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Aerodynamic interference effects between a triple-box girder and
trains on aerodynamic forces and vortex-induced vibration
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Abstract: Wind tunnel tests were carried out to investigate the aerodynamic interference between a triple-box girder and
trains, involving static aerodynamic forces and vortex-induced vibrations (VIVs). Static and dynamic sectional models of
the girder and trains were employed for aerodynamic force measurement and VIV test, respectively. Results indicate that
the aerodynamic interference effect on static aerodynamic forces of both the girder and trains is remarkable. When a
single train exists, the horizontal position of the train has a small effect on aerodynamic coefficients of the girder. When
two trains meet on the girder, the drag coefficient of the girder is significantly reduced compared with that of without
train or with a single train; besides, during the whole meeting process, aerodynamic forces of the leeward train first drop
and then increase suddenly. The fluctuation of aecrodynamic force could cause redundant vibration of the train, which is
unfavorable for safety and comfort. A train on the girder could worsen the girder VIV performance: a new vertical VIV
appears in the triple-box girder when a train is on the girder, and the torsional VIV amplitude increases significantly
when the train is on the windward side.
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system in wind resistant design of bridges [3 — 6].

1 Introduction Besides, there is a possibility for the train to stay on

the bridge for a long time due to some emergency

In research on wind resistance of a rail-cum-

circumstances, such as communication failure,

road bridge, aerodynamic coefficients and vortex-  mechanical failure and power failure. This kind of

induced vibrqation (VIV) are focused. The static emergency is infrequent in general, but once it

wind load acting on train-girder system directly
affects the comfort and safety of the train [1 —2];
therefore, it is necessary to study the variation law
of aerodynamic coefficients of the train-girder

occurs, the train might change the VIV performance
of the girder for which the consequences might be
very serious. In view of this, it is necessary to study
the influence of the train on VIV performance of the
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girder. Due to its excellent aeroelastic stability and
traffic capacity, triple-box girder is becoming a
recommendable structural style for a super-long
span rail-cum-road bridge [7]. However, there are
few reports on its aerodynamic characteristics at
present.

In recent decades, a large number of scholars
have studied the aerodynamic interference between
trains and girder which affects the aerodynamic
characteristics of the train and system (e. g., the
aerodynamic forces acting on the train and the
bridges) [8]. Under the action of crosswind, the
geometry of the girder section will affect the
aerodynamic force of the train when the train passes
by the bridge [9]. In addition, the presence of the
train will also change the flow field structure of the
girder and the aerodynamic force acting on the
girder. Aerodynamic forces and aerodynamic
parameters of the train and the girder are usually
obtained by wind tunnel test and computational
fluid dynamics (CFD) numerical simulation [10 -
11]. The dramatic fluctuation of the wind load
acting on the train due to the aerodynamic
interference between the train and the girder might
cause vibration,  which s
unfavorable for the safety and comfort of the train
[12-14].

VIV performance of the girder is extremely
significant for the wind resistance design of bridge.

Supernumerary

Previous studies have found that some auxiliary
facilities have a great impact on the VIV
performance of the girder. Therefore, it is a common
research method to improve the VIV performance of
the girder by adjusting the auxiliary facilities.
LARSEN et al [15] conducted sectional model wind
tunnel test of Stonecutters bridge with different
scale ratios, and found that the deflector can
improve the VIV performance of the girder at high
Reynolds number. Many factors also affect the VIV
performance of the girder [16 — 17]. For example,
with the increase of structural damping ratio, the
VIV amplitude gradually decreased, and the “lock-
in” region gradually narrowed [18]. Under the
action of crosswind, the flow field structure around
the triple-box girder is extraordinary complex, and
its mechanism needs to be explored by CFD and
flow visualization technology. At present, few
scholars have studied the effect of aerodynamic
interference between train and girder on VIV

performance of the girder.

Due to the lack of engineering practice, there
are few studies on the aerodynamic characteristics
of the train-girder system of the triple-box girder.
Messina bridge (with a main span of 3300 m) in
Italy is the first bridge to adopt the triple-box girder
scheme in design stage although it is not practiced.
In the design process of the bridge, DIANA et al
carried out a series of experimental studies on
aerodynamic performance of streamlined triple-box
girder [19 — 20]. Taoyaomen rail-cum-road bridge
(cable-stayed bridge, main span: 666 m) and
(cable-stayed-
suspension system, main span: 1488 m) under

Xihoumen rail-cum-road bridge
construction are the first bridges adopting triple-box
girder for engineering practice in the world. The
triple-box girder is adopted for the Xihoumen rail-
cum-road bridge to avoid flutter instability.
Additionally, the two bridges are closely connected
by Cezi Isle with a small distance of about 2 km;
hence a similar triple-box girder was also adopted
for Taoyaomen bridge to ensure the continuity of
the high-speed railway line and highway alignment,
although the main span of it is rather short. Due to
the complexity of the cross-section structure of the
triple-box girder, it can be inferred that the flow
field characteristics of the triple-box girder may be
more complex than that of the ordinary streamline
section or even the twin-box girder [21].

