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ABSTRACT To analyze the influence of the distance between tunnels at the bridge-tunnel junction in
the mountainous area on the driving safety under crosswind, a vehicle dynamics model is established by
Carsim software. Under the conditions of different driving speeds (60km/h, 80km/h and 100km/h), different
wind scales (level 6-9) and three alignment combinations of the tunnels (tunnel-straight road-tunnel, tunnel-
curving road-tunnel, tunnel-the combination of straight and curves road-tunnel), the vehicle’s lateral offset
and lateral force coefficient are used as evaluation indexes to study the influence of distance between tunnels
on driving safety. When the distance is small, the lateral offset and lateral force coefficient of vehicle driving
on the bridge-tunnel junction increase firstly and then decrease as the distance increases. But the changes
of the lateral offset and lateral force coefficient are not synchronized, and the peak value of the lateral force
coefficient occurs earlier than the lateral offset. Finally, the minimum safety spacing of each condition and
speed limits for different distances are proposed. Under the condition of the straight-tunnel, 20m distance
between tunnels cannot ensure the driving safety when the wind scale reaches level 9, and the road should
be closed. Under the conditions of the curve and the combination of straights and curves, driving safety
cannot be maintained at each spacing at wind scale level 8 and 9, and the road should be closed. However,
when the wind speed is level 6 or 7, speed limits can be adopted to ensure driving safety. The results suggest
that vehicles’ lateral offset and lateral force coefficient can be effectively reduced by reducing the driving
speed or increasing the distance between tunnels, so the risk of accidents caused by the crosswind can be

reduced.

INDEX TERMS Crosswind, bridge-tunnel junction, Carsim, the minimum safety spacing.

I. INTRODUCTION

There are about 4.7 million traffic accidents every year, more
than 200,000 traffic accidents of which cause casualties and
the number of fatality accounts for 21% of the total number
of casualties. Especially in mountainous expressways, steep
slope and sharp curves will drastically increase the crash
risk [1]. According to the crash data from Zhang’s study
(2014), from 2006 to 2008, 1220 crashes were reported in
Su-Chang section of Hu Ning Expressway in plain area, with
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the cash rate of 0.45, with the crash rate (crashes per million
vehicle - km) of 0.45; while the crashes number reported
on the typical mountainous expressway of north Guangdong
section of Jing Zhu Expressway was 1564, with the crash
rate of 0.79, which is 0.34 higher than that in plain area.
So, currently, traffic safety should be paid more attention
while the construction develops rapidly, and a comfortable
and safe traffic environment should be provided through
more reasonable road alignment design. Bridges and tunnels
account for a large proportion in mountainous expressways
to optimize the road alignment and shorten the mileage.
At bridge-tunnel junctions, the driving is greatly affected by

VOLUME 9, 2021


https://orcid.org/0000-0003-1360-632X
https://orcid.org/0000-0003-4146-1455
https://orcid.org/0000-0003-3845-8036
https://orcid.org/0000-0003-4086-8747

L. Wang et al.: Simulation Analysis of the Distance Between Tunnels at the Bridge-Tunnel Junction of Mountainous Expressway

IEEE Access

the wind. Because of the advantages of improving the align-
ment and operating efficiency, tunnels are often adopted in the
construction of expressways in the mountainous area, which
greatly promotes the construction of tunnels. Nowadays,
China has become the country with the fastest development
of tunnel construction and the largest number of tunnels
in the world (Wang, 2007). As the focus of mountainous
expressway, the bridge-tunnel junction (tunnel-straight road-
tunnel,tunnel-curving road-tunnel,tunnel-the combination of
straight and curves road-tunnel) is the main section forming
the black spot (Wu et al., 2012), and the traffic accident rate
is 2-3 times of that inside the tunnel. Therefore, the research
on the driving status of vehicles at the bridge-tunnel junction
becomes increasingly important.

