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Abstract. This study investigates the effects of a bridge deck’s width-to-depth) (ratio and
turbulence on buffeting response and flutter critical wind speed of long-span bridges by conducting
section model tests. A streamlined box section and a plate girder section, each wihHfoatios, were

tested in smooth and turbulent flows. The results show that for the box girders, the response increases
with the B/H ratio, especially in the vertical direction. For the plate girders, the vertical response also
increases with theB/H ratio. However, the torsional response decreases a®f/tHeratio increases.
Increasing the BH ratio and intensity of turbulence tends to improve the bridge’s aerodynamic stability.
Experimental results obtained from the section model tests agree reasonably with the calculated results
obtained from a numerical analysis.
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1. Introduction

The choice of bridge deck geometry is always a major concern for structural engineers. The
design of long-span bridges is frequently dominated by aerodynamic considerations. The effects of
deck shape on the aerodynamic behavior of long-span bridges are typically investigated in wind
tunnel tests. Information useful for bridge design can be obtained from such studies. Scanlan and
Tomko (1971) found that bluff bridge decks tend to undergo torsional flutter and be less
aerodynamically stable than streamlined decks. Bienkiewicz (1987) studied the effects of geometry
modification on bridge aerodynamics and found that streamlining a bridge deck can improve
aerodynamic performance, with an increase in the flutter critical wind speed and a decrease in the
vortex-induced response. Similar results have been also reported by other researcherst Blagao
(1993) studied two width-to-depttB{H) ratios and concluded that a cross section with the greater
B/H ratio induces smaller vortex-induced oscillation and has higher flutter wind speed. Matsumoto
and his associates (1996, 1998) conducted tests on plate sections with BAtfiaasios and found
that a bridge deck with a small®/H ratio is less aerodynamically stable and tends to exhibit
single-degree-of-freedom flutter. For rectangular sections, thieatB/H ratio that separates the
classic flutter from the single-degree-of-freedom flutter is about 10~12.5. Based on past studies, a
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general conclusion can be drawn that the aerodynamic characteristics of a bridge deck section
strongly depend on its geometry. Even a small geometrical modification may significantly change a

deck’s aerodynamic behavior. In the preliminary design of long-span bridges, as the deck width and
shape are chosen, the optimal deck depth for improved aerodynamic behavior is desired. This neec
motivates this study, in which the effects of varying the depth of the cross-section of a deck (for a

given deck width and shape) on the aerodynamic response are investigated. Two deck shapes - .
streamlined box section and a plate girder section-each wittBfélratios are considered.

In addition to the effect of thB/H ratio, the effects of turbulence on the deck buffeting response
and the flutter wind speed are also examined. The results of previous studies on these effects on th
aerodynamic stability of the bridge deck are inconclusive. Scanlan and Lin (1978) and étuston
(1988) found that the flutter derivatives obtained in turbulent flows were not significantly different
from those obtained under laminar flow conditions. Ward&wal. (1983) found that turbulence
reduces the vortex-induced response. However, it may or may not improve the aerodynamic stability
of bridge decks. A theoretical study by Bucher and Lin (1990) showed that turbulence can have
stabilizing or destabilizing influence on the aerodynamic stability. Scanlan (1997) considered the
effects of coherence on aerodynamic stability. His results indicated that turbulence can increase the
flutter wind speed. In the present study, the effects of turbulence are investigated in grid-generated
homogeneous turbulent flows. The aerodynamic behavior of the two sections in these flows is
discussed. The experimental results observed using the bridge section models are compared to thos
obtained by numerical analysis.

2. Basic theory

2.1. Flutter and buffeting forces

Consider a 2-DOF section model of bridge deck subjected to turbulent oncoming flow. Fluctuating
wind loads that act on the deck can be represented by a combination of a motion- induced self-

excited force and a buffeting force. The equations of motion in the lift (heave) and torsional (pitch)
directions are expressed (Scanlan and Tomko 1971) as

my(y+2&,wy+ wgy) = Li+ Ly (1)
I(a+ 250,0)0,6-74' a%a) = Mf+ Mb (2)

where the subscripfsandb denote respectively self-excited force and turbulence - induced buffeting
force. The linearized form of the self-excited loading can be written as

Ba(t)

Li(®) = 3pU°B) (O HiK) L+ k) 2 + KH3(K)a(n) @)

Ba(t)

M (t) = —pu %(2B )(K)[A (K)m A (K) = 4 KA;(K)a(t)] (4)

where K=Bw/U is reduced frequencyp is circular frequencyB is deck width,p is air mass
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density, U is average wind speeqd, a represent, lift and torsional displacements, respectively.

