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Abstract: Aerodynamic forces on bridges are commonly separated into static, self-excited, and buffeting force components. By
into the relationships among force descriptors for static, self-excited, and buffeting components, novel perspectives are dev
unveil the subtle underlying complexities in modeling aerodynamic forces. Formulations for airfoil sections and those based o
steady theory are both considered. The time domain modeling of unsteady aerodynamic forces including their frequency-d
characteristics and spanwise correlation is presented, which are often neglected in current time domain analyses due to modeling
A nonlinear aerodynamic force model is proposed to take into account the nonlinear dependence of the aerodynamic forc
effective angle of incidence. The nonlinear aerodynamics may become increasingly critical when the aerodynamic characte
innovative bridge deck designs, with attractive aerodynamic performance, exhibit significant sensitivity with respect to the effecti
of incidence and with the increases in the bridge span. Clearly, in these cases one may be pushing the envelope of the cur
aerodynamics which has successfully served thus far. The synergistic review of the writers’ recent work in bridge aerodynamics
here, in light of the current state-of-the-art in this field, may serve as a building block for developing new analysis tools and fram
for the accurate prediction of the response of long span bridges under strong wind excitation.

DOI: 10.1061/~ASCE!0733-9399~2002!128:11~1193!

CE Database keywords: Flutter; Buffeting; Wind loads; Turbulence; Aerodynamics; Bridge decks.
in a
be

ies
s o
ost
of

ge
ons
can

ex
elf

-
d
cks

l re-
rce
ona
tion
lly

e
inst
the

ider-
by

uchi

c-
in-
ind
uff
uasi-
fect
y-
ner-
a-
nd
rat-
sen-

dant

as
to
non-
e in-
dge
ve
Ex-
rac-

ive
nci-

and

cal

pril
s. T
with

itted
on

9/
Introduction

The increase in span length of long span bridges results
remarkable decrease in their natural frequencies and the ratio
tween the fundamental torsional and vertical mode frequenc
This renders long span bridges very susceptible to the action
strong wind. The wind load effects generally become the m
critical external loads that need consideration in the design
long span bridges. While the wind loads acting on bluff brid
sections under turbulent winds are generally nonlinear functi
of structural motions and incoming wind fluctuations, these
be represented for most cases by linear approximation and
pressed in terms of time-averaged static and time-varying s
excited and buffeting force components~Davenport 1962; Scan
lan 1978a,b!. A very insightful review of the developments an
problematic issues in the modeling of wind force on bridge de
has been presented in Scanlan~1993!.

For most bridges, the aerodynamic coupling among moda
sponse components resulting from the coupled self-excited fo
can be neglected, and the flutter is dominated by a single torsi
mode. Therefore, the mode-by-mode approach for the predic
of flutter and buffeting responses is valid and computationa
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efficient ~Scanlan 1978a,b!. However, this is not necessarily tru
for very long span bridges, for which the performance aga
winds has to be studied at higher-reduced velocities. In fact,
analysis of both flutter and buffeting responses requires cons
ation of the aerodynamic coupling among-modal responses
using the multimode coupled analysis approaches~Agar 1989;
Jain et al. 1996; Diana et al. 1998; Jones et al. 1998; Kats
et al. 1999; Chen et al. 2000a,b; Chen and Kareem 2001a!.

Both buffeting and self-excited forces are, in general, fun
tions of the geometric configurations of bridge sections, the
coming wind fluctuations, and the reduced frequency. In the w
velocity range of interest for bridge design, the flow around bl
bridge sections is quite unsteady and not amenable to the q
steady theory, which neglects the unsteady fluid memory ef
and is only valid at very high-wind velocities. The frequenc
dependent aerodynamic characteristics of wind forces are ge
ally described in terms of experimentally quantified flutter deriv
tives for the self-excited forces and in terms of admittance a
spanwise coherence functions for the buffeting forces. Incorpo
ing these unsteady characteristics of aerodynamic forces is es
tial for an accurate evaluation of these forces and the atten
bridge response.

Although the current linear aerodynamic force model h
proven its utility for many applications, it may not be able
accommodate completely the issues related to aerodynamic
linearities and turbulence effects. These features may becom
creasingly critical when the aerodynamic characteristics of bri
decks exhibit significant sensitivity with respect to the effecti
angle of incidence and with the increase in the bridge span.
perimental studies have also shown that the aerodynamic cha
teristics of many innovative bridge deck designs with attract
aerodynamic performance are very sensitive to the angle of i
dence~e.g., Zasso and Curami 1993; Matsumoto et al. 1998!. For

o
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these bridge sections, even for low levels of turbulence, struct
motion and incoming wind fluctuations may vary the effecti
angle of incidence to such a degree that modeling of aerodyna
forces may not be realistic without taking into account the effe
of aerodynamic nonlinearities. In such cases, the accuracy of
ventional linear approaches in which the aerodynamic forces
linearized around the mean displaced position warrant further
amination~Chen and Kareem 2000b!.