Researchers have attempted to study the influence of the
complex environment in mountainous areas on driving safety
and reduce the risk of accidents based on simulations and
tests. Zhang (2015) carried out a lot of simulation experi-
ments on vehicle driving under the crosswind by Trucksim
and Carsim software, and got the safe driving speed of vehi-
cles under different wind scales. Considering such factors
as rainfall, overspeed and alignment, Zhang et al. (2015)
built the vehicle dynamics model by Carsim software, then
took the critical adhesion coefficient and lateral accelera-
tion as the evaluation indexes of driving risks, and finally
established a driving risk evaluation model for passenger
cars at curved sections and conducted the risk analysis with
Matlab. Tsubokura et al. [7] adopted a large eddy simulation
based on the fully unstructured finite volume method to
study the unsteady aerodynamic response of a road vehicle
subjected to transient crosswinds. Batista and Perkovi¢ [8]
proposed a static model for determining the critical wind
speed for vehicle slip, overturn, and rollover, and derived a
new formula for calculating the critical wind speed leading
to vehicle accidents. Fuller er al. [9] studied the driver’s
responses and the vehicle’s offset of five kinds of aerody-
namic instability conditions under normal wind and extreme
gust respectively. Wind tunnel test and numerical simulation
were used to study the vehicle model, and the results showed
that the aerodynamic characteristics of vehicle are affected
by wind speed, wind directions and road alignment [10].
Wang et al. [11] used Carsim for simulation to explore the
influence of different positions of the circular curve on vehi-
cle lateral stability. And results show that the wind level
affects the tunnel exit’s unfavorable section on the circular
curve. Yin (2017) used Carsim to simulate driving state of
vehicles under crosswind, and then analyzed the results based
on statistical principles. It was found that the influence of
various factors on the driving stability of vehicles was in order
of vehicle speed, wind direction angle, wind speed and road
friction coefficient. Based on the actual wind environment
of bridge-tunnel junction in Xi-Han Expressway, Wang et al.
(20192,2019b) analyzed the critical driving speed and critical
wind speed under the crosswind with the focus on the sideslip
and rollover of vehicles. By taking the radius of the circular
curve, the friction coefficient of pavement and the driving

VOLUME 9, 2021

speed as single variable for simulation, it was found that
the slip angle and lateral acceleration of the vehicle can
be effectively reduced by decreasing the vehicle speed and
increasing the friction coefficient of pavement and the radius
of the circular curve. By using the dynamic boundary method,
Li et al. (2019) conducted unidirectional and bidirectional
coupling analysis of vehicle stability test under crosswind,
and it was found that the flow field under natural cross-
wind was global transient and more unstable than the flow
field under standard crosswind. Therefore, the influence of
different crosswind conditions should be comprehensively
considered in the evaluation of crosswind stability of vehicle.
Some studies have shown that traffic accidents in curve road
sections with small radius account for about 10% of the total
number of traffic accidents. The length and radius of the
curve and the distance between curves all have an impact
on driving safety [16]. Some scholars divided the influence
factors of traffic accidents, and studied the influence of driver,
road, traffic flow, vehicle, and environment on traffic safety
([17], Ho and Tan, 2015). Bai (2013) analyzed the instability
process and the key factors that determine the instability
during the turning of the vehicle by co-simulation of Carsim
and MATLAB, and verified the rationality of the values taken
by the specification. Li (2016) conducted a comprehensive
evaluation and analysis of the alignment safety, considering
driver direction control, vehicle speed control, and the risk
indexes of sideslip and rollover that affect the driving safety.

At present, many researches on the safety of mountain
highways, single bridge or tunnel are conducted (Shu, 2008;
Wang et al., 2008; Zhu et al., 2010), but less research on
the driving safety at bridge-tunnel junctions (Wu and Luo,
2010; Liu, 2009). Based on the basic theory of aerodynam-
ics, Carsim was used to build the vehicle model and road
model, simulating the characteristics of different alignments
of the bridge-tunnel junction. Then the crosswind model of
bridge-tunnel junction was used to simulate the crosswind
effect of vehicles driving in the bridge-tunnel junction and
the acceleration effect of wind under different bridge tunnel
spacing is constructed. Lateral force coefficient and lateral
offset are selected as the evaluation indexes of lateral stability,
and the driving safety of vehicles under various conditions is
evaluated. This article analyzes the minimum safety distance
between tunnels under the crosswind by considering the phe-
nomenon of side slip and rollover of the vehicle, providing
essential data for future research and analysis.

Il. ANALYSIS OF DRIVING RISK AND SELECTION OF

EVALUATION INDEXES
A. VEHICLE DYNAMIC ANALYSIS UNDER CROSSWIND

CONDITIONS

When the vehicle runs on the bridge-tunnel junction in the
mountainous area, the vehicle is not only subjected to the
gravity, support and friction, but also subjected to the mutu-
ally perpendicular aerodynamic forces (aerodynamic lift,
aerodynamic drag, lateral aerodynamic force) generated by
the wind and the aerodynamic moment (rolling moment,
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FIGURE 1. Diagram of distribution of aerodynamic forces.

pitching moment and yaw moment) around the axis (Zhang,
2011). Aerodynamic lift is the aerodynamic force perpen-
dicular to the pavement, which will reduce the support and
affect the vehicle’s handling stability. Aerodynamic drag is
the aerodynamic force that hinders the operation of the car,
which is opposite to the running direction of the vehicle.
Lateral aerodynamic is the aerodynamic force acting on the
side of the vehicle. When the lateral aerodynamic force is
large while the friction between the tire and the pavement
is insufficient, the vehicle may sideslip and overturn. When
the above three forces act on the vehicle, the rolling moment,
pitching moment and yaw moment will be generated, which
will reduce the vehicle’s driving stability. When the vehicle
is driving on the bridge-tunnel junction in the mountainous
expressway, the lateral aerodynamic force generated by the
crosswind may lead to sideslip or rollover of the vehicle in
the straight section. In the curved section of bridge-tunnel
junction, the risk of sideslip and rollover will be increased,
because the lateral aerodynamic forces are superimposed on
the lateral forces generated by the vehicle’s turning. The
distribution of aerodynamic forces is shown in Figure 1.

