainfall intensity of 100 mm/h. With
identical turbulence intensity levels, the simulation results demonstrate that uniform inflow
(based on the wind speed at the vehicle’s centroid height) and wind profile inflow produce
negligible differences in the truck’s surrounding flow field characteristics. However, when
incorporating the actual turbulence intensity measured at the truck’s centroid height into
the wind profile inflow condition, significant flow field modifications can be seen. Enhanced
wind pulsatility and increased velocity fluctuations lead to elevated wind speeds across
the bridge deck. As shown in Figure 10, both the windward-side positive pressure zone
and leeward-side negative pressure zone surrounding the semi-trailer are amplified, with
measurable increases in pressure magnitude.

 

 
(a) 

 

 

 

 
(b) (c) 

Figure 9. Wind speed distribution around truck under different wind fields. (a) Uniform flow,
(b) Wind profile with low turbulence intensity, (c) Wind profile with high turbulence intensity.
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(a) 

  

(b) (c) 

Figure 10. Wind pressure distribution around truck under different wind fields. (a) Uniform flow,
(b) Wind profile with low turbulence intensity, (c) Wind profile with high turbulence intensity.

As shown in Table 4, the aerodynamic effect of uniform flow and wind profile flow on
freight vehicles is negligible. However, based on wind profile flow, considering the actual
turbulence intensity, the lateral force coefficients of both the tractor and the semi-trailer
increased by 8.4% and 5.1%, respectively; the lift coefficient of the tractor slightly increased;
and the drag coefficient markedly increased by 26.7%. The drag and lift coefficients of the
semi-trailer decreased by 6.1% and 13.6%, respectively. Figures 11 and 12 illustrate the
impact of different crosswind loading forms on the lateral sway and yaw motion responses
of the tractor and semi-trailer, consistent with previous aerodynamic analysis results.
Under the same turbulence intensity, the effect of uniform flow and wind profile flow on
the motion of freight vehicles is relatively small. After considering the actual turbulence
intensity, the increases in the peak lateral acceleration, lateral speed, and yaw rate of the
tractor are 6.4%, 4.5%, and 4.3%, respectively, while the increases for the semi-trailer are
6.0%, 4.5%, and 5.2%. The increases in the peak yaw angle for the tractor and semi-trailer
are 5.2% and 3.8%, respectively, and the increase in the displacement of the vehicle’s center
of gravity is 9.8%. In summary, using the wind speed at the height of the freight vehicle’s
center of gravity is equivalent to the effect of uniform flow and wind profile flow, and the
lateral stability of the freight vehicle is mainly related to the wind field at the height of the
bridge surface.

Table 4. Influence of wind field on aerodynamic coefficient.

Aerodynamic Coefficient Wind Field of the Inlet Tractor Semi-Trailer

Drag coefficient
uniform flow 0.614 0.308

wind profile with low turbulence intensity 0.632 0.312
wind profile with high turbulence intensity 0.801 0.293

Lateral force coefficient
uniform flow 1.228 3.507

wind profile with low turbulence intensity 1.236 3.466
wind profile with high turbulence intensity 1.340 3.641

Lift coefficient
uniform flow 0.563 1.610

wind profile with low turbulence intensity 0.565 1.649
wind profile with high turbulence intensity 0.606 1.424
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(a) (b) (c) 

(d) (e) (f) 

Figure 11. Response of side bias and lateral movement of container trucks under different wind fields.
(a) Lateral acceleration of tractor, (b) Lateral velocity of tractor, (c) Yaw velocity of tractor, (d) Lateral
acceleration of semi-trailer, (e) Lateral velocity of semi-trailer, (f) Yaw velocity of semi-trailer.

(a) (b) (c) 

Figure 12. Lateral swing angle and lateral displacement of container trucks under different wind
fields. (a) Yaw angle of tractor, (b) Yaw angle of semi-trailer, (c) Lateral displacement of centroid.