In this paper, recent advances in the modeling of aerodyna
forces on bluff bridge decks in both frequency and time doma
are reviewed. The relationships among the force descriptors
static, self-excited, and buffeting force components are discu
in detail including comparison with those for airfoil sections a
those obtained based on the quasi-steady theory. By highligh
the relationships between force descriptors for static, self-exc
and buffeting components, and those obtained for airfoil sect
and via quasi-steady theory, the subtle underlying complexitie
modeling aerodynamic forces are ultimately revealed. Emph
is also placed on recently introduced time domain modeling
the writers that captures the frequency-dependent aerodyn
force characteristics. The time domain modeling of spanwise
relation of the aerodynamic forces is also advanced for the ove
bridge response analysis, and a nonlinear aerodynamic f
model is proposed to take into account the dependence of a
dynamic force parameters on the effective angle of incidence

Forces on Bluff Bridge Sections

Time Domain

Aerodynamic forces on bridge sections are commonly expres
as a sum of the mean static, self-excited, and buffeting fo
components. The mean static components, i.e., lift~downward!,
drag ~downwind!, and pitching moment~nose-up! components
per unit length are expressed as~Fig. 1!

Ls52
1

2
rU2BCL~as!; Ds5

1

2
rU2BCD~as!;

Ms5
1

2
rU2B2CM~as! (1)

where r5air density; U5mean wind velocity;B52b is the
bridge deck width;CL , CD , andCM5mean lift, drag, and pitch-
ing moment coefficients, respectively; andas is the mean static
angle of attack of the bridge section.

The time-varying self-excited forces resulting from the stru
tural motions can be expressed as a sum of components as
ated with each structural motion component in the vertical,

Fig. 1. Aerodynamic forces on cross section
1194 / JOURNAL OF ENGINEERING MECHANICS / NOVEMBER 2002
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eral, and torsional directions. These are functions of oscillat
frequency due to the unsteady aerodynamic memory effect,
can be represented in terms of convolution integrals of the
pulse response functions as~Lin and Yang 1983; Bucher and Lin
1988; Dowell et al. 1989; Scanlan 1984, 1993; Chen et al. 200!

Lse~ t !5
1

2
rU2E

2`

t

@ I Lh~ t2t!h~t!1I Lp~ t2t!p~t!

1I La~ t2t!a~t!#dt (2)

Dse~ t !5
1

2
rU2E

2`

t

@ I Dh~ t2t!h~t!1I Dp~ t2t!p~t!

1I Da~ t2t!a~t!#dt (3)

M se~ t !5
1

2
rU2E

2`

t

@ I Mh~ t2t!h~t!1I Mp~ t2t!p~t!

1I Ma~ t2t!a~t!#dt (4)

whereh, p, and a5vertical, lateral, and torsional displacemen
respectively andI r (r 5Lh, Lp, La, Dh, Dp, Da, Mh, Mp,
andMa)5aerodynamic impulse response functions represen
the influence of motion at a certain time instant on the genera
of self-excited forces for a certain time period.

The self-excited forces can be alternatively expressed in te
of indicial response functionsF r as

Lse~ t !52
1

2
rU2~2b!E

2`

t S ~CL81CD!FLh~ t2t!
ḧ~t!

U

22CLFLp~ t2t!
p̈~t!

U
1~CL81CD!FLa~ t2t!ȧ~t! D dt

(5)

Dse~ t !5
1

2
rU2~2b!E

2`

t S ~CD8 2CL!FDh~ t2t!
ḧ~t!

U

22CDFDp~ t2t!
p̈~t!

U
1~CD8 2CL!

3FDa~ t2t!ȧ~t! D dt (6)

M se~ t !5
1

2
rU2~2b!2E

2`

t S CM8 FMh~ t2t!
ḧ~t!

U

22CMFMp~ t2t!
p̈~t!

U
1CM8 FMa~ t2t!ȧ~t! D dt

(7)

where CL85dCL /da, CD8 5dCD /da, CM8 5dCM /da; and the
overdot denotes the derivative with respect to timet.

It is conventional to express the aerodynamic impulse and
dicial response functions as functions of nondimensional times
5Ut/b. For example, the lift component is expressed as

Lseh~s!5
1

2
rU2E

2`

s

@ I Lh~s2s!h~s!1I Lp~s2s!p~s!