B. ANALYSIS OF DRIVING RISK

High-speed cars are affected by the aerodynamic forces gen-
erated by the crosswind. On the one hand, the vehicle will get
a lateral offset when the value of lateral aerodynamic force
that acts on the vehicle exceeds the friction between tires and
pavements, and the vehicle’s handling stability also will be
influenced [27]. On the other hand, the driver cannot adjust
the direction in time because of nervousness or lack of driv-
ing experience after the vehicle deviated, which will affect
driving safety [28]. Besides, it has been found that the bridge-
tunnel junction will accelerate the wind and change the wind
velocity, wind direction and turbulence characteristics. The
accelerating effects of different distances between tunnels
are different. When the distance between tunnels is 20 m,
30 m and 50 m, the wind speed increases by 33.5%, 30.7%
and 27.5% respectively. As the distance between tunnels
increases, the accelerating effect of the wind decreases grad-
ually (Wang and Chen, 2012). Therefore, the small distance
between tunnels will have a great influence on the driving
safety.
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C. EVALUATION INDEXES

According to the Federal Highway Administration, lane
departure was responsible for 44 percent of fatal crashes in
the United States in 2002, and rolled-over accidents can also
be considered a major cause of lane departure(National High-
way Traffic Safety Administration,2002).When a vehicle is
running on a short bridge, the index that shows vehicle’s
instantaneous risk is more considered, namely the vehicle’s
lateral force coefficient, because the driving time is very
short and the accelerating effect of the wind is great. When
a vehicle is running on a long bridge, the index that shows
vehicle’s cumulative risk is more considered, namely the
vehicle’s lateral offset, because the driving time is long and
the accelerating effect of the wind is smaller. In this article,
the lateral force coefficient and the lateral offset of the vehicle
were selected as the evaluation indexes for the lateral stability
of vehicles. In the study of travelling stability of vehicles
running on bridge-tunnel junction, it is considered that the
driving is relatively safe when the lateral force coefficient is
less than 0.4. Based on a large number of measurement data,
the relevant agencies have studied the influence of lateral
force on vehicle driving stability and safety perception of
drivers and passengers. When the lateral force coefficient
reaches 0.4, it is difficult for the driver to control the vehi-
cle and the vehicle is in danger of rolling over (Fan et al.,
2016). Standard of large span bridge lane width is 3.750 m,
maximum width of 1.800 m cars, if vehicles running along the
lane center, on both sides of the vehicle from the side distance
of 0.975 m. Because the vehicle can’t keep on the midline of
the driveway, there will be a certain deviation from the lane
center. The vehicle may enter the adjacent lanes when deviat-
ing from the lane center by 0.500 m, causing traffic accidents.
Therefore, this research will take lateral offset of 0.500 m
as the evaluation index threshold to study the influencing
factors of influence on vehicle driving stability and safety
(Zhou et al., 2019). It is considered that the driving safety
will be affected when the vehicle’s lateral offset is greater
than 0.5m. Based on the above evaluation indexes, the length
of the bridge that makes the lateral offset and the lateral force
coefficient relatively small is the optimal distance between
tunnels in the bridge-tunnel group section. The meanings of
each index and the calculation formula of the safety threshold
are shown in Table 1.

Ill. CARSIM MODEL ESTABLISHMENT
Carsim software is a dynamic simulation software that is used

to build simulation models based on dynamic parameters.
Through simulation, the vehicle’s stability, dynamic charac-
teristics, riding comfort and economy are studied. Carsim
software simulation yields data at least three to six times
faster than real-time wind tunnel testing and actual testing.
It can also be combined with multi-platform simulation to
simulate different complex conditions and output relative
data. Therefore, Carsim software is used for simulation anal-
ysis in this article. Based on the influence of the distance
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TABLE 1. Evaluation indexes.

