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Abstract. Wind-vehicle-bridge (WVB) interaction can be regarded as a coupled vibration system.
Aerodynamic forces and moment on vehicles and bridge decks play an important role in the vibration
analysis of the coupled WVB system. High-speed vehicle motion has certain effects on the aerodynamic
characteristics of a vehicle-bridge system under crosswinds, but it is not taken into account in most previous
studies. In this study, a new testing system with a moving vehicle model was developed to directly measure
the aerodynamic forces and moment on the vehicle and bridge deck when the vehicle model moved on the
bridge deck under crosswinds in a large wind tunnel. The testing system, with a total length of 18.0 m,
consisted of three main parts: vehicle-bridge model system, motion system and signal measuring system.
The wind speed, vehicle speed, test objects and relative position of the vehicle to the bridge deck could be
easily altered for different test cases. The aerodynamic forces and moment on the moving vehicle and bridge
deck were measured utilizing the new testing system. The effects of the vehicle speed, wind yaw angle, rail
track position and vehicle type on the aerodynamic characteristics of the vehicle and bridge deck were
investigated. In addition, a data processing method was proposed according to the characteristics of the
dynamic testing signals to determine the variations of aerodynamic forces and moment on the moving
vehicle and bridge deck. Three-car and single-car models were employed as the moving rail vehicle model
and road vehicle model, respectively. The results indicate that the drag and lift coefficients of the vehicle
tend to increase with the increase of the vehicle speed and the decrease of the resultant wind yaw angle and
that the vehicle speed has more significant effect on the aerodynamic coefficients of the single-car model
than on those of the three-car model. This study also reveals that the acrodynamic coefficients of the vehicle
and bridge deck are strongly influenced by the rail track positions, while the aerodynamic coefficients of the
bridge deck are insensitive to the vehicle speed or resultant wind yaw angle.
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1. Introduction

When a vehicle is moving on a bridge deck under crosswinds, the wind relative to the vehicle is
the resultant of the incident crosswind and the wind due to the vehicle velocity, as shown in Fig. 1.
The velocity of the wind due to the vehicle motion is equal to the vehicle velocity in the magnitude
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but opposite in direction. During the course of the vehicle motion, acrodynamic characteristics of
the vehicle would be influenced by the three-dimensional ambient flow around the vehicle body
due to the squeezing action on the vehicle nose and the end trailing action over the air flow.
Significant aerodynamic interaction between the moving vehicle and the bridge deck exists under
crosswinds. On the one hand, the existence of the vehicle on the bridge deck changes the
aerodynamic ambient flow around the bridge deck, and the aerodynamic characteristics and wind
loads on the bridge deck vary with the vehicle arrival and departure dynamically; on the other
hand, since the vehicle is submerged in the ambient flow around the bridge deck, the geometric
shape of the bridge deck would influence the wind loads acting on the vehicle. In the analysis of
the coupled vehicle-bridge vibration, the vehicle and bridge deck are usually regarded as two
independent dynamic subsystems, satisfying some coupling relationship with the iterative method;
when considering the crosswind actions, the aerodynamic parameters of the vehicle and bridge
deck are required in vehicle-bridge coupling vibration analysis (Li e al. 2005, Xu and Guo 2003,
Cai and Chen 2004), and the effects of vehicle motion and aerodynamic interaction between the
vehicle and the bridge deck should also be taken into account.

Aerodynamic parameters of a vehicle-bridge system are obtained mainly from either wind
tunnel tests or numerical simulations through computational fluid dynamics (CFD). For the CFD
numerical simulation of the two-dimensional ambient flow around a vehicle-bridge system, the
computational cost is relatively less and the system parameters could be readily adjusted (Zhu and
Chen 2001), such as the wind speed, wind attack angle, vehicle type, bridge type and relative
position of the vehicle to the bridge deck, but it is difficult to consider the effects of the vehicle
motion. CFD numerical simulation of the three-dimensional ambient flow can consider the effects
of the vehicle motion and the interaction between the vehicle and the bridge deck by using
multi-reference frame method (Huang et al. 2006), mixing plane method or sliding mesh method.
However it involves a high computing cost and the computational precision needs to be validated.

Most of the previous wind tunnel tests studying on aerodynamic parameters were performed on
either vehicles or bridge decks, and only a limited number of investigations on the aerodynamic
interaction between them were performed. Among these studies with the consideration of the
interaction between vehicles and bridge decks, some researchers only measured the aerodynamic
coefficients of the vehicle (Suzuki et al. 2003, Yang et al. 2008) or on the bridge deck (Zhou and
Ge 2008). Li et al. (2004) conducted a series of wind tunnel tests utilizing a combined section
model to simulate the aerodynamic interaction between a vehicle and a bridge deck, and measured
the aerodynamic forces and moment on the vehicle and bridge deck, respectively. Furthermore, the
effects of vehicle motion were approximately considered by the cosine rule (Chiu and Squire
1992).