H (K), Aj (K) (j=1,3) are the flutter derivatives. Based on the quasi-steady theory, the buffeting
forces on a bridge deck section in the vertical and torsional directions can be simplified as
follows:

1 Ax_z A w(x )0
(D) = 3pUBC(a0) e %+BCD(ao)] T ©)
1 20 Ar2u(x 9 dCy w(X, t)D
Mu(t) = 5pUB] Cuao) + Coter) o5 [P0+ e ©

whereu, w are velocity fluctuations in the drag and lift directio@s, C_, Cy are the drag, lift and
torstional wind force coefficientsy, is the mean wind angle of attack,is the deck’s projected
area on the vertical axis, andis the distance of deck mass center from the effective axis of
rotation.

2.2. Buffeting response of full bridge deck
Structural and aerodynamic coupling effects are neglected hereafter to simplify the interpretation

of the results of section model tests. The resulting equation of the vertical motionitf thede
can be stated as follows (Scanlan 1987):

ML (1) + 2821y X (1) + (2m,) X (O] = [ 9109 Lotlx )

where Myi , Xji, Xyi, Xyi, N, @(x) are respectively the generalized mass, displacement, velocity,
acceleration, natural frequency, and the mode shape athth@odal contributionL is the deck
span,éy; is the effective damping ratio and defined as follows:

L
. PBC[, (@/(x))"dx N
Eyi = Eyi_ ZM;,i Hl(K)n_yi (8)

wheren is the frequency. Based on the random theory, the variance of the vertical displacement at
sectionx, contributed by mode can be expressed by

y i
o5, = BN ) g s "o
167 n |(My|) E][l_DlDZJ2+4E|D£ﬁE]]
o Hn0 "tn, 0 g

where SEqu is the cross force spectrum between npdasdq. Assume the excitation has broad
band nature, Eq. (9) can be simplified as
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_(@)® m(2my) LL
% = 16n“n;‘ifm;i)2 4zyiy S, (M) AL f [ #060) @) g (10)

where {; is the damping ratio and can be obtained from Eq. (8) by replacwith ny;, A_ is the
non-dimensional span-wise correlation length of force spectrum. Introducing the following dimensionless
parameters,

* *k % L *
n'=n,B/U, M~ = Myi/%oazfo(@(x))zd% S = nyiS_pr(nyi)/%pUZBg
then Eg. (10) can be rewritten as

B? Lt 0 TFSAL
02 = (@(x,))’ @(Xo) BY(X) dx, 0, —
y ,, 3 woored] A meace “128(7) 4"’

Assume the force can be reasonably simulated and a section model constructed based on thi
similarity requirements, the relationship between the vertical response of the model and that of the
prototype is given by

(11)

(o[ weed | B e aossex @)

(D) _
(O-)%i)pr

T (22)
(W(x)),%{ﬁg(mx))zdxg ]mﬁo [ #%) W(xq)dxpdxq%m(BZ)pr

where the subscripts and pr represent the section model and the prototype, respectivslyhe
length of the section model. Similarly, the relationship between the torsional response of the model
and that of the prototype is given by

(), (cna(x))r%[B*:(W(x))zdxg}ﬁ;j;@a(xp)qa(xq)dxpdxqan

Ok e 5 @ wrod | 51 woo ecainax]
m pr

(13)

3. Experimental apparatus

The section model test was conducted in the Tamkang University Wind Tunnel. The wind tunnel
has a working section of 1.5 m(W}.8 m(H)x7.4 m(L). The length of bridge deck model is 1.5 m.
Two controlling parameters were selected in the wind tunnel test - the width-to-deptiBrat)o (
and the oncoming turbulence. Two types of decks, one of the box girder type (model 1 series) and
the other of the plate girder type (model 2 series), were selected to investigate the efgets of
ratios on bridge aerodynamics. For each type of deck, four section model&/Mittatios from 5
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Fig. 2 Geometry of section models (plate girders)

to 20, were built and tested. The geometry of these decks is shown in Figs. 1-2. The mass and
frequency of each section were nearly the same to compare fairly the aerodynamic behavior of the
sections. The sectional properties of the prototype and these section models are listed in Table 1. Ir
the first part of this study, all eight models were tested under smooth flow and under a turbulent
flow with a longitudinal turbulence intensity of 10%.

The second part of this study investigates the influence of turbulence on the aerodynamic behavior
of the bridge. Two sets of grids were used to generate five homogeneous turbulent flow fields for
model testing. The turbulence intensity varies from 1% in the smooth flow up to 16% in the flow

Table 1 Sectional properties of the prototype and section models
Model

Properties Prototype Model 1 Model 2
Width (m) 35 (20 for model 2) 0.35 0.2
Mass (kg/m) 25400 2.54 2.54
Polar mass moment of inertia (kg¥m) 3,600,000 0.036 0.036
Vertical frequency (Hz) 0.167 5.13 5.14
Torsional frequency (Hz) 0.368 12.15 12.21

Torsional-to-vertical frequency ratio 2.2 2.37 2.37
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Table 2 Properties of turbulent flows

Flow field S a b c d e
Turbulence intensity (%) 1 5 8 10 12 16

field e The integral length scales vary from 20 to 50 cm. Table 2 lists the flow conditions. In this part of
the study, only model 1-B(H=11) and model 2-3B{H=6.7) were used for wind tunnel testing.