Evaluation Meanin Safety threshold
index & of index
Lateral Different cars subjected to equal f<0.4
force lateral forces have different f=F/mg
coefficient stability. To accurately measure (F is the lateral
6] the stability, security and comfort force acting on
of cars running on the circular vehicles, M is the
curve, the ratio of the lateral force sprung mass and
to the vertical force, known as the G is the
lateral force coefficient, can be gravitational
approximately regarded as the acceleration)
lateral force per unit vehicle
weight
Lateral Lateral displacement will be 0.5m
offset produced when the vehicle

running on the bridge-tunnel
junction is affected by crosswind

between tunnels of bridge-tunnel junction in mountainous
areas on driving safety, the safe distance is studied under
different wind speed, driving speed and road alignments.

A. CROSSWIND MODEL

The crosswind at the bridge-tunnel junction in the canyon
has a long duration and rapid change of the wind speed.
And the wind is uncertain and unpredictable at present
(Saher et al.,2020). When the vehicle runs out of a tun-
nel or runs toward a bridge, the strong crosswind will have a
great impact on the vehicle’s driving stability. When the vehi-
cle runs out of the tunnel, it will be suddenly affected by the
lateral force generated by the crosswind. If the driver doesn’t
control the vehicle in time, a lateral offset will occur, which
may cause a traffic accident. Due to the prevailing 6-9 wind
in mountainous areas, which affects the handling stability of
vehicles, the safe distance between tunnels is very important
under the action of level 6-9 wind scales. The wind speed was
set to level 6-9 in Carsim, and different wind scales and wind
speed are shown in Table 2. The lateral force coefficient and
lateral offset of the vehicle under different wind speed were
selected as evaluation indexes, which provided a basis for
analysis of the vehicle’s dynamic characteristics and driving
state and the study of the safety distance between tunnels of
bridge-tunnel junctions.

When the distance between tunnels of bridge-tunnel junc-
tion is 20 m, 30 m and 50 m, the wind speed increases
by 33.5%, 30.7% and 27.5% respectively. As the distance
increase, the accelerating effect of the wind decrease gradu-
ally (Wang and Chen, 2012). Therefore the crosswind model
with an accelerating effect is adopted in the paper. Take
the crosswind model of level 6 wind scale as an example,
when the vehicle runs at a speed of 60km/h on the bridge-
tunnel junction in spacing of 20m, the model is established by
linear interpolation and extrapolation. The crosswind model
is shown in Figure 2.

B. ROAD MODEL
When the vehicle runs on the road, both pavement and align-
ment will have an influence on the vehicle [33]. Because of
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TABLE 2. Wind speed of different scales.

) Wind speed
Wind
scale
m/s km/h
0 0-0.2 <1
1 0.3-1.5 1-5
2 1.6-3.3 6-11
3 34-54 12-19
4 5.5-7.9 20-28
5 8-10.7 29-38
6 10.8-13.8 39-49
7 13.9-17.1 50-61
8 17.2-20.7 62-74
9 20.8-24.4 75-88
10 24.5-28.4 89-102
11 28.5-32.6 103-117
12 >32.6 117-134
Tunnel Junction Tunnel
60
I I
I I
50 - 1 I
I |
= 40 f
£
g so0r
=
=
8
= 0
10 F
0 i L 1 i 1 " 1 1 1
0 2 4 6 8 10 12
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FIGURE 2. Diagram of the crosswind model.

the complex terrain of mountainous areas, the bridge-tunnel
junction is generally complex and changeable. Through the
analysis of road alignments and friction coefficients, three
forms of straight, curve and combination of straight and curve
are used to simulate the road in this study. The three kinds
of road models are shown in Figure 3. In the straight road
model, the road is set to a 200-meter-long line segment, and
the different distances of bridge-tunnel junction are simu-
lated by changing the action time of the crosswind. If 200m
cannot ensure the driving safety, the length of the road will
be increased to 300m, and so on. The friction coefficient of
pavement is 0.6, which is the friction coefficient of dry pave-
ment under normal weather. The superelevation and longitu-
dinal gradient is O for the straight road. For the curved road,
the superelevation is 8%, which is a common value of road in
mountainous areas. The radius of the curve is the minimum
radius of the circular curve corresponding to superelevation
of 8% at different design speed in road alignment design code,
as shown in Table 3. The friction coefficient is also 0.6 as
the straight road. For the combinations of straight and curve,
they are various and there is no unified standard. In order to
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FIGURE 3. Diagram of the three kinds of road models.

make the research conclusions universal and make data easy
to process, the form of virtual road section, “200m straight
+ 350m curve”, is used for simulation, and the setting of
the straight section and the curved section is the same as the
conditions of the single straight and the single curve.

In road simulation, there are too many conditions and the
accelerating effect of the canyon on the wind is small when
the distance between tunnels is greater than 300m, so the
length of straight was only simulated to 300m, and the com-
bination of “200m straight + 350m curve” was simulated.