Enhanced by the construction of high-speed railways and the constantly increasing vehicle
speeds, the effects of the motion of a vehicle running along a bridge deck on the aerodynamic
characteristics of the vehicle-bridge system are attracting widespread attention in the field. Since
the bridge deck is almost stationary when the vehicle is moving forward on the bridge deck, the
wind directions relative to the vehicle and to the bridge deck are different. Therefore, it may be
problematic to consider the effects of the moving vehicle by setting the wind yaw angle of the
vehicle-bridge model in the WVB system (Chiu 1995, Zhang and Chen 1998). In order to consider
the aerodynamic effects of the moving vehicle, British Railways Board (Pope 1991) developed a
moving vehicle model facility with the power plant provided by a rubber band launcher to mainly
study the longitudinal resistance and vertical lift. Charuvisit et al. (2004) studied the aerodynamic
forces on moving road vehicles when they passed through a bridge tower through wind tunnel tests,
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but the vehicle running path was so short in total that only the side force and yawing moment were
obtained from the tests. Baker (1986) measured the aerodynamic forces on a rail vehicle by a
moving vehicle model test in an atmospheric boundary layer wind tunnel, and described the
experimental difficulties involved and difficulties in interpreting the results. Previous moving
vehicle model tests remains deficient for taking the interaction between moving vehicles and
bridge decks into consideration or measuring their respective aerodynamic forces simultaneously.

To comprehensively consider the effects of moving vehicles and the aerodynamic interaction
between moving vehicles and bridge decks, a new testing system was developed by the authors in
this paper: a wind tunnel test rig with a moving vehicle model (this new testing system was briefly
introduced by Li ef al. (2013)). The new testing system made full use of a large wind tunnel with
22.5 m width to simultaneously measure the respective aerodynamic forces and moment on the
moving vehicles and bridge decks under crosswinds. It is convenient to change the wind speed,
vehicle speed, testing objects and relative position of the vehicle to the bridge deck for different
test cases. By using the testing system, a three-car vehicle model corresponding to a rail vehicle
(such as a train or a light rail vehicle) and a single-car vehicle model corresponding to a road
vehicle (such as a truck or a car) were then designed to measure the aerodynamic forces and
moment acting on the moving vehicle and bridge deck in various testing cases, addressing the
effects of the vehicle speed, yaw angle, rail position of the vehicle to the bridge deck and vehicle
type on the aecrodynamic characteristics of the moving vehicle and bridge deck.
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Fig. 1 Wind velocity relative to the vehicle

2. Wind tunnel test rig with moving vehicle model

The wind tunnel tests were conducted in the XNJD-3 wind tunnel of Southwest Jiaotong
University. The wind tunnel has a test section with 22.5 m in width, 36.0 m in length, and 4.5 m in
height. Taking advantage of the large width of the XNJD-3 wind tunnel, a new testing system with
a moving vehicle model was developed (shown in Fig. 2) to simultaneously measure the respective
aerodynamic forces and moment on the moving vehicle and the bridge deck when the vehicle
model is moving on the bridge deck under crosswinds. The whole set of test equipment mainly
includes three components: vehicle-bridge model system, motion system and signal measuring
system. The test equipment with a total length of 18.0 m was placed perpendicular to the flow
direction in the XNJD-3 wind tunnel test section.
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Fig. 2 Schematic diagram of the testing system

2.1 Vehicle-bridge model system

Considering the factors such as the test section size of the wind tunnel, the motion time of the
moving vehicle and others, geometrical scaled models of the vehicle and bridge were decided. In
order to reduce the influence of the inertial effects when the vehicle model accelerated or
decelerated, the mass of the vehicle model should be as light as possible, so the hollow light wood
was used to simulate the general outline of the vehicle model. The three-car vehicle model shown
in Fig. 3 was adopted for a rail vehicle, and the length of each car model is 0.5 m. The middle car
was used to simulate the middle part of a train, and the front and rear parts were used to simulate
the front car and end car of a train, respectively. For the middle car, the front car and end car were
provided as the transition section of aerodynamic forces to weaken the effects of the
three-dimensional ambient flow around the front and end of the train. As a result, the aerodynamic
forces and moment acting on the middle car are more stable, so just the middle car was
instrumented in this study. For a road vehicle such as a truck or a car, a single-car or two-car (i.e.,
a car with a trailer) vehicle model was enough to meet the demand. As vehicle wheels have a small
windproof effect, they were not simulated in the vehicle-bridge model system. The vehicle model
and bridge model were separated from each other by a small gap, which indicates the space
between the train body and the bridge deck in reality. The total length of the bridge deck model
was 13.07 m with a constant section, and the measurement bridge deck section with 0.5 m in
length was set at 8.38 m. Two auxiliary bridge deck sections were set on the both sides of the
measurement bridge deck section, as shown in Fig. 2. Auxiliary bridge deck sections were
employed to simulate the effects of the bridge deck on the ambient flow around the vehicle, while
the measurement bridge deck section was used to measure the aerodynamic coefficients of the
bridge deck.
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Fig. 3 Schematic diagram of the three-car vehicle model (Unit: mm)
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2.2 Motion system

