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Abstract. The prefabricated-unit industry has developed rapidly and the safety of vehicles carrying prefabricated
units has received extensive attention. In order to evaluate the safety of vehicles carrying prefabricated units under the

action of gusts, the roughness of road surfaces was simulated by the sinusoid superposition method. Furthermore, the

wind load was simulated by the harmonic synthesis method. The analysis model of the 13-DOF vehicle was

established, and the wind-vehicle-road system was formed. In addition, the safety of the vehicles carrying

prefabricated units under gusts was analyzed. It is demonstrated that when a vehicle encounters a sudden gust during
driving, lateral deviation of the body will occur. The contact force on the windward side wheel will drop sharply and

the wheel is easy to get off the ground, which decides whether a rollover accident happens or not. It sheds light on the

safety analysis for ultra-wide and overweight vehicles under gust action.

1 Introduction

The factory site of prefabricated units takes up a large
area and is generally selected in a relatively remote area
for cost reduction. It has a certain distance from the
construction site and hence the number of relative
transportation vehicles has been increasing in recent
years. The prefabricated-unit plant has a reasonable haul
distance of 70.0 km and the number of the transportation
vehicles for prefabricated units in the radiating area
increases. Prefabricated units are self-contained and large,
and need ultra-wide and over-weight vehicles to transport.
Therefore risk during driving is rapidly increased. Traffic
safety is related to many factors such as vehicle type,
road conditions, various loads acting on vehicle, and
drivers’ controllability [1]. At the same time, gusts have a
greater impact on the vehicle safety [2].

Under the action of gust, if the speed limit of the
vehicles carrying prefabricated units is too low or the
passage is prohibited, there will be a negative impact on
construction sites and prefabricated-unit plants. On the
one hand, the original material entry plan of a
construction site will be delayed, and then the entire
progress of the construction site will be affected. What’s
more, if the transport path where the material enters the
site involves traffic control, the road usage time must be
re-applied, adding a lot of extra work. On the other hand,
if the prefabricated units can’t be transported out of the
finished product yard of a prefabricated-unit factory in
time, the production schedule of the factory will be
delayed, resulting in the lag of subsequent production
plan.

If there is no speed limit on the vehicles carrying
prefabricated units under the action of gusts, the
probability of traffic accidents would greatly augment.
The transportation of prefabricated units is a newly
arising issue from the development of prefabricated
buildings. At present, the specifications for prefabricated-
unit transport in China are incomplete, and there are few
studies on the transportation safety of prefabricated units.

In summary, it is necessary to analyze the safety of
vehicles carrying prefabricated units under the action of
gusts. In this paper, the roughness of road surface was
simulated by the sinusoid superposition method. The
wind load was simulated by the harmonic synthesis
method. The analysis model of the 13-DOF vehicle was
established, and the wind-vehicle-road system was
formed. Additionally, the safety of the vehicles carrying
prefabricated units was analyzed with gusts.

2 Wind-Vehicle-Road system

2.1 Wind load model

At present, the Monte-Carlo random variable simulation
method is widely used to simulate fluctuating wind speed,
among which the wave superposition method is
extensively applied because of its small error and good
stability [3-7]. Hence, harmonic synthesis method was
performed in this paper to simulate wind load where the
cut-off frequency was 4.0 rad/s, the frequency equivalent
was 1024, the sampling time interval was 0.25 s, and the
sampling time was 6.5s. Moreover, the point of wind load
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was the mass center of vehicle. The wind load paralleling
to the direction of bodywork was negligible, and the wind
load perpendicular to the bodywork was simulated. Wind
speed samples are shown in Figure 1. It can be seen from
Figure 2 that the power spectral density of simulated
wind speed shows a high agreement with that of standard
wind speed.
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Figure 1. Samples of fluctuating wind speed
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Figure 2. Comparison of power spectral density

2.2 Road roughness

On usual, road space frequency ranges from 0.011 m-1 to
2.83 m-1, and time frequency ranges from 0.44 Hz to
28.3 Hz including suspension quality natural frequency
1.0~2.0 Hz and non-suspension quality natural frequency
10.0~15.0 Hz [8]. Road roughness is divided into eight
categories and A, B, C road roughness are the most
common to see [9]. Three-dimensional road roughness of
B level was simulated on the condition that time
frequency was divided into 200 portions and sampling
frequency was taken as 0.01s. Road roughness with 40 m
both in width and length was simulated by sinusoid
superposition method.

