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Abstract

The wind induced vibration is one of the key technical problems for long-span bridge design. Therefore, a study on the
aerodynamic characteristics of a single-pylon cable-stayed bridge girder is carried out in this paper. The aerostatic
coefficient of the bridge girder, including both construction state and service state, is investigated by wind tunnel test
with varying wind attack angle. Then based on the computational fluid dynamics (CFD) method, the flow field around
the bridge girder is visualized numerically. The risk of vortex-induced vibration (VIV) is qualitatively evaluated by
analyzing the flow features and by considering the Scruton number (Sc). Later a dynamic section model is tested in wind
tunnel and the VIV phenomenon is observed subsequently. Results show that the acrodynamic stability is assured by
the positive slope of the lift coefficient. The VIV response is influenced by the structural damping and the bridge
accessory. The amplitude of VIV response can be lower by increasing the structural damping. The maintenance
track rail of the bridge girder also does some good for suppressing the VIV as long as the track rail is located at the
appropriate place.
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1. Introduction

The single-pylon cable-stayed bridge usually includes a steel
box girder, concrete deck on top, and long lateral arms. This
type of bridge is getting increasingly popular in bridge
applications due to its various advantages in mechanical
performance, effective cost, and appearance. However, these
bridges have relatively lower torsion stiffness than other
conventional cable-stayed bridges because the cables
arranged in the middle of their deck hardly provide sufficient
torsion stiffness. Therefore, with bridge spans expanding,
the ability to mitigate the wind-induced vibration response
with a blunt section girder will raise concerns about proper
bridge design [1], [2], [3].

Due to the unique structure of the single-pylon cable-
stayed bridge, its structurally dynamic characteristic differs
from general bridges. Further, section and aerodynamic
performances make results from the section model wind
tunnel test different from long-span bridges with a dissimilar
section type and thus a different static force coefficient
especially vis-a-vis galloping and vortex induced vibration.
Past wind resistance studies of single-pylon cable-stayed
bridges have usually focused on the streamline box girder
[1], [51, [6], [10]. This essay is mainly concerned with VIV
performance and its corresponding vibration reducing
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measures, which have rarely been mentioned in the literature
that focuses on the girder section as the engineering
background.

Because of its time efficiency and affordability, the
CFD technique has been widely used in wind resistance
analysis of bridges, especially for conditions that present
wind tunnel tests cannot achieve. Therefore, research on the
VIV performance of the engineering structures with CFD
has been published widely in the past decades. For instance,
Nomura [15], [16] and Wei [17] simulated a vortex-induced
vibration of cylinders and the H section pillar by using the
ALE finite element method. CAO [18] modelled the
interference effects of the cylinder and fluid using the
moving-mesh method, which successfully predicted the
vortex-induced vibration of the cylinder, Inamuro et al [19]
calculated the vortex-induced vibration of square columns
using a discreet vortex method. Sarwar [20] investigated the
mechanism of reduction in the VIV amplitude of a 3D box
girder section model by using the 3D large eddy simulations
(LES) turbulence model. Hallak [21] analyzed the effects of
tall vehicles on the vortex-induced vibration of the Rio-
Niteroi Bridge by means of 2D computational fluid
dynamics and verified the results using experimental wind
tunnel tests. SUN [22] analyzed the force coefficients and
flutter derivatives of several long-span deck sections by
using both two-dimensional and three-dimensional CFD
numerical simulations which were compared with the
experimental measurement results.
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2. Engineering Background

The single-pylon cable-stayed bridge investigated here is
constructed with a steel-concrete composite girder and
cables in a single plane. The span layout of the fixed-pier-
tower-beam system is 140m+140m, with a 7.5m long
concrete beam on each side of the tower. The major span
box section girder with a 5.0m-wide box, 10.75m-long
lateral arms, 3.0m-arm space, and a 26.5m-wide deck is
shown in Fig. 1. Fig. 2 gives the cross section of the steel
box girder that employed a single dual-chamber box and the
cantilever with a height-variable I shape section. There is no
static force coefficient available for reference because of the
special bridge structure. Domestic and international
standards stipulate that the wind resistance of the bridge
needs to be evaluated using a wind tunnel test that has a
technical section model.
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Fig. 1. General arrangement of the bridge (unit:cm)
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Fig. 2. Cross-section of the girder (unit:cm)