In each test case, the vertical and torsional responses at different wind speeds were measured,; tt
measured results were then substituted into Eq. (12) or (13) to predict the responses of the prototype
bridge. The interpreted results, obtained from the section model tests, are compared to the analytica
results, based on the wind force coefficients and flutter derivatives.

4. Experimental results

To fairly compare the results, the measured vertical and torsional responses are plotted against thq
reduced frequency/nB in which the frequencw is the natural frequency of the torsional mode.

4.1. Effects of B/H ratios

4.1.1. Box girder series

Figs. 3 and 4 plot the torsional and vertical responses of model 1 versus the reduced velocity,
respectively, under smooth flow conditions. Fig. 3 shows that the vortex-induced torsional responses

are significant for each model, and that the model with the smBlldr ratio has the larger
response. For these box sections, the flutter wind speed increases vBilHthatio. These results
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Fig. 3 Torsional RMS response of box girders under smooth flow
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Fig. 4 Vertical RMS response of box girders under smooth flow

are expected because the shallower sections are better streamlined and aerodynamically stable. Fig.
shows that the vortex-induced vertical response is less significant than the torsional response. At
high wind speeds, the vertical responses of models 1-1 and 1-2 rapidly increase, but those of
models 1-3 and 1-4 do not. This result indicates that the sections with BEdifgeratios exhibit
stronger coupling effects than those with smali8t ratios.
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Fig. 5 Torsional RMS response of box girders under turbulent flow
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Fig. 6 Vertical RMS response of box girders under turbulent flow

Table 3 Aerodynamic behaviors of model series 1(box girders)

Model 1-1 1-2 1-3 1-4
B/H ratio 20 14.6 11 7
Vertical response (mmJ)/nB=3.5) 8.8 8.6 7.4 7.1
Torsional response (degré¢/nB=3.5) 0.38 0.38 0.37 0.36
Flutter wind speed (m/s, smooth flow) 20.3 19.9 19.7 18.4

Figs. 5 and 6 plot the torsional and vertical responses of model 1 versus the reduced velocity,
respectively, in turbulent flow with an intensity of 10%. Fig. 5 reveals no significant vortex-induced
torsional response, indicating that turbulence reduces vortex-induced vibration. The torsional
buffeting response slightly increases with #8#H ratio, although not significantly. A comparison
between Figs. 3 and 5 indicates that turbulence can delay the onset of aerodynamic instability. Fig. 6
shows that the vertical buffeting response, similar to the torsional response, increa8esl watto.

Table 3 presents the effects of BBAH ratios of the box sections on the aerodynamic behaviors.
The buffeting response increases with BIél ratio, especially in the vertical direction. The trend
of the vortex-induced response is reversed; that is, a section with a dBi&lleatio has a larger
response. With regard to aerodynamic stability, the flutter wind speed increases viit tihatio
and the turbulence is beneficial to stability.

4.1.2. Plate girder series
Figs. 7 and 8 plot the torsional and vertical responses of model 2 versus the reduced velocity,

respectively, under smooth flow conditions. Fig. 7 reveals no significant vortex-induced torsional responses
of any model. The flutter wind speed increases withBiti¢ ratio of the plate girder sections, as with
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Fig. 7 Torsional RMS response of plate girders under smooth flow
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Fig. 8 Vertical RMS response of plate girders under smooth flow

that of the box sections. The results in Fig. 8 indicate that the vortex-induced vertical responses are more
significant than the torsional responses; the section with the sBéfiamtio exhibits a larger response.

This result implies that plate girder sections are apt to exhibit vertical vortex-induced vibration, unlike box
sections, in which torsional vortex-induced vibrations are more significant. The vertical responses of plate
girder sections with largeB/H ratios rapidly increase because of the more significant cougffiects.
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Fig. 10 Vertical RMS response of plate girders under turbulent flow

Figs. 9 and 10 plot the torsional and vertical responses of model 2 versus the reduced velocity,
respectively, under turbulent flow with an intensity of 10%. Fig. 9 indicates that the torsional
buffeting response decreases as BliE ratio increases. This trend is the reverse of that exhibited
by the model 1 series. Fig. 10 shows that the vortex-induced vertical responses diminish, indicating
that turbulence reduces vortex-induced vibration. This figure also shows that the vertical buffeting
response, unlike the torsional response, increases wits/ Hheatio.
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Table 4 Aerodynamic behaviors of model series 2(plate girders)

Model 2-1 2-2 2-3 2-4
B/H ratio 13.3 10 6.7 4
Vertical response (mn)/nB=3.5) 2.72 2.51 1.94 1.34
Torsional response (degrdg/nB=3.5) 0.08 0.08 0.12 0.29
Flutter wind speed (m/s, smooth flow) 14.1 13.2 12.1 9.8

Table 4 presents the effects of 8#&H ratio of a plate girder section on its aerodynamic behavior.
The trend is the vertical buffeting response increases wittBtheratio; however, the torsional
response decreases as Biél ratio increases. The section with the small&dd ratio has the larger
vortex-induced vertical response. The flutter wind speed increases wigiiHheatio and turbulence
promotes aerodynamic stability.