The motion system consisted of four parts: guide rail, sliding element, driving motor and buffer
device. The total length of the guide rail with a continuously smooth sliding slot was 18.0 m. In
order to decrease the guide rail deformation and increase the running stability of the vehicle model,
the guide rail was made very rigid. The sliding element was composed of slide blocks and a
bidirectional conversion bracket. The slide blocks were installed on the bidirectional conversion
bracket, and the vehicle model was connected to the bidirectional conversion bracket through
connecting parts. As a result, the vehicle model and the slide blocks were united together and
could run along the guide rail flexibly, as shown in Fig. 4. The bidirectional conversion bracket
was designed to conveniently adjust the vehicle length, vehicle numbers and relative positions of
the vehicle to the bridge deck in the horizontal and vertical directions and so on. The different rail
track positions on the bridge deck are shown in Fig. 5. A servo motor was employed to drive the
vehicle by pulling a cable, and the motor roller was linked to the sliding blocks through the cable
(shown in Fig. 2). The motor could accelerate to a preset speed and stay constant when the
acceleration was completed. Therefore, different vehicle speeds could be conveniently set by
adjusting the motor roller speed. In order to avoid the cable overlapping when convolving around
the motor roller, the motor roller could also have translational motion at the same time of rotation.
For the different vehicle speed cases, the same operation was adopted with the initial 4.5 m of the
guide rail as the vehicle acceleration section, the intermediate 9.0 m as the uniform motion section
and the last 4.5 m as deceleration to stop section. In order to avoid the damage of the vehicle force
balance (shown in Fig. 2) due to the excessive inertia force, rubber block cables and collision
sponges were used to make the vehicle decelerate slightly.
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Fig. 4 Transversal arrangement of the vehicle and bridge deck models



150 Yongle Li, Peng Hu, You-Lin Xu, Mingjin Zhang and Haili Liao

Wind direction

Vehicle rc—ﬂ — Vehicle

D A

~-—~ oveuwle ot ot
oy e R o
| ! . i b
| A e
\L ) f |

Fig. 5 Different rail track positions on the bridge deck

2.3 Signal measuring system

The signal measuring system included both force balances and data acquisition devices. Two
force balances were employed to measure the aerodynamic forces and moment on the vehicle and
the bridge deck, respectively. One of the force balances was linked to the middle car model by
connecting parts, thus they could move along the guide rail together. For the three-car vehicle
model, only the middle car was of concern in the test. Then the front car, middle car and end car
were separated from each other (shown identified in Fig. 3) to ensure that the vehicle force balance
only measured the aerodynamic forces and moment acting on the middle car. The other force
balance was employed to measure the aerodynamic forces and moment on the bridge deck, and it
was linked to the wind tunnel floor at one end and the measurement bridge deck section at the
other end, respectively, as shown in Fig. 4. The measurement bridge deck section was also
separated from the two auxiliary bridge deck sections to ensure that the bridge force balance only
measured the aerodynamic forces and moment acting on the measurement bridge deck section.
When the vehicle model was moving on the auxiliary bridge deck sections, the bridge force
balance measured the aerodynamic forces and moment on the measurement bridge deck section
without the vehicle, while the vehicle model was moving above the measurement bridge deck
section, the bridge force balance measured the aerodynamic forces and moment on the
vehicle-bridge system. The relative position of the three-car vehicle model to the bridge deck
sections in the longitudinal direction is shown in Fig. 6.

The six-component balance with a full measurement range of 10N was used to measure the
aerodynamic forces and moment on the vehicle model, and the five-component balance with a full
measurement range of 50 N was used to measure the aerodynamic forces and moment on the
bridge deck model. The data acquisition device with 11 channels could simultaneously collect the
signals from the two force balances. Data post-processing was carried out by a self-written
computer program.
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Fig. 6 Relative position of the vehicle model to the bridge deck sections in the longitudinal direction
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3. Data processing and analysis
3.1 Aerodynamic force and moment coefficients
In this study, the aerodynamic force and moment coefficients of the vehicle and bridge deck

were defined as follows:
Drag coefficient

F. .
CH A H,i
51 1
; PV H L M
Lift coefficient
F, .
CV = V,i
51 2
; pV’BL 2)
Moment coefficient
F, .
C = M,i
M1 s 3)
2 i i

where 1/2p¥? is the dynamic pressure of wind; ¥ is the incident wind speed; p is the air density; H;,
B; and L; (i = V and B) are the height, width and length of the vehicle and bridge deck,
respectively; Fy ;, Fy,; and Fy ; represent their respective drag force, lift force and moment, and the
positive values of the force and moment vectors are defined in Fig. 7; Cy_ ;, Cy,; and Cy;, ; represent
their respective drag coefficient, lift coefficient and moment coefficient.