In this paper, a series of wind tunnel tests are
carried out to investigate the aerodynamic
interference between trains and the triple-box girder
of bridges. Static and dynamic sectional models of
the trains and the girder are employed for
acrodynamic force measurement and VIV test,
respectively. Based on the test results, the
aerodynamic interference effect on aerodynamic
forces of the train-girder system as well as the VIV

performance of the girder is analyzed and discussed.

2 QOutline of wind tunnel tests

2.1 Experimental setup

The wind tunnel test is carried out in HD-2
boundary layer wind tunnel of Key Laboratory for
Wind and Bridge Engineering of Hunan province,
China. The test section is 3 m in width and 2.5 m in
height and the incoming flow from the test section
is uniform flow. The turbulent intensity is less than
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0.5% when the wind speed is more than 3 m/s.

In the design stage of Taoyaomen Rail-cum-
Road Bridge, there are several alternative cross
sections with different web shapes for the triple-box
girder [21], and only limited tests have been carried
out on each section during the design stage due to
the heavy workload. Figure 1 depicts two cross
sections with linear-type webs which showed
relatively good VIV performance. Except for the
difference of web shape, other geometric
characteristics of the two sections are almost the
same; hence the aerodynamic characteristics of the
two cross sections are similar [21] both in
aerodynamic coefficients and VIV performance. In
view of this, as a case study, the authors only
present the limited results in this paper. Without loss
of generality, Section I is adopted for force
measurement test and Section II for VIV test. The
girder has a constant height of H=4.5 m, while the
width of cross sections I and II are 65.6 m and 66 m,
respectively. Specifically, the width of railway
girder is 13 m, and the width of each highway girder
is 19 m.

[
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Figure 1 Cross sections of the bare girder with different
web shapes

The scaling factor A, of the sectional models of
the girder and trains are 1:60, and the total length of
them is 2.4 m. The prototype of the train is China
Railway High-speed 3 (CRH3) with section width
b=0.0544 m and height 4#=0.0604 m (excluding
wheel height). Detailed geometric parameters of the
listed in Table 1.
parameters of the bridge in Table 1 are obtained

test models are Dynamic
through three-dimensional finite element modelling,
which is widely used for the replacement of field
measurement [22].

2.2 Aerodynamic force measurement
As a bridge carries double-track railway, there
are a number of combinations of the train and the

Table 1 Parameters of the sectional model

Object Parameter Prototype Si;gggf !
Geometry scale ratio, A, 1/60
Height, H/ m 4.5 0.075
Width, B/ m 65.6, 66.0 1.1
Length, L/ m 666.0 2.4
Mass per meter, m/(kg-m™) 63617 17.67
rigge MO 0155
Vertical na}?;la{lzfrequency, 0.286 3418
Torsional n;?/l:;i frequency, 0.438 5371
Vertical damping ratio, {/% 0.31 0.30
Torsional damping ratio, ¢, /% 0.30 0.33
Height, #/m 3.624 0.0604
. Width, b/m 3.264 0.0544
Train
Length, //m — 2.4
Mass per meter, m/(kg-m™) 105 1.75

girder conditions. Table 2 shows the test cases of
aerodynamic interference force measurement of the
train-girder system. Limited by the experimental
setup, slight but macroscopic VIV will occur at a
lower wind speed range (5 — 8 m/s) for the rigid
mounted sectional model, which could lead to
unacceptable test error of the force measurement.
On the other hand, an overlarge wind speed could
lead to excessive aerodynamic forces acting on the
sectional model which might damage the balances.
In view of this, the applicable wind speed range of
10-20 m/s (10, 15 and 20 m/s) is selected for the
force measurement.