1I La~s2s!a~s!#ds
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1

2
rU2~2b!E

2`

s S ~CL81CD!FLh~s2s!
h9~s!

b

22CLFLp~s2s!
p9~s!

b
1~CL81CD!

3FLa~ t2t!a8~t! Dds (8)

where each prime denotes the derivative with respect to no
mension times.

It can be seen that

I r~s!5
b

U
I r~ t !; F r~s!5F r~ t ! (9)

Neglecting initial conditions of motion, the relationship amo
impulse and indicial response functions can be expressed as
lows, for example:

I Lh~s!522~CL81CD!@FLh~0!d8~s!

1FLh8 ~0!d~s!1FLh9 ~s!#
(10)

I La~s!522b~CL81CD!@FLa~0!d~s!1FLa8 ~s!#

whered5Dirac delta function.
Similarly, buffeting forces per unit length can be expressed

a sum of force components induced by wind fluctuations in h
zontal and vertical directions~u andw! utilizing impulse response
functions I Lu , I Lw , I Du , I Dw , I Mu , and I Mw as ~Scanlan 1993;
Chen et al. 2000b!

Lb~ t !52
1

2
rU2E

2`

t S I Lu~ t2t!
u~t!

U
1I Lw~ t2t!

w~t!

U Ddt

(11)

Db~ t !5
1

2
rU2E

2`

t S I Du~ t2t!
u~t!

U
1I Dw~ t2t!

w~t!

U Ddt

(12)

Mb~ t !5
1

2
rU2E

2`

t S I Mu~ t2t!
u~t!

U
1I Mw~ t2t!

w~t!

U Ddt

(13)

Alternatively, these can be expressed in terms of indicial
sponse functionsFLu , FLw , FDu , FDw , FMu , andFMw as

Lb~ t !52
1

2
rU2~2b!E

2`

t S 2CLFLu~ t2t!
u̇~t!

U

1~CL81CD!FLw~ t2t!
ẇ~t!

U Ddt (14)

Db~ t !5
1

2
rU2~2b!E

2`

t S 2CDFDw~ t2t!
u̇~t!

U

1~CD8 2CL!FDw~ t2t!
ẇ~t!

U Ddt (15)

Mb~ t !5
1

2
rU2~2b!2E

2`

t S 2CMFMu~ t2t!
u̇~t!

U

1CM8 FMw~ t2t!
ẇ~t!

U Ddt (16)
J

-
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The following relationships among the impulse and indic
response functions can be deduced, for example:

I Lu~s!54bCL@FLu~0!d~s!1FLu8 ~s!#
(17)

I Lw~s!52b~CL81CD!@FLw~0!d~s!1FLw8 ~s!#

Frequency Domain

For complex sinusoidal motions with frequencyv

h~ t !5h̄0eivt; p~ t !5 p̄0eivt; a~ t !5ā0eivt (18)

the self-excited forces can be expressed in terms of the flu
derivativesHi* , Pi* andAi* ( i 51;6) as~Sarkar et al. 1994!

Lse~ t !5
1

2
rU2~2b!S kH1*

ḣ

U
1kH2*

bȧ

U

1k2H3* a1k2H4*
h

b
1kH5*

ṗ

U
1k2H6*

p

bD (19)

Dse~ t !5
1

2
rU2~2b!S kP1*

ṗ

U
1kP2*

bȧ

U

1k2P3* a1k2P4*
p

b
1kP5*

ḣ

U
1k2P6*

h

bD (20)

M se~ t !5
1

2
rU2~2b2!S kA1*

ḣ

U
1kA2*

bȧ

U

1k2A3* a1k2A4*
h

b
1kA5*

ṗ

U
1k2A6*

p

bD (21)

wherek5vb/U is the reduced frequency.
The relationship among the impulse or indicial response fu

tions and the flutter derivatives can be obtained by substitu
Eq. ~18! into Eqs.~2!–~4! or Eqs.~5!–~7! and comparing to Eqs
~19!–~21! ~Lin and Yang 1983; Bucher and Lin 1988; Chen et
2000b!

Ī Lh522~ ik !~CL81CD!CLh52k2~H4* 1 iH 1* !;

Ī Lp54~ ik !CLCLp52k2~H6* 1 iH 5* !;

Ī La522b~CL81CD!CLa52k2b~H3* 1 iH 2* !;

Ī Dh52~ ik !~CD8 2CL!CDh52k2~P6* 1 iP5* !;

Ī Dp524~ ik !CDCDp52k2~P4* 1 iP1* !;

Ī Da52b~CD8 2CL!CDa52k2b~P3* 1 iP2* !; (22)

Ī Mh54~ ik !bCM8 CMh52k2b~A4* 1 iA1* !;

Ī Mp528~ ik !bCMCMp52k2b~A6* 1 iA5* !;

Ī Ma54b2CM8 CMa52k2b2~A3* 1 iA2* !

wherei 5A21; Ī r andCr (r 5Lh, Lp, La, Dh, Dp, Da, Mh,
Mp, andMa) are given by

Ī r5E
0

`

I r~ t !e2 ivtdt5E
0

`

I r~s!e2 iksds;

Cr5~ ik !E
0

`

F r~s!e2 iksds (23)
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and Cr can be referred to as an equivalent Theodorsen func
for different force components.