Aerodynamic forces and moments were measured by force balances, and then the aerodynamic
coefficients of the vehicle and bridge deck could be obtained using Eqgs. (1)-(3). In addition, in
order to improve the signal reliability and eliminate the noise signals, a double-averaging method
was introduced as described in Section 3.2.
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Fig. 7 Definition of the aerodynamic forces and moment acting on the vehicle and bridge deck
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3.2 Signal processing for the aerodynamic forces and moment on the vehicle

Signal processing method for dynamic signals is one of the difficult points for moving vehicle
model tests (Baker 1986). When the vehicle model is moving on the bridge deck at a high speed,
various interference factors, such as the vehicle model vibration, bidirectional conversion bracket
vibration, guide rail irregularity and inertial force caused by the vehicle model speed variation, can
cause obvious noise signals, and there will be a large error if the aerodynamic forces and moment
are calculated directly based on the original signals. Therefore, all the aerodynamic coefficients
were filtered using a low-pass filter at a cutting frequency of 4 Hz (MathWorks Inc. 2005, Li et al.
2013). To better clarify the processing method for aerodynamic force and moment signals, a
typical case with a wind speed of 8 m/s, a vehicle speed of 6 m/s and the three-car vehicle model
was considered as an example. It should be noted that only the aecrodynamic forces and moment on
the middle car were measured for the three-car vehicle model, as shown in Fig. 3.

The longitudinal inertial force of the vehicle model is zero when the vehicle model is static or
moves uniformly at a constant velocity. Once the vehicle model begins to move, the longitudinal
inertial force will increase rapidly due to the drive of the cable by the servo motor. Therefore, the
time when the vehicle model begins to move can be determined from the time history curve of the
longitudinal force coefficient (corresponding to the longitudinal inertial force, of which definition
is similar to Eq. (2)). Then the stages of acceleration, uniform motion and deceleration to stop all
can be derived from the acceleration distance and the speed and distance of vehicle model in the
uniform motion. As shown in Fig. 8, the longitudinal inertial force is almost zero before the
vehicle model starts to move. In the acceleration section, the longitudinal inertial force increases
rapidly at first and then obviously fluctuates, probably for the non-uniform speed-up of the vehicle
model caused by the weight of the model itself, and the elastic stretch and sag of the cable. In the
uniform motion section, the time history curve of the longitudinal inertial force coefficient has a
descent stage because the vehicle acceleration changes from a certain value to zero. Moreover, the
longitudinal inertial force still fluctuates in this section due to the influences of cable and the
vibration of the vehicle model. In the deceleration to stop section, the vehicle model decelerates
rapidly due to the blocking effect of rubber cables and sponges, and the data in this section have no
physical meanings. If the vehicle aerodynamic force and moment coefficients were derived
directly from the signal data in the uniform motion section, there would still be a large error. At
this juncture, a better section, here called the stable section, could be extracted from the uniform
motion section, in which the average of longitudinal inertial force is about zero. As shown in Fig. §,
the time history curve of the longitudinal force coefficient in the stable section fluctuates around
the zero value. It is clear that the curve stability in the stable section is better than that in the whole
uniform motion section. Since the signals of all force components of the vehicle force balance are
measured simultaneously, the stable section of other force components can be determined
according to the beginning time and ending time of the stable section of the longitudinal force
coefficient. The stable section of the vehicle drag coefficient is shown in Fig. 9. It shows that the
curve in the stable section is indeed more stable than that in the whole uniform motion section.
Therefore, only the data of stable section was selected in the following analysis. The stable section
of lift coefficient and moment coefficient could be obtained in the same way.

In order to improve the reliability of the aerodynamic force and moment signals, the tests were
carried out repeatedly many times for each testing case. The double-averaging method was then
used to determine the aerodynamic coefficients of each testing case, i.e., taking the average of all
instantaneous values at the stable section of each test as the result of this test, and then taking the
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average of the results of all repeated tests as the final values of aerodynamic coefficients of this
testing case. If necessary, the time history curve with the average of the stable section data closer
to the final value of the corresponding testing case could be chosen as the representative time
history curve for this testing case. In order to describe the aerodynamic characteristics of vehicle in
the stable section intuitively, the abscissa could be converted from vehicle moving time to the
moving distance based on the corresponding vehicle speed. The vehicle aerodynamic force and
moment coefficients with moving distance in the stable section are shown in Fig. 10, in which the
corresponding length of stable section is 5.0 m. This figure shows that both the vehicle drag
coefficient and moment coefficient curves are relatively stable, while the vehicle lift coefficient
curve has a decline trend. The vehicle lift has a very close relationship with the ambient flow
induced by the vehicle motion. When the vehicle speeds up from zero to the setting value in a
short time, the ambient flow induced by the vehicle motion has not reached a steady state yet. This
may be the reason why the vehicle lift coefficient curve is not stable in Fig. 10. In the analysis of
the WVB coupled vibration system, the vehicle drag force and moment are more important than
the lift force, then the influences of the lift force fluctuation may be relatively limited.
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3.3 Signal processing for the aerodynamic forces and moment on the bridge deck

When the vehicle model is passing through the measurement bridge deck section under
crosswinds, the aerodynamic forces and moment on the measurement bridge deck section have a
sudden change with the vehicle arrival and departure. Fig. 11 shows the filtered time history curve
of lift coefficient of the measurement bridge deck section, in which a sudden change occurs at the
time of 3.8s to 4.6s. The reason is that the ambient flow around the measurement bridge deck
section is changed in the process of the vehicle arrival and departure.