C. VEHICLE MODEL
In 2019, car ownership accounted for 77% of motor vehi-
cle population(National Bureau of Statistics, 2019), and car
accidents account for 60-70% of motor vehicle accidents in
China(Liu, 2016), which means that car accidents account
for a large proportion and cannot be ignored. Compared
with trucks, cars are lighter in weight, smaller in size, and
faster in speed. When running on the bridge-tunnel junction
in mountainous areas, cars easily sideslip and roll because
of the accelerating effect of wind. The wind will not only
reduce the adhesion between the vehicle and pavement, but
also change the original stress state of the vehicle, so that the
lateral force increases and the vehicle loses lateral stability.
When the vehicle is affected by the crosswind, the driving
safety is mainly related to the vehicle’s parameters and wind-
ward area. According to the statistics of China’s car sales in
2017, it is found that their appearance, streamlined structural
parameters and windward area are similar by comparing and
analyzing vehicles that sales volume and year-on-year growth
dominate. Based on the above conditions, FAW-VW Jetta
180 manual FV7150FCMBG was selected as a typical model
of cars and the vehicle’s parameters are defined in Carsim
software. The main parameters of the vehicle are shown
in Table 4.

Due to the driver’s uncontrollability, the open-loop mode
of Carsim is adopted to study the vehicle’s handling stability,
excluding the driver’s performance (driving technology).

D. WIND TUNNEL TEST VERIFICATION

1) WIND TUNNEL TEST CONDITIONS

The wind tunnel test can be used to carry out mechanical
experiment (Peng et al.,2019), and also can be verified by
simulation experiment. In order to ensure the accuracy and
effectiveness of the numerical simulation, the fitted wind
speed profile index is compared with the wind tunnel test
results on the basis of fitting the numerical calculation results,
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TABLE 3. The minimum radius of the circular curve (limit value).

Design

speed 100 80 60
(km/h)
imax=8% 400m 250m 125m

TABLE 4. Main parameters of the vehicle.

Parameter Value
Length/mm 4501
Width/mm 1704
Height/mm 1469

Wheel base/mm 2604

Front gauge /mm 1540
Height of center of mass /mm 540
Sprung mass /kg 1140

Windward area /m? 5

S0 as to obtain the aerodynamic performance of vehicles on
the tunnel group section under strong crosswind, and verify
the accuracy requirements of the numerical simulation.

In the wind tunnel test, a double-purpose wind tunnel
is proposed to be used. The wind tunnel body is a mixed
structure of steel and concrete, as shown in FIG.5. The test
section size is 15m x 3m x 2.5m, the wind speed is 0-53m/s
continuously adjustable, the turbulence intensity is no more
than 0.3%, and the wind tunnel flow field quality is excellent.
The scale ratio of the bridge model is 1:1000. The model
is made of foam board layered and superposed. The shape
of foam board is cut according to the contour line. The
measuring instrument of deck wind environment is Dantec
hot-wire anemometer. The vehicle model uses a scale ratio
of 1:30, and the force balance model is a five-component
high-frequency balance. The axial lateral force Fx and Fy
ranges of the vertical balance are 100N and 200N, respec-
tively; the corresponding bending moment Mx and My ranges
are 50N - m and 100N - m, and the torque Mz ranges are
10.0N - m. The measurement error is less than 0.3%. At the
same time, considering the increase of wind speed caused by
wind tunnel obstruction caused by the model, real-time mean
wind speed measurement is conducted at the cross-section
position of the wind tunnel where the vehicle is located, so as
to correct the incoming wind speed of vehicle crosswind.

2) WIND TUNNEL TEST RESULTS

The same conditions are selected for numerical simulation
and wind tunnel test, and the bridge-tunnel junction with a
distance of 20m under crosswind is taken as the research
object. Then the aerodynamic coefficients (lateral force coef-
ficient and drag coefficient) of vehicles on the bridge deck
without ancillary facilities are studied by wind tunnel test.
The results were shown as Figure 7 and 8.
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D-Class, Sedan

FIGURE 4. Diagram of the car model.

FIGURE 5. Wind Tunnel Laboratory of Chang’an University.

FIGURE 6. Wind tunnel test model.