The buffeting forces induced by the complex sinusoidal ho
zontal and vertical wind fluctuations

u~ t !5ū0eivt; w~ t !5w̄0eivt (24)

are given by~Davenport 1962; Scanlan 1993; Chen et al. 200!

Lb~ t !52
1

2
rU2~2b!S 2CLxLu

u~ t !

U
1~CL81CD!xLw

w~ t !

U D
(25)

Db~ t !5
1

2
rU2~2b!S 2CDxDu

u~ t !

U
1~CD8 2CD!xDw

w~ t !

U D
(26)

Mb~ t !5
1

2
rU2~2b!2S 2CMxMw

u~ t !

U
1CMx

Mw
8

w~ t !

U D (27)

wherexLu , xLw , xDu , xDw , xMu , andxMw5aerodynamic trans-
fer functions between fluctuating wind velocities and buffeti
forces~absolute magnitudes of these functions are also referre
as aerodynamic admittance functions!.

The following relationships hold among the unsteady fo
parameters of buffeting forces~Chen et al. 2000b!:

Ī Lu /~4bCL!5QLu5xLu ; Ī Lw /@2b~CL81CD!#5QLw5xLw ;

Ī Du /~4bCD!5QDu5xDu ; Ī Dw /~2bCD8 2CL!5QDw5xDw ;
(28)

Ī Mu /~8b2CM !5QMu5xMu ; Ī Mw /~4b2CM8 !5QMw5xMw

whereQ r (r 5Lu, Lw, Du, Dw, Mu, andMw) can be referred
to as an equivalent Sears functions for different force com
nents, and are defined as

Q r5~ ik !E
0

`

F r~s!e2 iksds (29)

Forces on Airfoil Section

Since the modeling of aerodynamic forces acting on bluff brid
sections is strongly influenced by analogous expressions use
two-dimensional airfoil theory~Scanlan 1993!, a review of airfoil
aerodynamics will improve one’s understanding of the aero
namic force models tailored for bluff bridge sections. For an a
foil section, neglecting the terms containing acceleration termḧ
andä, the lift and moment around the midchord of the section
given as~Feng 1955!

Lse~ t !52
1

2
rU2~2b!~2p!S bȧ

2U
1E

2`

t

F~ t2t!ȧe~t!dt D
(30)

M se~ t !5
1

2
rU2~2b!2~p/2!S 2

bȧ

2U
1E

2`

t

F~ t2t!ȧe~t!dt D
(31)

whereae5effective angle of incidence

ae5
ḣ

U
1a1

bȧ

2U
(32)

and F(t)5Wanger function given in nondimensional form
terms of the Jones approximation as
1196 / JOURNAL OF ENGINEERING MECHANICS / NOVEMBER 2002
n

F~s!5120.165e20.0455s20.335e20.3s (33)

For the airfoil section, the termsḣ/U, a, andbȧ/(2U) have
equal contribution to the effective angle of incidence. This i
plies that the associated indicial response functions are depen
on each other and can be expressed in terms of the Wagner
tion as

FLh~s!5F~s!; FLa50.5@F~0!11#d~s!1F~s!10.5F8~s!

FMh~s!5FLh~s!; (34)

FMa50.5@F~0!21#d~s!1F~s!10.5F8~s!

whereCL852p andCM8 5p/2.
In the frequency domain, the flutter derivatives are also rela

through the Theodorsen functionC(k)5F(k)2 iG(k) as

H1* 52
2pF~k!

k
; H2* 52

p

k S 11F~k!2
2G~k!

k D ;

H3* 52
2p

k2 S F~k!1
kG~k!

2 D ; H4* 52
2pG~k!

k
;

(35)

A1* 5
pF~k!

k
; A2* 5

p

2k S 211F~k!2
2G~k!

k D ;

A3* 5
p

k2 S F~k!1
kG~k!