3. Static Force Test

3.1 Girder Section Model Design

The girder model was 1:50 in scale measuring 2.1m in
length, 0.53m in width, and 0.071m in height, and 3.96 of
the length-width ratio. The size of the model met the design
requirements for wind resistance in the codes [4].The model
was manufactured with wood and plastics to satisfy stiffness
and shape. The test was carried out in the second test
segment of the Southwest Jiaotong University single-return
series duplex industry wind tunnel (XNJD-1) whose section

is a rectangle of 2.4 m (width) x 2.0 m (height).

3.2 Static force test result
For the bridge girder, the static wind force can be divided
into three components which can usually be expressed as

1
drag F, = 2 OV*HLC, (1)
lift F, = % OV’BLC, 2)
1
moment M = E,OVZBZLCM 3)

Where, 0 —air density,
V—wind velocity,

H—height of the model girder,
B—width of the model girder,
L—Tlength of the model girder.

Cy,,C,,C, as the drag coefficient, lift coefficient, and
moment coefficient of the girder, which can be measured by
the wind tunnel test .

The static force test of the girder proceeded in the
uniform flow, with the wind attack angle changing from o=-
12° to o=+12°, A 0=1°, and extra o=%0.5°, in both
construction and service states. A photo of the section model
in the construction state as it was placed in the wind tunnel
is illustrated by Fig. 3. And the graph of the variations of the
aerostatic coefficient with wind attack angle is illustrated in

Fig. 4.
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Fig. 4. Variation of acrostatic coefficient with wind attack angle

Fig.4 shows the variation rules of the aerostatic
coefficient when the wind attack angles are similar for both
the construction and the service states. The drag coefficient
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(Cp) in the service state is slightly larger than the former at
a=0°, for an increased occlusion effect of the railings and the
track rails. The slope of the lift coefficient (C'L) of Cr-a

curve is positive. Compared with the larger positive attack
angles, the slope of the lift coefficient becomes negative
with a small absolute value. The sum of the larger drag
coefficient and lift coefficient is above 0, which prevents the
girder from galloping. The value of the drag coefficient in
the construction state equals 1.5, which is larger than the
common streamline steel box girder while 0=0°[6], [13],
[14]. Therefore, the cross displacement induced by wind
may be unacceptable for construction. Sudden change
occurred to the lift and drag coefficients with an attack angle
between -5° and -3°. Research must focus on the buffeting
response for the attack angle a=0°, which During the
buffeting verifications, it may not be the worst condition
when the attack angle o=0°. However, the according
buffeting responses due to this case must draw enough
attentions.

4. Preliminary Analysis of the CFD Flow Filed and
Vortex-induced Vibration

Under the condition of the cross wind, the flow direction
parallels the lateral steel arms at a distance of 3m. This
simplifies the real girder cross section, without arms, making
it suitable for a two dimensional field analysis. The
simulated computational domain is a rectangle with a length
of 12m and a width of 4m. The distance between the girder
model and the inlet is 2m and far away from the outlet it is
10m.

symmetry

inlet -~ wall outlet

symmetry

Fig.5. The computational domain diagram

Fig.6. Degitals of gird around the girder section

Using the commercial fluid software FLUENT as a
computing platform as well as SST k-o turbulence as a
model, the flow filed around the girder cross section was
simulated based on the SIMPLEC algorithm and second-
order upwind scheme. At the same time, the two
dimensional unsteady incompressible flow solver is used to
solve the fluid equations. Streamline charts of the girder in
the service state is illustrated in Fig 7.

99

(b)+3°
Fig.7. Streamline charts of the girder in service state

Attack angle a=0°(Fig.7a)

The wind that flows through railings generates small
scale vortexes above the deck due to the shunt effect on the
front of the deck and the grid occlusion accelerating effect.
There is a negative pressure region behind the railings for
flow separation, which is attached to the deck not far
downstream. At the same time, no obvious large scale eddies
form above the bridge deck.