4.2. Effects of turbulence
The effects of turbulence on the vertical and torsional buffeting responses of the closed box girder

are similar to those of the plate girder. These effects are shown in Figs. 11-14. Higher free stream
turbulence tends to enhance responses in the vertical and torsional directions. Since the increase i

35—
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1 T Fowb@w)
—A— Flowe (10%)
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Torsional RMS response (degree)

Fig. 11 Torsional RMS response of model 1-3 under different turbulent flows
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Fig. 13 Torsional RMS response of model 2-3 under different turbulent flows

the torsional response under the turbulent flow is not as sharp as that under smooth flow when
flutter occurs, the determination of the flutter onset velocity under the turbulent flow may not be as
precise as that in smooth flow. However, the flutter onset velocity is taken here as the velocity at
which the torsional response starts to increase rapidly. Table 5 lists the results. The results show tha
turbulence can enhance the aerodynamic stability of both types of sections, and that the flutter onse
wind speed increases slightly, but not obviously, with the intensity of turbulence.
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Fig. 14 Vertical RMS response of model 2-3 under different turbulent flows

Table 5 Flutter wind speeds under turbulent flows

Flow field Smooth flow a b c d e
Model 1-3 (m/s) 19.7 20.2 20.5 20.9 21.0 21.2
Model 2-3 (m/s) 12.1 14.1 14.5 14.4 14.4 15.4

4.3. Buffeting response and flutter wind speed of the prototype bridge

A cable-stayed bridge with a major span of 720 m and two side spans, each of 220 m, is used for
this study. The box girder with tH&/H ratio of 11 (model 1-3) is used as the deck section. Fig. 15
shows the geometry of the bridge. Table 1 presents the calculated natural frequencies of the first lift and
torsional modes of this bridge. The lift and torsional coefficightsand Cy, used for buffeting

o€t

d ™ A
L 220 M L 720 M L 220 M =I

* > e

Fig. 15 Geometry of the prototype bridge
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calculations, are shown in Fig. 16. Some of the flutter derivatives are shown in Fig. 17. The vertical and
torsional buffeting responses of the prototype bridge, based on Egs. (12)-(13) and the measured respons
of model 1-3, are shown in Figs. 18-19. A multi-mode approach €0ah1996), based on static force

coefficients and flutter derivatives, was employed to calculate the buffeting response. In this numerical
analysis, the structural and aerodynamic coupling are considered and the aerodynamic admittance is se
to be unity. These numerical results are also shown in Figs. 18-19. A comparison of the results indicates
that the discrepancies between them are within a reasonable range. Table 6 presents the flutter ons
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Table 6 Flutter wind speeds of the prototype bridge under turbulent flows

Flow field Smooth flow a b c d e
Interpreted from test results (m/s) 59.2 60.7 61.4 62.7 63.03 63.7
Calculated results (m/s) 59.8 61.5 62.7 - 65.4 67.3

speeds of the prototype bridge, obtained from the tests and by numerical analysis. A comparison of the
results shows that the flutter onset wind speeds obtained by the two methods are in good agreemen
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5. Conclusions

Based on wind tunnel tests on several section models under various flow conditions, the following

conclusions can be drawn:

(1) The buffeting response of the box girders increases withBthk ratio, especially in the
vertical direction. The vertical buffeting response of the plate girders also increases with the
B/H ratio; however, the torsional buffeting response decreases BsHhmtio increases.

(2) The vortex-induced response of both types of deck sections decreases Bi# thetio
increases. The turbulence reduces the vortex-induced response.

(3) For both types of deck sections, the flutter wind speed increases wiBykheatio. This
phenomenon is more significant for the plate girder deck than the closed box girder deck. The
flutter wind speed of both types of sections can be increased by turbulence.

(4) Comparisons of the aerodynamic behaviors between both types of sections indicate that the
closed box girder deck has a significantly higher flutter wind speed than the plate girder deck.
Therefore, the closed box girder is more aerodynamically stable.

(5) The buffeting responses of the prototype bridge, interpreted from section model tests and
obtained by numerical analysis, are within a reasonable range. The flutter wind speeds of the
bridge obtained by the two methods agree well.
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