2 D ; A4* 5
pG~k!

k

The Theodorsen function is related to the Wagner function

C~k!5~ ik !E
0

`

F~t!e2 iktdt (36)

and is given in terms of the Jones approximation as

C~k!512
0.165~ ik !

ik10.0455
2

0.335~ ik !

ik10.30
(37)

For the airfoil section, only the lift due to the vertical comp
nent of turbulence is important, which is expressed as

Lbw~ t !52
1

2
rU2~2b!~2p!E

2`

t

C~ t2t!
ẇ~t!

U
dt (38)

whereC(t) is the Kussner function, which is given in a nond
mensional form in terms of the Jones approximation as

C~s!5120.5e20.15s20.5e2s (39)

The impulse and indicial response functions are related to
Kussner function as

LLw~s!5~2b!~2p!@C~0!d~s!1C8~s!#; FLw~s!5C~s!
(40)

In the frequency domain, we have

xLw~k!5QLw~k!5Q~k!5~ ik !E
0

`

C~t!e2 iktdt (41)

which is expressed in terms of the Jones approximation as

Q~k!512
0.5~ ik !

ik10.130
2

0.5~ ik !

ik11
(42)

It should be emphasized that even for the airfoil section,
self-excited force term associated with the effective angle of
cidenceae is different from the buffeting force term associate
with the incoming vertical fluctuationw/U. This implies that the
generation of the self-excited forces due to body motion is diff
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These forces are characterized in terms of different functions,
the Wagner function and Kussner function in the time doma
and the Theodorsen function and Sears function in the freque
domain, respectively. The relationship between the Theodo
function and Sears function is given by

Q~k!5C~k!@J0~k!2J1~k!#1 iJ1~k! (43)

where J0 and J1 are Bessel functions of reduced frequencyk.
Figs. 2~a and b! show a comparison of the Wagner and Kussn
functions, and the Theodorsen and Sears functions.

Quasi-Steady Aerodynamic Forces

The quasi-steady theory is utilized in most time domain buffet
analysis studies~e.g., Miyata et al. 1995!. However, it should be
noted that the quasi-steady theory is only applicable when
frequency-dependent fluid memory effect is negligible at v
high-reduced velocities, i.e., very low-reduced frequencies.
aerodynamic forces including the time-averaged and time-vary
components are expressed in light of the quasi-steady theo
~Fig. 3!

Fig. 2. Comparison of unsteady aerodynamic force functions
airfoil section
J

,

y
n

s

L5FL cosf2FD sinf; D5FL sinf1FD cosf;

M5
1

2
rUr

2B2CM~ae! (44)

FL52
1

2
rUr

2BCL~ae!; FD5
1

2
rUr

2BCD~ae! (45)

whereUr5relative velocity

Ur5A~U1u2 ṗ!21~w1ḣ1m1bȧ !2 (46)

andae5effective angle of incidence

ae5as1a1f; f5tan21S w1ḣ1m1bȧ

U1u2 ṗ D (47)

wherem1 is a constant, which is defined later.
These nonlinear quasi-steady forces can be linearized aro

the statically deformed position when the instantaneous effec
angle of incidence is small. By assuming

f8
w1ḣ1m1bȧ

U1u2 ṗ
; sinf8f; cosf81

CL,D,M~ae!5CL,D,M~as!1CL,D,M8 ~as!a1CL,D,M8 ~as!f
(48)

and neglecting the products of small variables, the quasi-ste
forces can be expressed as a sum of static, self-excited, and
feting forces

L~ t !5Ls1Lse~ t !1Lb~ t !; D~ t !5Ds1Dse~ t !1Db~ t !;

M ~ t !5Ms1M se~ t !1Mb~ t ! (49)

where the static components are the same as those given b
~1!, and the self-excited and buffeting force components are gi
as

Lse~ t !5
1

2
rU2~2b!S 2~CL81CD!

ḣ1m1bȧ

U
2CL8a12CL

ṗ

U D
(50)

Dse~ t !5
1

2
rU2~2b!S 22CD

ṗ

U
1CD8 a1~CD8 2CL!

ḣ1m1bȧ

U D
(51)

Fig. 3. Quasi-steady forces on cross section
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M se~ t !5
1

2
rU2~2b2!S 2CM8

ḣ1m1bȧ

U

12CM8 a24CM

ṗ

U D (52)

and

Lb~ t !52
1

2
rU2~2b!S 2CL

u~ t !

U
1~CL81CD!

w~ t !

U D (53)

Db~ t !5
1

2
rU2~2b!S 2CD

u~ t !

U
1~CD8 2CL!

w~ t !

U D (54)

Mb~ t !5
1

2
rU2~2b!2S 2CM

u~ t !

U
1CM8

w~ t !