Converting the abscissa in Fig. 11 from the vehicle moving time to the vehicle moving distance
based on the vehicle speed and considering the changes of the bridge aerodynamic force and
moment coefficients with the vehicle passing through the measurement bridge deck section, a
suitable length of the lift coefficient time history curve was selected, as shown in Fig. 12. Then,
the maximum point of the time history curve was identified by a computer program, and regarded
as the result of the bridge lift coefficient for this test. Here, noting that for the real life of vehicle
moving along the bridge deck, the bridge lift coefficient should be more stable, but both of the
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values in the real life and in the test should be almost the same. Therefore, for the real world, the
bridge lift coefficient in the vehicle-bridge system can be obtained by extending the minimum
value in Fig. 11 or Fig. 12 to form a time history. Certainly, in order to reduce errors, the above
tests should be carried out several times repeatedly for each testing case, and finally the average of
the results of all repeated tests is taken as the final value of this testing case. The same processing
method was applied to the determination of the bridge drag coefficient and moment coefficient.

o2 ' ' ' ' ' ' ' e
00 .\/VW /\/\/\_
02 4
04t i

-06 -

— — —>

Bridge lift coefficient

08}

Measurement -

o bridge deck section
1 1 1

1 1 1 1
0 2 4 6 8 10 12 14 16 18
Vehicle moving distance (m)

Fig. 12 Time history curve of the bridge lift coefficient when the vehicle passes through the measurement
bridge deck section

4. Dynamic tests of moving vehicle and bridge deck

Both the vehicle model and bridge model were in the length scale of 1:45. Since the bridge
adopted in this study was a light-railway and highway bridge, it was necessary to investigate the
aerodynamic characteristics of both the rail vehicles and road vehicles in the study. As a result, a
three-car vehicle model and a single-car vehicle model were employed to simulate the rail vehicles
and road vehicles, respectively. It is noted that the three-car vehicle model was adopted for rail
vehicles, but only the middle car was measured in the test, with the front car and end car provided
as the aerodynamic transition sections, as shown in Fig. 3. For road vehicles, in order to reveal the
aerodynamic transition effects of the front car and end car, the middle car in the three-car vehicle
model was directly taken as the single-car vehicle model in the test. In addition, the rail tracks of A,
B, C and D were set on the bridge deck, as shown in Fig. 5. The vehicle model moved along these
rail tracks and the effects of different rail track positions on the aerodynamic characteristics of the
vehicle and bridge deck could be investigated. In the present study, the uniform flow with low
turbulence intensity was adopted, and the wind speeds of 6 m/s, 8 m/s and 10 m/s were set in the
wind tunnel tests, corresponding to the Reynolds numbers, Re, of 6x10°, 8<10° and 10° (defined
by the length of the three-car vehicle model) , respectively. It is usually difficult to exactly match
Re number between the model and prototype in the conventional wind tunnels. Furthermore, the
Re numbers were not too low and this paper concerns about the aerodynamic mechanism more
than the practical applications. Therefore, the effects of Re were not considered enough in the
study. Four different vehicle speeds including 0 m/s, 4 m/s, 6 m/s and 8 m/s were adopted in the
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test. For the sake of data processing analysis for different vehicle speeds, the length of the data
acquisition time was 12s, and the sampling frequency was 909 Hz, which were adequate for all the
test cases. Since the dynamic test data in each repeated test were generally close, with
consideration of the total number of test cases and testing cost, the test was repeatedly carried out
five times for each testing case. Fig. 13 shows the five stable section curves of the vehicle drag
coefficient with the typical case using in Section 3.2. It can be seen from the figure that the
differences between the five stable section curves are really small, which are unlikely to cause
significant errors. Furthermore, the average value of the first stable section data are closer to the
final value of the total five stable section data. As discussed earlier, the first stable section time
history curve was chosen as the representative time history curve for this test case, as shown in Fig.
10. Certainly, similar processing method is applied to the lift and moment coefficients of the
vehicle and also applied to the aerodynamic coefficients of the bridge deck. Then the time histories
given in this paper should have a relatively high degree of reliability by the above proceeding.