Figure 7 shows that the lateral force coefficient of vehicles
varies from 0.41 to 0.61, and the variation trend of the lateral
force coefficient of the numerical simulation is consistent
with that of the wind tunnel test. By ANOVA (analysis of
variance) at 0.05 significance level, it can be obtained that
F(1,23) = 1.287, sig = 0.269 > 0.05, and the null hypothesis
is accepted. That is to say, there is no significant difference
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FIGURE 7. Comparative curve of vehicle lateral force coefficient change.
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FIGURE 8. Comparative curve of vehicle resistance coefficient change.

between the two groups in Figure 7. The conclusions of the
numerical simulation are in good agreement with those of the
wind tunnel test. Figure 8 shows that the vehicle resistance
coefficient varies from 0.25 to 0.27. Because of the hetero-
geneity of variance of the two groups, ANOVA with Welch
and Brown-Forsythe test is used, it can be obtained that sig =
0.654 > 0.05, and the null hypothesis is accepted. That is to
say, there is no significant difference between the two groups
in Figure 8. The range of numerical simulation data is within
the range of wind tunnel test data, and the error is within
the acceptable range. The variation trend of aerodynamic
resistance coefficient is basically the same between the two,
meeting the accuracy requirements.

IV. RESULTS AND ANALYSIS OF SIMULATION

When the vehicle runs on the bridge-tunnel junction, it will
be affected by many factors. According to relevant studies,
driving speed, wind speed, the distance between tunnels and
alignment of the bridge-tunnel junction will have an impact
on the driving safety. Therefore, the above factors were ana-
lyzed by controlling variables in this article and the results
were classified into three categories based on the alignment,
including straight, curve and combination of straight and
curve.

According to the analysis on simulation results of the
straight, the vehicle’s moving characteristics under level
9 wind are shown in Figure 9, when the driving speed is
60km/h, 80km/h and 100km/h respectively, and the distance
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FIGURE 9. Lateral offsets and lateral force coefficients of vehicles under different conditions of level 9 wind scale:
(a) The lateral offsets of the vehicle at the speed of 60km/h; (b) The lateral force coefficient of the vehicle at the
speed of 60km/h; (c) The lateral offset of the vehicle at the speed of 80km/h; (d) The lateral force coefficient of the
vehicle at the speed of 80km/h; (e) The lateral offset of the vehicle at the speed of 100km/h; (f) The lateral force

coefficient of the vehicle at the speed of 100km/h.

between tunnels at the bridge-tunnel junction is 20m, 50m,
100m, 130m and 150m respectively.

According to Figure 9 (a), the vehicle has a lateral offset,
when the vehicle runs out of the tunnel to the bridge in the
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distance of 20m. When running on the bridge, the vehicle
will be affected by crosswind, so the lateral offset increase,
and reach a maximum of 0.265m before the vehicle enters
the next tunnel. After entering the tunnel, the driver will
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adjust the vehicle back to the center line of road. At this
time, the lateral offset of the vehicle is very small and the
driving won’t be affected. However, as seen in Figure 9(b),
the maximum lateral force coefficient of the vehicle is 0.4034,
which exceeds the safety threshold of 0.4. Therefore, it is
not safe for vehicles to travel at a speed of 60km/h on a
straight of 20m distance between tunnels when the wind
speed is level 9. The trends of lateral offset and lateral force
coefficient at the distance of 30m and 50m are similar, so the
reason for the change won’t be explained again. When the
distance between tunnels is 30m, the maximum lateral force
coefficient of the vehicle is 0.390, which is smaller than the
safety threshold of 0.4. In addition, the lateral offset is small
when the running speed is small. When the distance between
tunnels is 40m and 50m respectively, the lateral offset and
the lateral force coefficient are within the safety threshold,
which can ensure the driving safety. Therefore, the minimum
safe distance is 30m when the speed limit is 60km/h.

Under level 9 wind scale, the trends of the lateral offset
and the lateral force coefficient of the vehicle at the speed
of 80km/h are approximately the same as that of the vehicle
running at the speed of 60km/h. In Figure 9(c), the lat-
eral offset is 0.395m, 0.444m, 0.417m, 0.398m and 0.381m
respectively when the distance between tunnels is 20-150m,
which can meet the requirements of safety threshold. How-
ever, when the distance is 20m, 50m, 100m, 130m and 150m,
the maximum lateral force coefficient is 0.414, 0.420, 0.425,
0.411 and 0.395 respectively. It can be found that the lateral
offset and the lateral force coefficient can meet the require-
ments of driving safety when the distance between tunnels
is 150m. So, the minimum safety distance is 150m when the
speed limit is 80km/h under level 9 wind scale.

According to Figure 9(e), the maximum lateral offset of
the vehicle exceeds the safety threshold of 0.5m when the
distance between tunnels is 20-300m. It also can be seen
from Figure 9(f) that the maximum lateral force coefficient
is greater than the safety threshold of 0.4. The simulation of
the distance between tunnels that exceeds 300m is not carried
out because of too many actual conditions and the small
accelerating effect of the wind at a long distance. Therefore,
when the speed limit is 100km/h, the minimum safe distance
of 300m cannot ensure safety under level 9 wind scale.