U D (55)

Based on the definition of the flutter derivatives@Eqs. ~19!,
~20!, and ~21!#, the nonzero flutter derivatives can then be e
pressed in terms of the static force coefficients as

H1* 52~CL81CD!/k; H2* 52m1~CL81CD!/k;

H3* 52CL8 /k2; H5* 52CL /k;

P1* 522CD /k; P2* 5m1~CD8 2CL!/k; P3* 5CD8 /k2;

P5* 5~CD8 2CL!/k; (56)

A1* 52CM8 /k; A2* 52m1CM8 /k; A3* 52CM8 /k2;

A5* 524CM /k

and the indicial response functionsF r , equivalent Theodorsen
function Cr , and the equivalent Sears functionQ r are equal to
unity except that

FLa~s!5m1d~s!1CL8 /~CL81CD!;

FDa~s!5m1d~s!1CD8 /~CD8 2CL!;

FMa~s!5m1d~s!11 (57)

CLa~k!5m1~ ik !1CL8 /~CL81CD!;

CDa~k!5m1~ ik !1CD8 /~CD8 2CL!;

CMa~k!5m1~ ik !11 (58)

In the quasi-steady theory, the admittance functions are
equal to unity. It is also noteworthy that the self-excited ter
related to2 ṗ/U and ḣ/U are the same as those in the buffeti
terms related tou/U andw/U, respectively.

The quasi-steady formulations can be referred to as a sp
case of unsteady forces whenk→0 or U/( f B)→`. However, the
definition of the value ofm1 is critical since it is related to the
contribution of ȧ to the effective angle of incidence. It can b
selected as 0.5 indicating that the downward velocity at the
ward three-quarter-chord point is selected for the calculation
the effective angle of incidence as that for airfoil section. Ho
ever, this will result inA2* >0 whenCM8 >0 that implies a nega-
tive torsional aerodynamic damping and the existence of a
sional flutter. This is inconsistent with the airfoil theory and t
wind tunnel derived data concerning bluff bridge sections.
most bluff sections it is found thatCM8 <0 indicates the potentia
of a torsional flutter. Alternatively, a negative value ofm1 may be
assumed such as20.5 corresponding to the downward velocity
the forward three-quarter-chord point~Miyata et al. 1995!, which
may lead to an inconsistency in the sign ofH2* andP2* . It is well
1198 / JOURNAL OF ENGINEERING MECHANICS / NOVEMBER 2002
l

l

understood that while the quasi-steady assumption can to a ce
extent describe the aerodynamic forces associated with the v
cal and lateral motions at very high-reduced velocities~Parkinson
and Brooks 1961; Novak 1972!, it may not be conveniently in-
voked for the torsional motion~e.g., van Oudheusden 2000!. This
is because of the existence of flow memory effect which lead
aerodynamic forces lagging the structural motions. This plays
important role in the generation of aerodynamic forces due
torsional motion even at higher-reduced velocity range, which
neglected in the quasi-steady theory.

A ‘‘quasi-static corrected theory’’ was proposed by Diana et
~1993!, in which different relative velocities and effective angl
for the lift and drag, and for the moment have been assumed
using different values ofm1 . Related issues about the flutter d
rivatives with respect to static force coefficients were also d
cussed by Larose and Livesey~1997!. While the quasi-steady
assumption neglects the essential frequency dependence o
unsteady forces, it can nonetheless provide insight into the gl
trends and enable preliminary estimates of the flutter derivat
based on the static coefficients. For instance, a negative valu
CL8 or CM8 indicates a potential for galloping or torsional flutte
Low values ofCL8 andCM8 generally correspond to low-unstead
aerodynamic forces and low-absolute values of flutter derivativ
In addition, the drag component of the self-excited forces is co
monly evaluated based on the quasi-steady assumption.

Approximate Relationships Among Force
Parameters

The interrelationships among the impulse or indicial respo
functions and among flutter derivatives as noted for airfoil s
tions are not necessarily valid for bluff bridge sections~Scanlan
1993!. Instead, different functions are required for featuring t
unsteady force components associated with each compone
structural motion and wind fluctuations. In some cases, cer
approximations may be utilized for the sake of simplicity. Bas
on experimental results, Matsumoto et al.~1995! suggested that it
can be assumed approximately that the contribution ofȧ to the
effective angle of incidence is negligible, andḣ/U anda contrib-
ute equally to the effective angle of incidence. This results in
following approximate expressions for the lift and moment in t
time and frequency domains:
time domain

Lse~ t !5
1

2
rU2E

2`

t

I La~ t2t!Fa~t!1
ḣ~t!

U Gdt (59)

M se~ t !5
1

2
rU2E

2`

t

I Ma~ t2t!Fa~t!1
ḣ~t!