Large scale eddies form on both sides of the box girder
behind the deck. There are two possible reasons for the
formation of large eddies near the windward side. On the
one hand, the original horizontal moving flow that is directly
blocked by the girder makes the static presser stronger and
causes an adverse pressure gradient downstream. On the
other hand, due to the whole exiting deck, the flow below
the windward side of a certain area is located within the
separated shear layers that are formed in front of the deck.
Due to the shunt effect of the box girder, the flow around its
bottom also increases the static presser and, as a result of the
expansion of the shear boundary layer and friction, the
adverse pressure gradient, backflow, and eddies are formed
on the leeward side of the box girder.

Seen spatially, the eddy scale size on both sides of the
box girder approximates the feature size of the box girder,
which makes the eddy energy concentrate in a relatively low
frequency and which may increase the possibility of the
vortex-induced vibration of the girder. The two eddies rotate
counterclockwise below the deck and some of their moment
effect to the bridge cancels each other out, while the
concentrated force (such as lift) may be larger due to the
superposition effect of two eddies. So that the girder may be
prone to the verticalvortex-induced vibration at a=0°. In the
meantime, since the eddy on the left side is larger than that
on the right side, vortex-induced torsion vibration is hence
generated as the result of the different composite force.

Attack angle a=+3°(Fig.7b)
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Above the bridge deck, the large scale eddies are
generated on the upwind side due to the deck’s shunt effect
and the mainstream will not re-attach until it is far from the
downstream.

Due to the direct effect of positive attack angle wind on
the box girder windward side, large scale eddies can not be
formed under the bridge deck as a result of the blown-off
shear separation layer in front of the deck by the
mainstream. However, if the formation conditions are
unaffected, large scale eddies can still be formed on leeward
side of the box girder.

In terms of the correlation of large scale eddies, the
eddies on the deck and behind the box girder are both
located in the wake region of the girder section at attack
angle a=+3° and their correlation is larger than the eddies
formed at attack angle a=0°. Furthermore, it is possible that
behind the alternate cycle, a similar cylindrical shedding
vortex might come up, which is disadvantageous for vortex-
induced vibration.

When the structural damping ratio is 0.3% and Sc is both
in construction (Sc=9) and in service (Sc=13), below 20,
there is a possibility of vortex-induced vibration[12].

Through the analysis of the flow field around the girder
and with the estimated Sc number, the bridge is more likely
to occur vortex-induced vibration, which needs clarification
by a wind tunnel test.

5. Dynamic Tests and discussions

5.1 Dynamical test model

The dynamic test section model, suspended on the scaffold
by 8 extended springs, forms two-degree freedom vibration
systems of vertical movement and rotation around the model
axis. The natural frequency parameters of the bridge in the
construction and service state are listed in table 1.

Table 1. Natural frequency of the bridge

Real bridge(Hz) Section model(Hz)
Case
vertical fv torsion fz vertical fv torsionft
In
construction 0.2633 0.6711 3.115 7.939
state
In service

0.6192 1.0727 5.81 10.10
state

Fig.8. The dynamic sectional model

5.2 Vortex-induced vibration test
For long-span bridges with light weight and low damping,
when air flows through the girder section, the alternating

100

cyclical shedding eddies will cause vortex-induced
vibration[7]. A composite bridge girder with steel box and
large lateral arms has a blunt section. VIV performance
research has not been conducted for this type of bridge.
Figures 9 and 10 show the curvaturs between
vertical/torsional VIV amplitude and the wind speed of the
target bridge in both the construction state and the service
state under various damping conditions. According to prior
research, the VIV amplitude can be decreased [7], [8], [9]
by changing the damping ratio and by moving the
maintenance track rail on the bridge. In the figures, D=8m,
D=10m signify the distances from the maintenance track rail
location to the center axis of the girder as 8m, 10m,
respectively.
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(¢) Vertical vibration in construction state
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Fig.9. VIV amplitude of real bridge with small damping ratio({=0.003)
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Table 2. VIV experiment results of the girder
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It can be concluded from Table 3 and Fig. 9 that the
vertical and torsional VIV is subtle when the bridge is in the
construction state with a small damping ratio ({= 0.003),
wind attack angle o = 0°, , but obvious when a =+3°. The
CFD simulation analysis coincides with the conclusions
from the former section that when the bridge is in the service
state and o= 0™ the torsional vibration lacks a locked vertical
vibration. Moreover, when a=+3°, the torsional VIV
amplitude and the maximal vertical VIV amplitude increases
sharply. At the same time, the vertical and torsion VIV are
coupled to a certain extent and they are not absolutely
separated. The VIV results from the wind tunnel test are
relatively close to the CFD flow field simulation in the
previous section, which explains the mechanism of the
vortex shedding around the girder to the torsional VIV. The
comparisons verify the feasibility of using CFD to simulate
the flow field and judge the VIV of the bridge structure with
a preliminary blunt section.