Table 2 Aerodynamic force measurement test case of the
girder-train system (Section I)

System state

Test case Test object description
Al Girder only Girder model
A2 Girder and windward train Train track 1
A3 Girder and leeward train Train track 2
Ad Girder, windward side train Train track 1 and

and leeward side train

Train track 2

Section I in completed state with aerodynamic
measures for VIV mitigation is adopted for force
measurement. The main aerodynamic measures [23]
consist of: replacing the original stripe-type wind
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barrier of highway girder (with a total height of
3 m) by a grid-type wind barrier (with a total height
of 4 m); moving the two maintenance tracks under
the highway girder to the position directly below the
inner web; blocking the half part of the crash barrier
(at the middle height of the barrier height); using
35% porous grid plates to seal the girder slots.

The aerodynamic force measuring system
consists of two six-component balances and an
ultrasonic anemometer. During the test, the model is
horizontally installed on six-component balance
through a specially designed support (Figure 3). The
time history of aerodynamic force acting on the
model under a specific wind speed and wind attack
angle is directly measured. The average value of
time history of aerodynamic force is calculated to
obtain the dimensionless aerodynamic coefficients
under the wind attack angle. During the test, the
aerodynamic force measurement of the girder and
two trains is realized by changing the positions of
the two six-component balances at both ends of the
model. The six-component balances at three
different installation positions are shown in
Figure 3. Figure 4 shows the installation diagram of

sectional models in wind tunnel for force
measurement.
y
FiARy,
Fy
O
] W B |

Figure 2 Aerodynamic forces on completed triple-box
girder

1
‘Support of train model |

Force balance

Support of bridge model

Figure 3 Aerodynamic force measurement support

2.3 Vortex-induced vibration test

As mentioned in the introduction, there is a
possibility for the train to stay on the bridge for a
long time due to some emergency circumstances.

Figure 4 Installation diagram of force measurement test:
(a) Balance installation diagram; (b) Train installation
diagram

Once this kind of emergency occurs, the train might
change the VIV performance of the bridge girder. In
view of this, it is necessary to study the influence of
the train on the VIV performance of the girder.

Sectional model of the girder with Section II is
employed for the VIV test. Cases for VIV test are
shown in Table 3. The wind speed range of wind
tunnel in VIV test is 0—10.2 m/s. The influence of
the train on VIV performance of the girder is
studied at a=0°.

Table 3 VIV test case of the girder-train system
(Section IT )

System state

Test case Test object description
B1 Girder only Girder model
B2 Girder and windward train Train track 1
B3 Girder and leeward train Train track 2

In fact, the train is not very long and shorter
than the girder, which could cause a three-
dimensional aerodynamic interference (which is
affected by the length, spanwise position, as well as
the end effects of the train) on the bridge girder.
However, as a preliminary study, this paper is only
focused on the aerodynamic performance of the two-
dimensional cross section of the train-girder system
by employing sectional models, and the three-
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dimensional effect caused by the limit length of
train is not considered in this paper.

The VIV test system consists of four laser
displacement sensors and ultrasonic anemometer. In
order to avoid local deformation caused by
insufficient stiffness of the girder model, four laser
displacement sensors were arranged at L/2 and L/4
of the model respectively to collect displacement
response at L/2 and L/4 of the sectional model
during the test. The installation of aerodynamic
force measurement model is shown in Figure 5.

Figure 5 Installation diagram of VIV test: (a) Laser
displacement sensor installation diagram; (b) Train
installation diagram

3 Results of
measurement

aerodynamic  force

3.1 Aerodynamic coefficient

Definitions of aerodynamic forces for the
girder and train are shown in Figure 2 and Figure 6,
respectively. It should be noted that the moment
center of the train is defined at the center of the top
of the two train tracks (i.e., the bottom of the train
wheel). Aerodynamic coefficients of the girder in
wind axis coordinate system are defined as follows:

F
Cola) = ——2 1
o) 0.5pU*HL M
F
Cla)=—L — 2
(a) 0.50U°BL @)
M
Cula) = —0 3
)= 05 BT 3

where Cy(a), C.(a) and C,(a) denote the drag, lift

L=

M

R

Figure 6 Acrodynamic forces on the train

e

and moment coefficients in wind axis coordinate
system respectively; a is the wind attack angle; U is
the test wind speed; p=1.225 kg/m’ denotes the air
density. For comparison convenience, the width
and height of bare girder (i.e., B=1.093 m and H=
0.075 m) are adopted when calculating the
aerodynamic coefficients of the girder in this study.

3.2 Reynolds number effect

For a bluff body, the separation point of
uniform flow could be affected by the Reynolds
number [24]; hence the aerodynamic performance
could be related to the Reynolds number effect. In
view of this, wind tunnel test of aerodynamic force
measurement for the train-girder system (case A2) is
carried out at U=10 m/s, 15 m/s and 20 m/s
respectively at a=0°.

