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WIND ENGINEERING



Consideration on Flutter Characteristics of Super Long-Span Bridges

by

Hiroshi SATO", Katsuya OGIHARA® and Ken-ichi OGI”

ABSTRACT

Aerodynamic stability is one of the most important
themes in the design of a super long-span bridge.
To improve the aerodynamic stability of a super
long-span bridge, a series of wind tunnel studies
and analytical studies were conducted, and it was
found that slot at the center of girder was effective
to improve the aerodynamic stability. The
relationship between flutter characteristics and
unsteady aerodynamic forces was discussed, and it
was found that flutter characteristics were closely
correlated with unsteady aerodynamic force
coefficients Mz L gr/Mgyand Mgg.

KEYWORD: flutter, super long-span bridge,
slotted box girder, unsteady aerodynamic force

1. INTRODUCTION

The Akashi Kaikyo Bridge has the world-longest
span length of 1990m. In Japan and in the world,
there are several plans or ideas to construct bridges
longer than the Akashi Kaikyo Bridge. In the
design of such super long-span bridges,
aerodynamic stability is one of the most important
themes. The approaches to improve aerodynamic
stability can be classified into structural one and
aerodynamic one. This paper deals with the latter
approach.

It was proposed by the authors that slotted box
girders were effective to increase flutter speeds of
super long-span bridges [1]. In this paper
discussed is the relationship between flutter
characteristics and unsteady aerodynamic forces
of slotted box girders.

2. FLUTTER CHARACTERISTICS OF
SLOTTED BOX GIRDERS [1]

The effect of location and size of slot on
aerodynamic characteristics was examined through
section model wind tunnel tests. Considering a
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super long-span bridge which has center span
length of 3,000m with two side spans of 1,500m,
the structural conditions were assumed. Reduced
mass 4 (=m/( o B®), m: mass per unit length, p:
air density, B: girder width), reduced polar
moment of inertia v =l/(p B4), I. polar moment
of inertia per unit length), and natural frequency
ratio € (=fy/fz, f,: torsional natural frequency,
fz: vertical bending natural frequency) were 16,
2.1, and 2.1, respectively. The cross section of the
model is shown in Fig.1. From the test results, it
was found that the slot at the center increased the
flutter onset wind speed. It was also found that the
flutter onset wind speed was increased with the
width of slot at the center of the girder (Fig.2).

In order to understand the effect of slot at the
center of girder, preliminary analysis was
conducted for slotted plate. For the analysis,
aerodynamic forces acting on each plate was
calculated using the Theodorsen's function. The
aerodynamic interference between the 2 boxes was
neglected. Using these aerodynamic forces, two
degree-of-freedom flutter analysis was conducted
by U-g method [2]. The result of the flutter
analysis (Fig.2) indicated that the flutter onset
wind speed increased with size of slot. The
differences, between the analysis and the
experiment seemed to be caused by aerodynamic
interference between the 2 boxes.

Although wide slot at the center of the girder
improves flutter characteristics, narrower slot
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would be preferable from the viewpoint of
construction cost of towers and foundations. To
improve aerodynamic characteristics, the effect of
some devices was studied by section model tests.
The tested devices are illustrated in Fig.3. The
results showed that the center barrier and guide
vanes improved flutter characteristics very well
(Fig.4). However, the flutter speed was not so high
when angle of attack was -3 deg. It was found that
the guard rails at the bottom deck increased the
flutter speed considerably at this angle of attack

(Fig.5).

3. UNSTEADY AERODYNAMIC FORCES
OF SLOTTED BOX GIRDERS

From the above studies, it was found that slotted
plates and slotted box girders have better flutter
characteristics than single plates and single box
girders. It was also found that the devices such as
center barrier and guide vanes are effective to
improve flutter characteristics of slotted box
girders.

In order to wunderstand causes of flutter
characteristics of slotted plates and box girders
more precisely, unsteady aerodynamic forces were
measured for three models: model A (single box
girder, b=0 in Fig.1), model B (slotted box girder,
b=0.22B in Fig.1) and model C (slotted box girder

with devices, Fig.3). The measurement was made-

by forced oscillation method [3] with angle of
attack 0 degree. Coefficients of the unsteady
aerodynamic forces were defined as follows:

L= o {BZ[LZR w ZZ+LZ] w Z’]
+B’[L grew 2 0+L 5, w 6°]} (1.1)

M=rx p {B3[MZR w 22+Mz1 w 77]
+B' M orw?0+M w0’} (1.2)

where, L: lift (upward positive), M: aerodynamic
moment (head wup positive), z: vertical
displacement (upward positive), 6 : torsional
displacement (head up positive), w : circular
frequency, ( )’: d( )/dt, Ly, or My coefficients of
unsteady aerodynamic forces (z: caused by vertical
vibration, ¢: caused by torsional vibration, g: in
phase with displacement, ;: in phase with velocity).
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Among measured unsteady aerodynamic force
coefficients, the most effective coefficients for
flutter, which will be explained next, are shown in
Fig. 6. For comparison, theoretical coefficients for
single plate and slotted plate, which were
calculated from the Theodorsen's function, are
shown in the same figures. The slot ratio of the
slotted plate was the same as the Model B and C.