Locked wind velocity(m/s)

Peak amplitude

Case attack angle(®) D;rgglgg
vertical torsion vertical(mm) torsion(®)

. 14.5~16.4

-3 6.3~6.9 19.6-25.9 58.4 1.19 0.003

In construction 0° 5.7~6.3 36.0~44.2 50.0 0.47 0.003

state

. 12.3~14.8

+3 5.7~1.6 20.2-28.4 210.8 1.06 0.003
o 19.7~23.1

-3 12.9~15.8 25.3-36.0 218.4 2.1 0.003
. o 25.3~26.5

In service state 0 16.3~19.7 31.5-41.6 116.2 2.0 0.003
o 13.5~19.1 17.5~19.1

+3 225315 31.0-473 514.6 3.9 0.003
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The peak amplitudes of the vertical and torsional VIV in
the service state are larger than in the construction state at
the same attack angle, while the wind velocity of the
beginning vibration in the construction state is relatively
lower than the service state. This phenomenon is possibly
explained by the fact that the general equivalent mass of the
girder in the construction state is smaller than when it is in
service state, and that it is more easy to break the original
static state of inertia for a vortex-excited force. On the other
hand, the railings and maintenance track rails installed on
the bridge change the flow field distribution around the
girder, which also makes the vortex shedding position and
range change. Requirements for the bridge operation and
traffic safety could not be met and effective measures to
suppress vibration is needed, because the resonance wind
speed is partly less than the corresponding design wind
speed while the vertical or torsional VIV amplitude exceed
the wind specification.

Because of the vibration energy dissipation effect in the
process of damping, after increasing the damping ratio to
1%, torsional VIV occurs in the construction state only when
the attack angle a=+3°. Compared with the state of the small
damping ratio (0.3%), the VIV amplitude decreases
significantly while the wind velocity of the begining
vibration increases with no vertical VIV. For the bridge in
the service state, at different attack angles, the torsional VIV
amplitudes increases when the distance between the bridge
maintenance and the midline bridge of 8m are all larger than
the displacement between the maintenance track rail and the
bridge axis as 10m. Vertical VIV occurs at attack angle o= -
3% in both the construction and the service state, and the rules
of vibration amplitude with wind velocity are similar to the
torsional vibration. It is helpful to diminish the VIV
amplitudes by moving the maintenance track rail outward
10m away from the bridge axis. From the analysis of the
charts of VIV amplitude with wind velocity, it can be
obtained that at the state of the same damping ratio, the
torsional VIV happens more feasibly or has a larger relative

amplitude in both the construction and service states, with
torsional vibration only occurring in some situations. The
relatively lower torsional frequency, mainly due to the
unique bridge section and the single tower and single cable-
plane, may tend to cause torsional VIV easily.

6. Conclusions

Through the experimental analysis of the static and dynamic
section model wind tunnel tests under multi-loading
conditions and the CFD numerical simulation of a single
pylon cable-stayed bridge, conclusions are made as follows.
A larger drag coefficient may produce more significant static
wind-induced displacement. It is more likely to generate
torsional VIV when the single cable plane cable-stayed
bridge with single pylon has a section of box girder with big
lateral cantilever arms. CFD numerical simulation shows
that there is a possibility of VIV of the girder. At the same
time, the mechanism of VIV induced by the eddies shedding
is clearly illustrated by the streamlines distribution in the
flow filed and is further verified by the corresponding
segment wind tunnel test. The vertical and torsional VIV
occurs when the damping ratio is small ({=0.003) in both the
construction and the service state. If the damping ratio
increases to £=0.01, VIV can be restrained by moving the
position of the maintenance track rail.
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