Aerodynamic coefficients Cy(a) and Cy(a) of
the train-girder system in body axis coordinate
system are obtained as shown in Table 4. It is
apparent that the aerodynamic coefficients of the
train-girder system vary slightly under different
wind speeds. In other words, the effect of Reynolds
number is very small and could be ignored.
Therefore, the results given in Tables 5—7 are the
average values of the aerodynamic coefficients for
all test wind speeds.

3.3 Aerodynamic interference effect on
aerodynamic forces
3.3.1 Train-girder system with single train

Table 5 shows the aerodynamic coefficients of
bridge without train at a=0°. It should be noted that
the aerodynamic coefficients of the train model in
Table 5 are obtained from the CRH2 train [25], of
which the cross-section shape is very similar to the
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Table 4 Aerodynamic coefficients of the girder and train
under different wind speeds

Wind Aerodynamic Aerodynamic

speed/ coefficients of train coefficients of girder

(m-s™) c, ¢ ¢, C, C, C,
10 0.096 0.126 0.085 1.457 -0.200 -0.013
15 0.099 0.139 0.078 1.472 -0.205 -0.013
20 0.110 0.152 0.079 1.468 -0.217 -0.008

Mean value 0.101 0.139 0.081 1.465 -0.207 -0.011

Table 5 Aerodynamic coefficients of a single train or
girder at a=0°

Test case Test object Cy C, C,
Reference case Train model [25] 1.613 — —
Al Girder model  1.633 -0.174 -0.007

Table 6 Aecrodynamic coefficients of the train-girder
system (single train) at a=0°

Aerodynamic
coefficients of train

Aerodynamic
coefficients of girder

&G 6 G G G Cu
A2 1 0101 0.139 0.081 1.465 -0.207 -0.011
A3 2 0.097 0.142 0.074 1470 -0.218 -0.012

Test
case

Track

Table 7 Aerodynamic coefficients of the train-girder
system (double trains)

Aerodynamic
coefficients of train

Aerodynamic
coefficients of girder

CH CV CM CH CV CM
1 0.113 0.171 0.083

A4 1.158 -0.207 -0.012
2 0.024 0.043 0.015

Test Track

CRH3 train in this study. In fact, the difference of
drag coefficient between CRH2 and CRH3 train
measured at low wind speed is very small and could
be ignored [26].

In order to study the aerodynamic interaction
between the girder and the train when a single train
different positions on the girder, the
aerodynamic coefficients of the train and the girder

is at

at a=0° are obtained as shown in Table 6.

According to Table 6, when the train stays on
the girder, the drag coefficient of the train decreases
significantly due to the blocking effect of the wind
barrier, and the drag coefficient of the girder
decreases slightly due to the existence of the train.
The horizontal position of the train (i.e., on train
track 1 or train track 2) has little effects on the

aerodynamic coefficients of both the train and the
girder. The existence of the train slightly increases
the lift coefficient of the girder, while it has little
influence on the moment coefficient of the girder.
3.3.2 Train-girder system with double trains

Since the girder is used for a double-track
railway bridge, the two trains may meet on the
girder. Aerodynamic coefficients of trains and the
girder are shown in Table 7 when double trains exist
simultaneously on the girder at a=0°.

According to Tables 6 and 7, similar to the
single train-girder system, the existence of double
trains significantly reduces the drag coefficient of
the girder, while the lift and moment coefficients
change not obviously. For the train at windward
side, both the drag and moment coefficients are very
close between the single train case and the double
trains case, and the lift coefficient of the single train
case is smaller than that of the double trains case.
Significantly, aerodynamic forces of the leeward
train decrease sharply due to the shielding effect of
the windward train, and then “recover” after the
meeting. This severe fluctuating of the wind load
acting on the leeward train could affect the stability
of the train which is unfavorable to the comfort and
safety of driving.

3.3.3 Comparison between different wind attack

angles
Figure 7 shows the aerodynamic coefficients of
girder at a =-3°, 0° and 3° for different cases

(namely without train, with single train and with
double train). When a single train stays on the
windward single of the girder, the drag coefficient
of the girder decreases by 17.3%, 10.1% and 8% at
a=-3°, 0° and 3°, respectively, compared to the
girder without a train. The drag coefficient of the
girder decreases by 29.1%, 47.5% and 57.3%,
respectively, at o = —3°, 0° and 3° due to the
existence of double trains compared to the girder
without a train. Aerodynamic interference of the
train reduces the moment coefficient of the girder
at a=-3° and 3°, while it slightly increases the
moment coefficient of the girder at a=0°.