U Gdt (60)

frequency domain

Lse~ t !5
1

2
rU2~2b!k2~H3* 1 iH 2* !S a1

h

U D (61)

M se~ t !5
1

2
rU2~2b2!k2~A3* 1 iA2* !S a1

h

U D (62)

It is equivalent to introducing the following interrelationship
among the impulse and indicial response functions, and am
flutter derivatives
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I Lh~s!5@ I La8 ~s!1I La~0!d~s!#/b;

I Mh~s!5@ I Ma8 ~s!1I Ma~0!d~s!#/b
(63)

FLh~s!5FLa~s!; FMh~s!5FMa~s!

H1* 5kH3* ; H4* 52kH2* ; A1* 5kA3* ; A452kA2*
(64)

Similar interrelationships among flutter derivatives have been
cussed by Scanlan et al.~1974! and Scanlan et al.~1997! using a
different approach.

Further assuming that the significance of2 ṗ/U and ḣ/U to
the generation of self-excited forces is equal to that ofu/U and
W/U, respectively, in generating buffeting forces, as observe
the quasi-steady theory, the relationship among the admitta
functions and the flutter derivatives can be derived from E
~19!–~21! and Eqs.~25!–~27! as

2CLxLu5k~H5* 2 iH 6* !; 2CDxDu52k~P1* 2 iP4* !

4CMxMu52k~A5* 2 iA6* !; ~CL81CD!xLw52k~H1* 2 iH 4* !
(65)

~CD8 2CL!xDw5k~P5* 2 iP6* !; 2CM8 xMw5k~A1* 2 iA4* !

It is noteworthy that when the admittance functions beco
unity the preceding equations will result in the same formulatio
as those derived on the basis of the quasi-steady theory. Sim
formulations relating the flutter derivatives and admittance fu
tions have been suggested by Scanlan and Jones~1999! and Scan-
lan ~2000! using a different procedure.

In Tanaka and Hatanaka~2000!, two different functions re-
ferred to as ‘‘equivalent Theodorsen functions’’ were introduc
for describing lift and pitching moment components of the se
excited forces on bridge sections. The effective angle of incide
was defined as for the airfoil section including the contribution
ȧ. Using those two independent aerodynamic functions instea
the generally used four independent functions is equivalen
introducing new relationships between the self-excited forces
sociated with vertical and torsional motions. In addition, the
equivalent Theodorsen functions are identified based on meas
flutter derivatives in their study, which are then used to determ
the admittance functions based on the approximate relation
among the self-excited and buffeting forces. It is emphasized
the admittance functions predicted according to this approach
clude two kinds of approximations. One is introduced by
inter-relationship among flutter derivatives, and another com
from the relationship between the flutter derivatives and adm
tance functions.

It is noted that on the one hand these relations may be a g
approximation for some bridge sections and also help to impr
our understanding of the generation mechanisms of aerodyn
forces. On the other hand, they do not permit a plenary appl
tion to every bluff section. In fact, even for an airfoil sectio
while the flutter derivatives are dependent on each other and
lated to the Theodorsen function, the inter-relationships betw
the flutter derivatives as shown in Eq.~64! are not strictly valid.
In addition, the Theodorsen function is not equal to the Se
function which implies that the generation of lift force due
vertical fluctuationw/U is not the same as self-excited forces d
to vertical motionḣ/U. Application of such relationships to th
modeling of aerodynamic forces results in the introduction o
level of error or uncertainty in the aerodynamic forces for su
sections where these relationships are not strictly applica
Therefore, their application to flutter and buffeting analy
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should be handled carefully unless they are well validated thro
wind tunnel tests. In light of this discussion, it is emphasized t
an experimental evaluation of all flutter derivatives and adm
tance functions using wind tunnel models is still considered to
a most accurate means of estimating the unsteady forces an
tendant response of long span bridges.

Rational Function Approximation of Force
Parameters

The assessment of unsteady aerodynamic forces in the time
main requires identification of aerodynamic impulse or indic
response functions. A direct determination of these functions
bluff bridge sections is laced with difficulties, and the techniqu
based on wind tunnel tests have not been well established
stead, the techniques for identifying the frequency domain fo
parameters such as flutter derivatives and admittance funct
have been fully established, and a large data set for a hos
geometric configurations of bridge sections has been develo
~e.g., Walshe and Wyatt 1983; Sarkar et al. 1994; Bosch 19
Matsumoto et al. 1995; Larose and Mann 1998!. However, the
flutter derivatives and admittance functions are normally kno
only at discrete values of reduced frequencyk. It is difficult to
directly use the aforementioned relationships to quantify the
pulse or indicial response functions by means of the inverse F
rier transform. Therefore, approximate continuous functions
the reduced frequency are required for describing frequen
dependent force parameters for future analysis. For the s
excited forces, the rational function approximation techniq
known as Roger’s approximation can be utilized for this conte
Like the Jones approximation of the Theodorsen function,
aerodynamic transfer functions or the equivalent Theodor
functions in terms of flutter derivatives can be approximated
terms of rational functions~Scanlan et al. 1974; Lin and Yan
1983; Xie and Xiang 1985; Bucher and Lin 1988; Matsumo
et al. 1994; Wilde et al. 1996; Boonyapinyo et al. 1999; Ch
et al. 2000a,b!. For example, the aerodynamic transfer functi
between the lift force and the vertical motion is expressed as