As described in the following sections, to comprehensively investigate the effects of some
factors such as the vehicle speed, wind yaw angle and rail track positions on the aerodynamic
characteristics of the moving vehicle and bridge deck, the corresponding testing cases were
conducted and the test results are analyzed. For the sake of convenience, the “vehicle aerodynamic
forces and moment” just refers to the aerodynamic forces and moments acting on the middle car in
the three-car vehicle model (or the single-car vehicle model for road vehicles), and the “bridge
aerodynamic forces and moment” just refers to aecrodynamic forces and moment acting on the
measurement bridge deck section in this paper. The same terminology is applied to “vehicle
aerodynamic force and moment coefficients” and “bridge aerodynamic force and moment
coefficients”.
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Fig. 13 Five stable section curves of the vehicle drag coefficient
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4.1 Effects of vehicle speed

4.1.1 Three-car vehicle model

In order to investigate the effects of different vehicle speeds on the aerodynamic forces and
moment on the vehicle and bridge deck, the testing cases of the three-car vehicle model moving
along the windward rail track A were conducted at the wind speed of 10 m/s and vehicle speed of 0
m/s, 4 m/s, 6 m/s and 8 m/s, respectively. The vehicle aerodynamic force and moment coefficient
time histories of the stable section at different vehicle speeds are shown in Figs. 14-16. The time
history curves all fluctuate in some degree mainly because of the test device vibration and
non-uniform vehicle speed. There are some differences in the vehicle drag coefficient time
histories at different vehicle speeds, but the differences are not obvious. Note that, compared to the
static vehicle (corresponding to the vehicle speed of 0 m/s), the lift coefficients of the moving
vehicle become significantly larger than those of the static vehicle. The reason is that a negative
pressure zone occurs over the moving vehicle roof due to a flow separation induced by the nose of
the front car (Hemida and Krajnovi¢ 2010, Li et al. 2011). In addition, all time history curves of
the vehicle lift coefficient at various vehicle speeds have a declining trend. The main reason is that
the vehicle lift has a very close relationship with the ambient flow induced by the vehicle motion,
and the ambient flow has not yet reached a steady state during the process of vehicle speed
increasing from zero to the setting value in such a short time. The vehicle moment coefficients at
different vehicle speeds have an incremental trend, but the change is not obvious. The bridge
aerodynamic force and moment coefficient time histories at various vehicle speeds are shown in
Figs. 17-19. When the vehicle model does not reach the measurement bridge deck section, the
bridge aerodynamic force and moment coefficients are close to each other at different vehicle
speeds. However, when the vehicle model moves above the measurement bridge deck section
(corresponding to the abscissa range from 5.25 to 6.75 m), the bridge drag and lift coefficients
sharply decrease while the moment coefficients obviously increase. Therefore, it can be concluded
that the existence of vehicle has a significant influence on the bridge aerodynamic force and
moment coefficients.
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The final values of the aerodynamic force and moment coefficients of the vehicle and bridge
are shown in Table 1. The vehicle lift coefficients are all negative when vehicle is static (i.e., the
vehicle speed is zero), while they turns positive when vehicle moves at a certain speed, which
indicates that the vehicle motion has a great effect on the vehicle lift coefficient. The change of
vehicle drag and moment coefficients with the vehicle speed is not unexpected, and the reason
may be that the ambient flow around the middle car is relatively stable because of the aerodynamic
transition effect of the front car and end car, and the cross section of the vehicle model is relatively
regular, which makes the influence of three-dimensional ambient flow induced by the vehicle
motion limited. Moreover, the bridge drag coefficient has an incremental trend with the increase of
vehicle speed, but the bridge lift and moment coefficients are not sensitive to the vehicle speeds.
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Tablel Final values of the vehicle and the bridge aecrodynamic force and moment coefficients (three-car
vehicle model)

Vehicle speed (m/s) Cu Cy Cwum
Vehicle 0.0 1.1827 -0.1444 -0.0867
aerodynamic force and moment 4.0 1.1768 0.8184 -0.0188
coefficients 6.0 1.1442 0.8440 -0.0733
8.0 1.2450 0.7800 0.1023
Brid 0.0 0.6876 -0.1215 -0.0854
aerodynamic fr(;r(ieand moment 4.0 0.7219 -0.1583 -0.0720
coefficients 6.0 0.7304 -0.1442 -0.0802
8.0 0.7611 -0.1409 -0.0879

4.1.2 Single-car vehicle model

In this study, the three-car vehicle model represented rail vehicles such as a train or a light rail
vehicle, while the single-car vehicle model represented a road vehicle such as a truck or a car. In
order to investigate the influences of different vehicle speeds on the aerodynamic forces and
moment on the vehicle and bridge deck, the testing cases of the single-car vehicle model moving
along the windward rail track A were also conducted at a wind speed of 10 m/s and vehicle speed
of 0 m/s, 4 m/s, 6 m/s and 8 m/s, respectively. The trends of the aerodynamic force and moment
coefficients of the vehicle and bridge deck are similar to those of the three-car vehicle model and
bridge deck. The final values of the force and moment coefficients are displayed in Table 2. It can
be seen that the vehicle drag and lift coefficients increase with the vehicle speed, but the vehicle
moment coefficient decreases to negative values with the increase of vehicle speed. This indicates
that the vehicle aerodynamic force and moment coefficients of the single-car vehicle model are
more sensitive to vehicle speed compared to those of the three-car vehicle model. In addition,
when the vehicle is static, the absolute values of bridge drag and moment coefficients are larger
than those when the vehicle is moving, while the absolute values of the bridge lift coefficient have
an opposite trend. The influence of vehicle speed on the bridge aerodynamic force and moment
coefficients is not strong.