4 Results of vortex-induced vibration test

Figure 8 shows the variation of vibration
amplitude with a reduced wind speed for the triple-
box girder at o =0°. In Figure 8, the horizontal
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Figure 7 Influence of trains on aerodynamic coefficients
of the girder at different wind attack angles: (a) Drag
coefficient; (b) Lift coefficient; (c) Moment coefficient

coordinate is reduced wind speed U/(f,B), where f, is
the torsional vibration frequency of the model, 4,
and A4, denote the vertical and torsional vibration
amplitude of the girder respectively. Noteworthy,
the existence of train will affect the frequency and
equivalent quality of the girder. Therefore, the mass
of train is considered for the sectional model in VIV

0.10

(a) —a— No train
—o— With windward train
0.08 |- —*— With leeward train
0.06 -
=
>
<
0.04 -
0.02 -
0
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03} )
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0.3 0.6 0.9 1.2 1.5 1.8
Ul(f,B)
Figure 8 VIV response of the girder (without
acrodynamic measures, section II): (a) Vertical

amplitude; (b) Torsional amplitude

test of the train-girder system. In other words, the
increase of Scruton number caused by the train has
been taken into account in the test. Besides,
dimensionless wind speed U/(f,B) is adopted in
Figure 8, which can be converted into
corresponding wind speed of full-scale bridge by
employing the changed frequency of bridge girder
caused by the train.

According to Figure 8, there is no obvious
vertical VIV observed on the girder without a train
(i.e., case B1). When a train is on the leeward side
(case B3), the vertical VIV occurs in wind speed
range of 0.57-0.65, and the maximum amplitude of
A/H is close to 0.022. When a train is on the
windward side (case B2), a strong vertical VIV
occurs in the wind speed range 0.54 —0.77 with a
maximum amplitude of 0.079.

For the girder without a train (case BIl),
torsional VIV is observed in two wind speed ranges
(i.e., 0.59-0.75 and 1.36-1.70), and the maximum
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torsional amplitudes for the two VIV regions are
0.351° and 0.174°, respectively. When a single train
is on the windward side of the girder (case B2),
there is only one torsional VIV region, but the
maximum torsional amplitude soars to 1.22°. When
the train is on the leeward side (case B3), the
maximum amplitude of the second torsional VIV
region increases by two times compared with that of
case B1, while there is no obvious change for the
first VIV region.

To sum up, the existence of the train is
unfavorable for the VIV performance of the triple-
box girder, and the adverse effect of the train on the
windward side is more significant than that on the
leeward side.

5 Conclusions

Wind tunnel tests of aerodynamic force
measurement and VIV test were carried out to
investigate the aerodynamic interference effects
between trains and the triple-box girder of bridges
in this paper. Specifically, the interference effects on
aerodynamic forces of the trains and girder, as well
as VIV performance of the girder were involved.
Conclusions are summarized as follows.

1) Aerodynamic interference effect between the
triple-box girder and trains on static aerodynamic
forces is remarkable, and the effect varies with the
wind attack angle. When a single train stops on the
girder, the horizonal position of the train has small
effect on aerodynamic coefficients of the girder.
When two trains meet on the girder, drag coefficient
of the girder is significantly reduced compared with
the conditions of no train or with a single train.
existence of trains has a small impact on lift and
moment coefficient of the girder.

2) Aerodynamic interference of the girder
significantly reduces the drag coefficient of the
train. When two trains meet on the girder,
aerodynamic forces of the leeward train decrease
first and then increases suddenly, and the severe
fluctuation of aerodynamic force could cause
remarkable train vibration, which is unfavorable to
the driving safety and comfort.

3) A train stop on the triple-box girder could
worsen the VIV performance of the girder. When
the train is on the windward side, severe vertical and
torsional VIV will occur on the girder. The adverse

effect of a windward side train is more significant
than that of a leeward side train.

Existence of the train will change the flow field
structure around the bridge, resulting in the change
of surface pressure on the girder which could further
lead to the wvariation of aerodynamic forces.
However, the flow field structure is very complex
due to the aerodynamic interference between the
triple-box girder and auxiliary facilities, and it is
difficult to explain the mechanism of aerodynamic
interference effect based on existing test results.
Visualization technology such as CFD or particle
image velocimetry (PIV) could be a useful method
to explore the specific mechanism of this
phenomenon in the further study.
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