The analysis of other straight, curve and combined align-
ment is the same as the above analysis, so it will not be
analyzed again. According to the analysis, when the distance
between tunnels is small, the lateral offset and lateral force
coefficient will increase and then decrease with the increase
of the distance. In addition, the maximum lateral offset and
the maximum lateral force coefficient don’t appear in the
same distance, and the distance where the maximum lateral
offset appears is smaller than the distance where lateral force
coefficient appears. The reason is that the acceleration effect
of the wind is not obvious when the distance between tunnels
is small. As the increase of the distance, the acceleration
effect of the wind will increase. However, when the distance
increases to a certain level, the bridge-tunnel junction is
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similar to the common mountain road, and the accelerating
effect of the wind will be relatively weakened, so the peak
value of the lateral offset and lateral force coefficient will
decrease gradually. Because the lateral force coefficient is an
instantaneous risk index that can show the dynamic change
of the vehicle in a short time, and the lateral offset is a
cumulative risk index that show the dynamic change of the
vehicle in a long time, their decrease is not synchronous.
Compared with the straight, alignments of the curve and
the combination are more complicated, which make driving
more dangerous. Therefore, it is necessary to find the optimal
distance to minimize the driving risk.

V. DISCUSSION

Taking the lateral offset of 0.5m and the lateral force coefti-
cient of 0.4 as the thresholds, the minimum safety spacings
under different conditions are shown in Table 5.

As shown in Table 5, under the condition of the straight,
the distance of 300m cannot meet the requirements of driv-
ing safety when wind scale is level 9 and driving speed is
100km/h. When the speed of vehicle is 80km/h and 60km/h,
the minimum safe distance is 150m and 30m respectively.
Under level 6-8 wind scale and 100 km/h of driving speed,
the range of the safe distance is less than or equal to 40m and
greater than or equal to 300m (<40m, >300m). Under the
condition of the curve, the distance of 300m cannot ensure
driving safety at all speed when the wind scale is level 8 and 9.
When the driving speed is 80km/h and 60km/h, the minimum
safe distance is 200m under level 7 wind scale. When the
wind scale is level 6 and driving speed is 100km/h, the min-
imum safe distance is 20m but not more than 30m. Under
the condition of the combination of straights and curves,
the distance of 300m cannot ensure driving safety at all speed
when the wind scale is level 8 and 9. Under level 7 wind scale,
the minimum safe distance is 250m and 200m respectively
at the driving speed of 80km/h and 60km/h. when the wind
scale is level 6 and driving speed is 100km/h, the minimum
safe distance is 20m but not more than 30m.

In addition, when the minimum safe distance cannot be
adopted because of the terrain, economy and other factors,
the maximum safe speed limit is given in table 6.

As shown in Table 6, under the condition of the straight,
the road should be closed under the level 9 wind scale and
distance of 20m, and speed limits can be adopted to ensure
safety under other wind scales and distances. Under the con-
dition of the curve and the combination of straight and curve,
when the wind speed reaches level 8 or 9, the vehicle cannot
maintain the speed of 60km/h and the road should be closed.
When the wind scale is level 7 and the distance is smaller
than 150m, the road should be closed. When the wind scale is
level 6, the speed limits (80km/h or 100km/h) can be adopted
at different distances.

Based on the principle of aerodynamics, existing
researches have shown that different wind speed, wind direc-
tion, road conditions the vehicle’s geometry size and so on
will affect the aerodynamic coefficient of vehicles, and the
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TABLE 5. The minimum safe distance under different conditions.

Wind Driving Speed The minimum safety distance
scale (km/h) Straight Curve Straight + Curve
100 300m is not enough 300m is not enough 300m is not enough
9 80 >150m 300m is not enough 300m is not enough
60 >30m 300m is not enough 300m is not enough
100 <40m; >2300m 300m is not enough 300m is not enough
8 80 All distances are satisfied 300m is not enough 300m is not enough
60 All distances are satisfied 300m is not enough 300m is not enough
100 <40m; >300m 300m is not enough 300m is not enough
7 80 All distances are satisfied >250m >250m
60 All distances are satisfied >200m >200m
100 <40m; >300m 20m, <30m 20m, <30m
6 80 All distances are satisfied All distances are satisfied All distances are satisfied
60 All distances are satisfied All distances are satisfied All distances are satisfied

TABLE 6. The maximum safe speed under different conditions.