In general, it is difficult to predict coupled flutter
characteristics directly from these coefficients. For
2-degrees of freedom system, Nakamura [4]
showed approximate relationship  between
unsteady aerodynamic coefficients Mz, M 41, L 4
g and M 4 r and some flutter properties as follows:

Sa=-nMuX/v-n’Mgi/v Q.1
X=27y/ 60 0/B

= L op/(-1+H(f2/fe Y o) 1t 2.2)
o=,/ 2

Sl+aMgr/v 2.3)

where, & a: aecrodynamic damping in logarithmic
decrement.

These equations were derived by assuming that
absolute value of aerodynamic damping and phase
angle are small, and that absolute value of the
amplitude ratio X is small. As is shown here, M 4 r
affects the frequency ratio o.L 4 and o affect
the amplitude ratio X. Mz , M 4 and X affect the
aerodynamic damping.

Assuming €, 4 and v as 2.0, 15 and 2.0,
respectively, frequency ratio, amplitude ratio and
aerodynamic damping were calculated for three
Models, single plate and slotted plate. The results
are shown in Fig. 7. The critical reduced frequency
of slotted plate and slotted box girder, where
aerodynamic damping turns negative, is smaller
than that of single plate and single box girder. It
means that slotted plate and slotted box girder
have better flutter characteristics than single plate
and single box girder. It is also found that flutter
speed of single plate is higher than single box
girder (Model A), and that flutter speed of slotted
plate is higher than slotted box girder (Model B).



Comparing  unsteady  aerodynamic force
coefficients of single plate and single box girder
(Model A), it is found that they are aimost
identical except for Mgy Since Mg, produces
positive aerodynamic damping as can be seen in
eq.(2.1) and Fig. 6, it is found that the difference
of My, explains the different flutter speeds of
single plate and single box girder (Model A). Ina
similar way, it is found that the difference of Mz,
explains the different flutter speeds of slotted plate
and slotted box girder (Model B), because Mz
produces  negative  aerodynamic damping.
Therefore, Nakamura's equations are effective to
explain flutter characteristics. However, flutter
characteristics such that slotted plate and slotted
box girder have better flutter characteristics than
single plate and single box girder, can not be
explained directly from these equations.

4. INEQUALITY FOR FLUTTER ONSET
If onset of flutter is defined as & a=0, simpler

inequality for onset of flutter can be derived from
(2.1)-(2.3) as follows:

aMZI LeR/MeI+BMeR—>——1 (31)
aS(eMerD)(n/un) (3.2)
B=(1/(e 1)) x/v) (3.3)

The left hand side of inequality (3.1) was
calculated for the Models A, B and C using
measured unsteady aerodynamic forces, as well as
for single plate and slotted plate using the
Theodorsen's function. € , u and v were
assumed as 2.0, 15 and 2.0, respectively. The
results are shown in Fig.8. The slotted box girders
and slotted plate show higher flutter speed than the
single box girder or single plate. Since the first
term of the left hand side of inequality (3.1) is
much larger than the second term, it can be said
that this higher flutter speed was caused mainly by
the property of Mz; L gr/Mo1.

In Fig.8, reduced flutter speed U/(fB) of slotted
box girder with devices is almost identical with
that of slotted box girder. In Fig.9, the results are
plotted with f,B/U. Flutter speed of slotted box
girder with devices is higher than that without
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devices. It means that the effect of devices came
from small value of Mg, which affected apparent
frequency in wind.

5. CONCLUSION

Slotted box girders have good flutter
characteristics, and they can be improved by some
devices like center barrier and guide vane. In this
paper, the relationship  between flutter
characteristics and unsteady aerodynamic forces
of the slotted box girders was discussed. The main
findings are as follows:

(1) Flutter characteristics of single plate, slotted
plate, single box girder and slotted box girder can
be explained by their unsteady aerodynamic forces
through Nakamura's equations and the following
inequality for flutter onset:

aMz LorMgrt BMor=1

(2) The higher flutter speed of slotted box girders
and slotted plate than the single box girder or
single plate was caused mainly by property of Mz
LerMo.

(3) The effect of the devices like center barrier and
guide vane came from small value of Mg, which
affected apparent frequency in wind.
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