4.2. Influence of Rainfall

Figure 13 shows the effect of different rainfall conditions on the surface pressure
distribution of container trucks when the wind speed at the height of the truck’s center
of mass is 20.8 m/s. The wind speed on the windward side of the container truck is
higher, where the gas phase plays a dominant part, and the rain phase has less influence.
The similar flow field indicates that the increase in rainfall has little impact on the flow
field on the windward side of the truck. The positive pressure area of the truck hardly
changes. However, at the top of the truck and on the leeward side, the wind speed is
lower, the energy transfer between the rain phase and the gas phase is stronger, and the
airflow velocity in the local area increases, resulting in a significant increase in the negative
pressure area at the front end of the top of the tractor and the front end of the leeward side.

Table 5 compares the influence of rainfall with or without rain phase on the aerody-
namic force of trucks when there is 250 mm/h of rainfall. After considering the influence
of the rain phase, the aerodynamic resistance of the tractor increases significantly, and the
aerodynamic resistance of the semi-trailer decreases because the water film formed by the
rain is conducive to reducing the frictional resistance. Rain has a great influence on the
aerodynamic lift and aerodynamic lateral force of the semi-trailer, where the aerodynamic
lift coefficient increases by 17.7%.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 13. Surface pressure distribution of truck with different rainfalls. (a) 0 mm/h, (b) 50 mm/h,
(c) 100 mm/h, (d) 150 mm/h, (e) 200 mm/h, (f) 250 mm/h.

Table 5. Influence of rainfall on aerodynamic coefficient.

Rainfall
Drag Coefficient Lateral Force Coefficient Lift Coefficient

Tractor Semi-Trailer Tractor Semi-Trailer Tractor Semi-Trailer

0 0.628 0.218 0.371 0.265 1.260 3.686
250 mm/h 0.640 0.209 0.369 0.312 1.268 3.695

Figures 14 and 15 show the influence of different rainfall conditions on the dynamic
responses of trucks. The peak lateral acceleration of tractors at the moment of wind and
rain coupling reaches 0.19 g, and that of semi-trailers is 0.22 g. When the rainfall increases
from 0 to 200 mm/h, the lateral speed of the tractor increases from 1.97 km/h to 2.49 km/h,
and the lateral speed of the semi-trailer increases from 1.75 km/h to 2.01 km/h. The yaw
angle velocity of the tractor increases from 1.25◦/s to 1.49◦/s, and the yaw angle velocity
of the semi-trailer increases from 1.17◦/s to 1.34◦/s. The yaw angle of the tractor increases
from 1.33◦ to 1.86◦, the yaw angle of the semi-trailer increases from 1.28◦ to 1.67◦, and the
lateral displacement of the center of mass of the truck increases from 0.25 m to 0.27 m.

With the gradual increase in rainfall, although the lateral deviation movement and
the yaw motion of the truck are more obvious, the driver feedback can still control the
overall movement of the truck. When the rainfall increases to 250 mm/h, the road surface
adhesion capacity is further reduced. The semi-trailer appears to be sideways after the
crosswind effect and drives into the adjacent lane, and sideslip occurs after the vehicle is
towed. After the crosswind disappears, the lateral speed and the yaw angle velocity of
the tractor are in a parabolic rising state, the tractor cannot return to the predetermined
straight driving trajectory, and the truck loses control and rushes out of the bridge deck, as
shown in Figure 16.
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(a) (b) (c) 

(d) (e) (f) 

Figure 14. Response of container trucks to lateral drift and yaw motion under different rainfall
amounts. (a) Lateral acceleration of tractor, (b) Lateral velocity of tractor, (c) Yaw angle velocity
of tractor, (d) Lateral acceleration of semi-trailer, (e) Lateral velocity of semi-trailer, (f) Yaw angle
velocity of semi-trailer.

   
(a) (b) (c) 

Figure 15. Skew angle and lateral displacement of container trucks under different rainfall conditions.
(a) Yaw angle of tractor, (b) Yaw angle of semi-trailer, (c) Centroid lateral displacement.