The maximum safe speed (km/h)

Wind scale Distance(m) Straight Curve Straight + curve

300 80 Road closure Road closure
200 80 Road closure Road closure

9 150 80 Road closure Road closure
50 60 Road closure Road closure
30 60 Road closure Road closure
20 Road closure Road closure Road closure
300 100 Road closure Road closure
200 80 Road closure Road closure
150 80 Road closure Road closure

8 50 80 Road closure Road closure
40 100 Road closure Road closure
30 100 Road closure Road closure
20 100 Road closure Road closure
300 100 80 80
250 80 80 80
200 80 80 60

7 150 80 Road closure Road closure
50 80 Road closure Road closure
40 100 Road closure Road closure
30 100 Road closure Road closure
20 100 Road closure Road closure
300 100 80 80
200 80 80 80
150 80 80 80

6 50 80 80 80
40 100 80 80
30 100 100 100
20 100 100 100

safety of vehicles is usually studied in the critical states of
rolling, sideslip and overturn (Cheli, 2011a, 2011b, [41]).
The tunnel section is also concerned in the related researches.
When vehicles enter the tunnel from the crosswind area,
the aerodynamic load on the vehicle will change drastically,
which may increase the risk of sideslip and rollover [42],
[43]. However, the existing researches are less concerned with
the bridge-tunnel junction, and the influence of the distance
between tunnels and alignment of bridge-tunnel junction on
driving safety is not considered from the perspective of road
design.
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For the driving safety under the crosswind, it can be
improved by changing the appearance of the vehicle to opti-
mize aerodynamic performance, reducing wind speed by set-
ting up wind barriers, and controlling the driving speed [44],
[45]. But this study provides a new option to ensure the
driving safety under crosswind by controlling the distance
between tunnels. According to results of the analysis, the
vehicle’s lateral offset and lateral force coefficient can be
reduced effectively by reducing the vehicle’s speed and
increasing the distance between tunnels, thus the risk of
accidents caused by the crosswind can be reduced. Compared
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with that the tunnels are connected by straights, the results
also show that the driving safety will be greatly reduced
when the tunnels are connected by curves, because the vehicle
running on the curve are more likely to sideslip or roll over
under the combined effect of centrifugal force and wind force.
Furthermore, under the conditions of different alignments and
driving speed, the minimum safe distances between tunnels
and speed limits under the different distances were given in
the study, when the wind scale is force 6-9.

The bridge-tunnel junction of mountainous expressways is
significantly affected by crosswinds and the distance between
tunnels will affect characteristics of the wind field, so it is
necessary to study the impact of the distance on the driving
safety. However, the influence of crosswind on vehicles is not
considered in China’s specifications for highway alignment
design, so the design method of road alignment needs to be
optimized. The results of this study can provide a theoreti-
cal reference for the alignment design of the bridge-tunnel
junction, and guide the selection of the distance between
tunnels and speed limits to ensure the driving safety under
the crosswind.

VI. CONCLUSION

Based on the vehicle dynamics, the Carsim software was
used to build the crosswind model, road model and vehicle
model, considering the characteristics of crosswind at the
bridge-tunnel junction and the effects on the vehicle. Under
the conditions of different driving speed (60km/h, 80km/h
and 100km/h), different wind scales (level 6-9) and three road
alignments (tunnel-straight road-tunnel, tunnel-curving road-
tunnel, tunnel-the combination of straight and curves road-
tunnel), the vehicle’s lateral offset and lateral force coefficient
were selected as evaluation indexes to study the influence of
the distance between tunnels on the driving safety.

a. In the study, it was found that the changes of lateral
offset and lateral force coefficient are not synchronous,
and the corresponding distance is different when the
two indexes reaches the peak. As the increase of the
distance, the vehicle firstly tended to a more dangerous
state, and then gradually tended to be safe and sta-
ble. The explicit relationship between the two indexes
remains to be further studied.

b. Considering various factors comprehensively, Carsim
software was used to simulate and analyze the vehi-
cle driving on the bridge-tunnel junctions with dif-
ferent alignments and distance between tunnels. And
it was found that the higher the speed of wind and
vehicle is, the greater the safety distance required.
Therefore, the vehicle’s lateral offset and lateral force
coefficient can be reduced effectively by reducing the
vehicle’s speed and increasing the distance between
tunnels. In addition, the research shows that the dis-
tance required for the driving safety under the curve
connection is larger than that under the straight connec-
tion. Finally, the minimum safety distance at different
driving speeds and wind scales is proposed, and the
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speed limits are proposed when the minimum safety
distance cannot be met.

Despite these conclusions, there is still some work to be
done in the future. In this article, only cars were studied
in the consideration of vehicle models, which has certain
limitations. Therefore, buses and trucks should also be taken
into consideration in subsequent studies. In addition, the sim-
ulation of the distance between tunnels that exceeds 300m is
not carried out, because there are too many actual conditions
and the accelerating effect of the wind is small when the
distance is larger than 300m.If the safety distance between
tunnels of bridge-tunnel junction cannot be adopted because
of terrain constraints, it can be compensated by setting up
wind barriers or driving speed limit.
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