Table2 Final values of the vehicle and the bridge aerodynamic force and moment coefficients (single-car
vehicle model)

Vehicle speed (m/s) Cy Cy Cu

. 0.0 1.2366 0.0324 0.1354

; ,Vghlde . t 40 12571 0.5004 0.0734

aerodynamic torce and momen 6.0 1.3049 0.7769 -0.0267
coefficients

8.0 1.4372 0.8189 -0.1192

. 0.0 0.9789 -0.0766 -0.1207

; .Bf“dge q . 4.0 0.7643 -0.1167 -0.0928

acr nami T and momen

erodynamic oree ome 6.0 0.7149 20.1269 20.0889

coefficients

8.0 0.7627 -0.1131 -0.1000
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4.2 Effects of wind yaw angle

4.2.1 Three-car vehicle model

When a vehicle is moving on a bridge deck under crosswinds, the wind relative to the vehicle is
the resultant of crosswind and the wind due to vehicle motion (as shown in Fig. 1), but the bridge
deck is not. Therefore, only the aecrodynamic force and moment coefficients of the vehicle are
discussed here. When the three-car vehicle model is moving along the windward rail track A at the
wind speed of 6 m/s, 8 m/s and 10 m/s and vehicle speed of 4 m/s, 6 m/s and 8 m/s, respectively,
the corresponding resultant wind yaw angles are shown in Table 3, and the vehicle aerodynamic
force and moment coefficients varying with the resultant yaw angles are shown in Fig. 20. It can
be seen from the figure that the aerodynamic force and moment coefficients of the vehicle
fluctuate with the resultant yaw angles, but the fluctuations are not unexpected and the change is
not obvious.
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Fig. 20 Vehicle aerodynamic force and moment coefficients varying with the yaw angles (three-car
vehicle model)

Table3 Resultant yaw angles (the yaw angle is 90° when the resultant wind is perpendicular to vehicle
moving direction)

Vehicle speeds (m/s)
Wind speeds (m/s)
4.0 6.0 8.0
6.0 56.3° 45.0° 36.9°
8.0 63.4° 53.1° 45.0°

10.0 68.2° 59.0° 51.3°
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4.2.2 Single-car vehicle model

When the single-car vehicle model is moving along the windward rail track A at various wind
speeds and vehicle speeds, the vehicle aerodynamic force and moment coefficients varying with
the resultant yaw angles are shown in Fig. 21. The vehicle drag and lift coefficients increase with
the decrease of resultant yaw angles, which indicates that the increase of the vehicle speed can
result in the increase of the vehicle drag and lift coefficients. However, the vehicle moment
coefficient is not sensitive to the resultant yaw angles. Compared to the aerodynamic force and
moment coefficients of the three-car vehicle model, the trends in the variation of the aerodynamic
force and moment coefficients of the single-car vehicle model with the resultant yaw angles appear
more obvious. It implies that the aerodynamic transition effect due to the existence of the front car
and end car weakens the influences of vehicle motion on the aerodynamic force and moment of the
middle car.

4.3 Effects of rail track position

4.3.1 Three-car vehicle model

In order to investigate the effects of different rail track positions on the aerodynamic forces and
moment on the vehicle and bridge deck, the testing cases of the three-car vehicle model moving
respectively along the four different rail tracks A, B, C and D were conducted at a wind speed of
10m/s and vehicle speed of 8 m/s. With regard to the vehicle model moving along the rail tracks A,
B, C and D respectively, the final values of the vehicle and bridge aerodynamic force and moment
coefficients are shown in Fig. 22. The vehicle aerodynamic force and moment coefficients all
decrease in turn from the windward rail track A to the leeward rail track D, among which the
vehicle moment coefficients decrease to negative values. The bridge drag coefficients increase in
turn from the rail track A to D, but the bridge lift coefficients show an opposite trend to the bridge
drag coefficients; the bridge moment coefficients show small changes.
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Fig. 21 Vehicle aerodynamic force and moment coefficients varying with the yaw angles (single-car
vehicle model)
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To further analyze the influences of different rail tracks on the aerodynamic characteristics of
the bridge deck, the corresponding time histories of the bridge aerodynamic force and moment
coefficients are shown in Figs. 23-25. The overall variation trends of bridge aerodynamic force and
moment coefficients are similar when the vehicle model moves along the rail tracks A, B and C.
Moreover, when the vehicle model moves above the measurement bridge deck section (the
corresponding abscissa range from 7.25 to 8.75 m), the absolute values of both the bridge drag and
moment coefficients decrease rapidly. Nevertheless, when the vehicle model moves along the rail
track D, the change laws of the bridge drag and moment coefficients are not remarkable. When the
vehicle model moves along the rail tracks A, B, C and D, the bridge lift coefficients are all
negative values and decrease in turn.