 
(a) 

(b) 

Figure 16. Response of container truck to side sliding motion. (a) Normal conditions, (b) Sideslip
instability process.
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4.3. Influence of Wind Speed

Figures 17 and 18 show the influence of wind speed at the height of the centroid on the
flow field and surface pressure distribution around the truck when the rainfall is constant
(100 mm/h).

 

 
(a) 

 

 

 
(b) (c) 

 

 

 

(d) (e) 

Figure 17. Wind speed distribution around the truck with different side winds. (a) 10.8 m/s,
(b) 13.9 m/s, (c) 17.2 m/s, (d) 20.8 m/s, (e) 24.5 m/s.

The wind speed on the windward side of the truck increases with the increase in
crosswind speed, resulting in a gradual increase in the positive pressure area and positive
pressure on the windward side of the tractor and semi-trailer. As the airflow separation
zone on the leeward side gradually increases, the negative pressure area on the leeward side
of the truck gradually spreads to the rear, and the negative pressure gradually decreases
with the increase in wind speed. The increase in wind speed has a greater impact on the
positive pressure on the windward side and the negative pressure on the leeward side than
the increase in rainfall.

As indicated in Figure 19, the change in the pressure distribution of the truck body
leads to a significant change in aerodynamic forces. The aerodynamic drag coefficient
and aerodynamic lift coefficient of the tractor and semi-trailer first increase and then
decrease with the increase in wind speed, while the aerodynamic lateral force coefficient
increases with the increase in wind speed, indicating that the influence of wind speed on
the aerodynamic lateral force of the semi-trailer is particularly obvious. When the wind
speed increases from 10.8 m/s to 24.5 m/s, the aerodynamic side force of the tractor is
2.9 times that of the original value, and the aerodynamic side force of the semi-trailer is
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3.7 times that of the original value. Therefore, compared with the variation in rainfall
(Table 4), the change in wind speed has a more significant effect on the aerodynamic
moment of container trucks, resulting in significant changes in the side wind stability of
container trucks. Combining with Figure 18, it can be seen that with the increase in wind
speed, the wind flow between the tractor and the trailer increases, resulting in the gradual
decrease in air pressure on the front of the trailer; therefore, the aerodynamic resistance
of the trailer gradually decreases with the increase in wind speed. When the wind speed
increases from 10.8 m/s to 24.5 m/s, the positive pressure area on the windward side of the
tractor and trailer gradually increases, while the negative pressure area on the leeward side
also gradually increases with decreasing absolute values, which makes the aerodynamic
lateral force increase sharply. When the wind speed is between 10.8 m/s and 20.8 m/s,
the change in the trailer’s positive pressure zone mainly occurs in the front, resulting in
the increase in the moment on the front side of the trailer’s center of mass, thus making
the trailer’s yawing moment increase significantly. When the wind speed is 24.5 m/s, the
lateral component of the composite wind speed increases, resulting in a significant increase
in the aerodynamic pressure at the front and rear of the trailer, resulting in only a small
increase in the yaw moment.

 

 
(a) 

 

  
(b) (c) 

 

  
 

(d) (e) 

Figure 18. Surface pressure distribution of truck with different side winds. (a) 10.8 m/s, (b) 13.9 m/s,
(c) 17.2 m/s, (d) 20.8 m/s, (e) 24.5 m/s.

Figure 20 shows that the lateral and yaw movements of the truck gradually intensify
with the increase in wind speed. The peak lateral acceleration values of the tractor with
a different side wind effect are 0.07 g, 0.10 g, 0.14 g, 0.19 g, and 0.24 g, and those of the
semi-trailer are 0.08 g, 0.11 g, 0.17 g, 0.22 g, and 0.29 g. When the wind speed increases
from 10.8 m/s to 24.5 m/s, the lateral velocity of the tractor increases from 0.73 km/h to
2.84 km/h, and the lateral velocity of the trailer increases from 0.58 km/h to 2.56 km/h.
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The lateral angular velocity of the tractor increases from 0.43◦/s to 1.85◦/s, and that of the
trailer increases from 0.43◦/s to 1.69◦/s.