road surface roughness(m)

Figure 3. Road roughness generated by sinusoid superposition
method
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Figure 4. Roughness along the road generated by sinusoid

superposition method at 2 m width of road
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Figure 5. Simulated power spectral density by sinusoid
superposition method and the standard one

Three-dimensional road roughness simulated by
sinusoid superposition method is given in Figure 3 and 4.
It can be seen that variation of road roughness ranged
from -0.03 m to 0.03 m. Power spectral density (Figure 5)
was simulated to confirm the correctness of road
roughness generated by sinusoid superposition method.

2.3 Vehicle model

In order to establish the equation of vehicle motion, the
following assumptions were made: (1) Vehicle moved in
the longitudinal direction of road with constant speed,
and longitudinal dynamic effects were not considered. (2)
Spring constitutive models were linear. (3) Damping was
viscous. (4) All vehicle units were symmetrical. (5)
Vehicle units only made vibrations of small displacement
[10-12].

There were five parameters in the equation of vehicle
motion. The specific meaning is as follows:

2.3.1 Displacement parameters

The total freedom degrees for four wheels were:
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2.3.2 Quality parameters

The 13-DOF vehicle system mass and mass inertia
moment parameters were defined as follows:
Four wheels:

Ms] > MVZ 2 Ms3 > M.v4
Mass at the contact site of wheel and road:
Mcl > MCZ ’Mc3 > Mc4
Body:
M,,J,,J

Among them, M, J—represented the mass and mass
moments of the units; the subscripts x, y, z indicated the
horizontal axis direction, the vertical axis direction, and
the vertical direction, separately.

2.3.3 Geometric parameters

The relative positions (geometric dimensions) of various
units in vehicle system model with damping elements and
springs are given in Table 1.

Table 1. Geometric parameters of suspension system

Parameters Meanings

The distance from the rear axle to the mass
L
1 center of bodywork
L The distance from the front axle to the
2 mass center of bodywork
b

| Half horizontal distance of wheels

Distance between body center and lateral
spring
The height of body center from ground

h
h

v

2.3.4 Stiffness parameters

For two-axis suspension vehicle model, the stiffness
parameter consisted both of the upper () and the lower (/)
suspension systems.
Upper suspension system:
K_.K_.K_..K_,K ,K K .K

uzl® T uz2 0 T uz30 T uzd 0 T uyl T tuy2 2 T uy30 T uyd
Lower suspension system:
K, .K.,.K. K, .K, KKK

123970 z45 TRyl TR y20 TR y30 T lyd

2.3.5 Damping parameters

Damping parameters corresponding to the stiffness
parameters of suspension system:
Upper suspension system:
c..C.,.C...C...C,..C,,.C,..C

uzl® uz32 ~uz42 “uyl® “uy2® “uy3c uyd
Lower suspension system:
C11:1 > QZZ > CvIz3 s Cl:4 s Clvl s Q)'Z > Cv1y3 s CIy4

3 Safety analysis

3.1 Initial conditions

The wind direction and the driving direction were
assumed to be vertical, and at this point, the external

excitation of the vehicle included road surface roughness
and wind load. The moment when the vehicle started to
experience road surface friction was 0.0 s. When
analyzing the sudden wind load, firstly, the wvehicle
travelled in a windless area for 6.0 s. Within 6.0~6.5 s,
the average wind speed was input in program, and wind
speed samples were generated. The force was added to
the bodywork. When studying the influences of pulsating
wind, different wind speeds and vehicle speeds, the road
surface roughness and wind load excitations were given
at the same time in 0.0 s. In this article, whether an
accident occurs or not was assessed according to Baker's
vehicle accident criteria [13-15].