18 — ; . ;

Cl 1Y C\'. v CM. v
- D’ CH.H 707 CV;H 77A’ C\LR

15

09 |

0.6 |-

03 |

and moment coefficients

0.0 -

Vehicle and bridge acrodynamic forece

03}

06| O

Rail track
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4.3.2 Single-car vehicle model

To investigate the influences of the single-car vehicle model moving along the different rail
tracks on the aerodynamic forces and moment on the vehicle and bridge deck, the testing cases of
the single-car vehicle model moving along two different rail tracks (i.e., windward rail track A and
leeward rail track D) were conducted at a wind speed of 10m/s and vehicle speed of 8 m/s. For the
same wind speed, vehicle speed and rail track position, the bridge aerodynamic force and moment
coefficients for the single-car vehicle model cases showed a similar trend to those for the three-car
vehicle model cases. The final values of the vehicle and the bridge aerodynamic force and moment
coefficients with the vehicle model moving along the rail tracks A and D are summarized in Table
4. The drag and lift coefficients of the vehicle on the rail track A are larger than those of the
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vehicle on the rail track D, and the vehicle moment coefficient becomes negative when the vehicle
model moves along the rail track D. The bridge lift and moment coefficients are negative values
and the absolute values increase in turn from the rail track A to D, and the bridge drag coefficient
with the vehicle moving on the rail track D is larger than those with the vehicle moving on the rail
track A. Generally, the single-car vehicle model shows similar trends to the three-car vehicle
model.

Table4 Vehicle and bridge aerodynamic force and moment coefficients for different rail tracks (single-car
vehicle model)

Rail tracks Test objects Cu Cy Cum

Rail track Vehicle 1.36939 0.75988 0.03372
A Bridge 0.76273 -0.11306 -0.10004

Rail track Vehicle 0.95797 0.58035 -0.21708
D Bridge 0.80878 -0.30522 -0.11662

5. Conclusions

This study has fully considered the effects of both the vehicle motion and the aerodynamic
interaction between a moving vehicle and a bridge deck. By taking advantage of the 22.5 m wide
XNJD-3 wind tunnel of Southwest Jiaotong University, a new testing system including a moving
vehicle model was developed to simultaneously measure the respective aerodynamic forces and
moment on a moving vehicle and bridge deck under crosswinds. It was convenient to change the
wind speed, vehicle speed, test objects and relative position of the vehicle to the bridge deck in
this new testing system. Not only the rail vehicles such as trains or light rail vehicles, but also road
vehicles such as trucks or cars could be tested. For rail vehicles, the aerodynamic forces and
moments of their front car, middle car and end car could be measured. A data processing method
was also presented according to the characteristics of the time history curves of dynamic testing
signals.

By using the new testing system and the corresponding data processing method, the
aerodynamic force and moment coefficients of the vehicle and bridge deck were measured and
analyzed for different test cases to explore the aerodynamic mechanisms of the vehicle-bridge
system under crosswinds. The main conclusions are drawn as follows:

¢ Under crosswinds, the existence of a vehicle on the bridge deck has a significant influence on
the aerodynamic force and moment coefficients of the bridge deck, but the effects of vehicle speed
on the aerodynamic force and moment coefficients of the bridge deck are small.

e For the middle car in a rail vehicle (corresponding to the three-car vehicle model), the vehicle
moment coefficients have an incremental trend with the increase of the vehicle speed, while the
effects of vehicle speed are limited. When the vehicle moves at a certain speed, the vehicle lift
coefficient becomes significantly large because of a negative pressure zone occurring over the
moving vehicle roof due to a flow separation induced by the nose of the front car. For the actual
train, the influences of the airflow separation on the lift force coefficient of the middle cars would
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be weakened with the increase of the vehicle length.

e The change laws of the road vehicle (corresponding to the single-car vehicle model)
aerodynamic force and moment coefficients with the vehicle speed are more obvious than those of
the rail vehicle (corresponding to the three-car vehicle model), which shows that the aerodynamic
force and moment coefficients of the road vehicle are more sensitive to vehicle speed. The vehicle
drag and lift coefficients becomes greater, while its moment coefficient decreases with the increase
of the vehicle speed.

o For the rail vehicles, the vehicle aerodynamic force and moment coefficients fluctuate with
the resultant wind yaw angles, but there is no clear trend. For road vehicles, the vehicle drag and
lift coefficients increase with the decrease of the resultant wind yaw angles. It indicates that the
aerodynamic transition effect due to the existence of the front car and end car can weaken the
influence of vehicle motion on the aecrodynamic force and moment coefficients of the middle cars
in the rail vehicles.

e For the rail vehicles and road vehicles, with vehicle position from the windward side to the
leeward side, the vehicle aerodynamic force and moment coefficients decrease, and the bridge drag
coefficients increase in turn, but the moment coefficients of the bridge show no obvious changes.

It should be noted that only the middle car in the rail train was measured in the present study,
and the aerodynamic characteristics of the front car and end car would be much more complex and
difficult to be measured.
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