Figure 19. Aerodynamic coefficients of trucks with different crosswind conditions.

(a) (b) (c) 

(d) (e) (f) 

Figure 20. Response of lateral drift and yaw motion of container trucks under different wind speeds.
(a) Lateral acceleration of tractor, (b) Lateral velocity of tractor, (c) Yaw velocity of tractor, (d) Lateral
acceleration of semi-trailer, (e) Lateral velocity of semi-trailer, (f) Yaw velocity of semi-trailer.

Affected by the saddle of the container truck, the peak moment of the lateral motion
and yaw motion responses of the trailer is significantly behind that of the tractor. Although
the increase in wind speed will exacerbate the lateral deviation and yaw motion of the
container truck, the driver’s feedback operation can effectively control the truck to return
to the predetermined straight driving state. The yaw angle of the tractor increases from
0.49◦ to 2.01◦ and then gradually becomes stable, while the yaw angle of the semi-trailer
increases from 0.43◦ to 1.99◦ and gradually becomes stable. The lateral displacement of
the truck’s center of mass increases from 0.11 m to 0.31 m and gradually returns to the
state of straight driving, as shown in Figure 21. Figures 15 and 16 show that when there is
little rainfall, the increase in wind speed has a greater impact on the side wind stability of
trucks. The increase in wind speed leads to higher peak lateral acceleration, lateral velocity,
yaw angle velocity, and yaw angle for the tractor and semi-trailer. When rainfall reaches
250 mm/h, the road surface adhesion ability becomes smaller, and the change in rainfall
has a greater impact on the side wind stability of trucks.
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(a) (b) (c) 

Figure 21. Skew angle and lateral displacement of container trucks under different wind speeds.
(a) Yaw angle of tractor, (b) Yaw angle of semi-trailer, (c) Lateral displacement of centroid.

5. Conclusions
In this study, a container truck was taken as an example to explore the dynamic

stability of vehicles under crosswind on sea-crossing bridges with measured wind–rain
coupling effects using CFD. The influences of wind speed, wind characteristics, and rain on
the aerodynamic force, acceleration, velocity, and yaw angle were numerically investigated.
The following conclusions can be made:

(1) To explore wind-induced driving safety under the coupling wind–rain effect on the
bridge, an aeroelastic coupling analysis model was established for a cross-sea bridge
in a wind and rain environment.

(2) The simulation results show that rainfall significantly affects the top of the truck and
the leeward-side flow field and increases the aerodynamic force of the truck on the
cross-sea bridge. It also has a more obvious impact on the aerodynamic lift of the
semi-trailer.

(3) Truck skidding occurs when rainfall reaches 250 mm/h. With greater rainfall, road
surface adhesion capacity is smaller, resulting in a more obvious lateral deviation and
yaw movement of the truck and a higher risk of the vehicle sliding.

(4) The crosswind speed significantly increases the aerodynamic force of the truck and
enhances the lateral and yaw motion of the tractor and semi-trailer. With the same
wind speed, the peak dynamic response of the semi-trailer lags significantly behind
that of the tractor.

(5) In general, higher wind speed and turbulence can cause vehicles to experience insta-
bility when driving. Considering the measured wind turbulence intensity, the yaw
angle peaks of the tractor and trailer increased by 5.2% and 3.8%, respectively, and
the lateral displacement of the truck’s center of mass increased by 9.8%.

Generally the wind turbulence intensity and rainfall in coastal areas significantly affect
the driving safety of vehicles on sea-crossing bridges. Therefore, when conducting wind
stability analyses of vehicles, the weather conditions in coastal areas should be considered
to obtain more accurate results and determine more reasonable traffic control strategies in
such areas.
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