Figure 6. Two axis vehicle vibration model

3.2 Influences of gusts

The vehicle speed was 60.0 km/h, and the average wind
speed was 20.0 m/s. The road surface roughness ranked
Grade B, and the time integration step in the program was
0.01 s, at the same time, the air density was 1.29 kg/m”.
The vertical displacement and lateral displacement of
vehicle driving in the absence of wind for 6.5 s are shown
in Figure 7. The vertical displacement and lateral
displacement of vehicle driving in the absence of wind
for 6.0 s and followed by 0.5 s in sudden gust are shown
in Figure 8.
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Figure 7. Displacement of vehicle without gust
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Figure 8. Displacement of vehicle with gust

The followings can be derived from Figure 7 and
Figure 8. (1) No matter there is gust or not, the responses
of vehicle to sudden change are all completed within 1.0
s. The excitation inputs of three-dimensional road surface
roughness to the wheels on right and left sides are
different, so the vertical displacement curve of right
wheels is different from that of left wheels. (2) Under
Grade B of road surface roughness, the vertical
displacement range of wheels after stability is -0.03~0.04
m. (3) The vertical displacement range of bodywork is -
0.01~0.02 m. The vertical displacement ranges of
bodywork and wheels in Figure 7(a) and Figure 8(a) are
consistent, so the vertical displacements are basically not
affected by gust. (4) There are only three lateral
displacement curves in Figure 7(b) and Figure 8(b). The
front left and right wheels as well as the rear left and right
wheels are both coincident. This result accords with the
assumption in the establishment of vehicle motion
equation that the connection between the left and right
wheels is rigid, which illuminates that the procedure runs
correctly. (5) Without wind, the lateral displacement of
wheels is tiny and fluctuates within 0~0.2 mm. The
lateral displacement changes of bodywork are at the
magnitude of 10-22 m that can be ignored, hence there
was no lateral deviation of bodywork. (6) The vehicle
experienced gust in 6th second, and it can be seen from
Figure 8(b) that the lateral displacement of bodywork
took place within the next 0.5 s. In Baker's accident
model, this offset is the cause of a side-slip accident.
Under this operating condition, the cumulative
displacement of bodywork within 0.5 s was 0.132 m, and
0.5 m is the limit of sideslip. It can thus be seen that no
sideslip accident happened.

4 Discussion

In this study, the wind-vehicle-road system was
established. It is found that the vertical displacement of a
vehicle body will not generally be affected under the
action of gusts. However, the lateral deviation of the
body will occur, which is the direct cause of a sliding
accident. Wang et al. [16] built a road vehicle-bridge-
wind (RVBW) system and found that vehicles entering a
sharp crosswind gust would have a significant risk of
overturning, while the focus of the research was the
impact of tower and bridge dynamic response on vehicles.
Moreover, William et al. [17] indicated that the
probability of overturning accidents was relatively high
in various kinds of wind-induced vehicle accidents. In
another study [18], it was manifested that the lift
oscillations of high sided road vehicles were dominated

by the large scale instability caused by wake vortices. In
this paper, the data shows that the contact force on the
rear wheel of windward side is minimal and the wheel is
easy to get off the ground, which decides whether a
rollover accident happens or not. This provides a
reference for the future studies on the more accurate
safety thresholds.

5 Conclusion

In order to assess the safety of transportation vehicles
carrying prefabricated units under the action of gusts, the
roughness of road surfaces was simulated by the sinusoid
superposition method, and the wind load was simulated
by the harmonic synthesis method. The analysis model of
the 13-DOF vehicle was established, and the wind-
vehicle-road system was formed. Additionally, the safety
of transportation vehicles was analyzed with the relevant
parameters. The results of this study are summarized as
follows.

When a vehicle encounters a sudden gust during
driving, the vertical displacements of its body and wheels
are basically not influenced, but lateral deviation of the
body will occur. The deviation will augment as the wind
speed increases, and this is the direct cause of a sideslip
accident. When the body is subjected to sudden gusts, the
contact force on the left (Iee) side wheel will rise, while
the one on the right (windward) side wheel will drop.
Therefore, it can be assumed that the contact force on the
rear wheel of windward side is minimal and the wheel is
easy to get off the ground, which decides whether a
rollover accident happens or not.

In this article, the wind-vehicle-road system was
formed, and the safety of transportation vehicles was
analyzed with fixed parameters. However, the working
conditions considered in this study are limited. Other
impact parameters and safety thresholds need further
study.
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