2k2~H4* 1 iH 1* !5ALh,11~ ik !ALh,2

1~ ik !2ALh,31(
j 51

mLh ~ ik !ALh, j 13

ik1dLh, j
(66)

where ALh,1 , ALh,2 , ALh,3 , ALh, j 13 , and dLh, j (dLh, j>0; j
51,2, . . . ,mLh)5frequency-independent coefficients; the fir
and second terms5noncirculatory static-aerodynamics and th
aerodynamic damping, respectively; the third term5additional
aerodynamic mass which is normally negligible; and the ratio
terms5unsteady components which lag the velocity of body m
tion and permit an approximation of the time delays through po
tive values of the parameterdLh, j ( j 51,2, . . . ,mLh). The value of
mLh determines the level of accuracy of this approximation a
the size of additional equations representing the aerodyna
states. These coefficients can be determined by curve fitting
experimentally obtained flutter derivatives at different reduc
frequencies.

Eq. ~66! is equivalent to expressing the impulse response fu
tion I Lh(s) and the indicial functionFLh(s) as the following ex-
ponential time-series functions including aerodynamic stiffne
damping, and inertial terms
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I Lh~s!5S ALh,11(
j 51

mLh

ALh, j 13D d~s!1ALh,2d8~s!

1ALh,3d9~s!2(
j 51

mLh

ALh, j 13dLh, je
2dLh, j s (67)

22~CL81CD!FLh~s!5ALh,21(
j 51

mLh

ALh, j 13 /dLh, j1ALh,1s

1ALh,3d~s!2(
j 51

mLh

ALh, j 13 /dLh, je
2dLh, j s

(68)

Accordingly, the unsteady frequency dependent aerodyna
forcesLseh(t) can then be expressed in the time domain as

Lseh~ t !52
1

2
rU2S ALh,1h~ t !1ALh,2

b

U
ḣ~ t !

1ALh,3

b2

U2 ḧ~ t !1(
j 51

mLh

fLh, j~ t !D (69)

ḟLh, j~ t !52
dLh, jU

b
fLh, j~ t !1ALh, j 13ḣ~ t !

~ j 51,2, . . . ,mLh! (70)

where fLh, j(t) ( j 51,2, . . . ,mLh)5augmented aerodynami
states.

Similar formulations for other self-excited force componen
can be obtained with analogous definitions. For example,
aerodynamic transfer function between the pitching moment
torsion is expressed as

2k2~A3* 1 iA2* !5AMa,11~ ik !AMa,2

1~ ik !2AMa,31 (
j 51

mMa ~ ik !AMa, j 13

ik1dMa, j
(71)

and accordingly the indicial functionFMa(s) is expressed as

2CM8 FMa~s!5AMa,11AMa,2d~s!

1AMa,3d8~s!1 (
j 51

mMa

AMa, j 13e2dMa, j s (72)

Similarly, for the buffeting force component, the aerodynam
transfer function, for example,xLw can be recast using a ration
function approximation~Matsumoto and Chen 1996; Matsumo
et al. 1996; Chen et al. 2000b; Chen and Kareem 2001a!:

xLw5ALw,11(
j 51

mLw ~ ik !ALw, j 11

ik1dLw, j
(73)

where ALw,1 , ALw, j 11 , and dLw, j (dLw, j>0; j 51, . . . ,mLw)
5frequency-independent coefficients determined by curve-fit
xLw at discrete reduced frequencies. Accordingly, the correspo
ing impulse response functionI Lw(s), indicial functionFLw(s),
and unsteady buffeting forceLbw(t), the lift induced by vertical
wind fluctuation, are expressed as
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I Lw~s!52b~CL81CD!S S ALw,11(
j 51

mLw

ALw, j 11D d~s!

2(
j 51

mLw

ALw, j 11dLw, je
2dLw, j sD (74)

FLw~s!5ALw,11(
j 51

mLw

ALw, j 11e2dLw, j s (75)

Lbw~ t !5
1

2
rU2~2b!~CL81CD!S S ALw,11(

j 51

mLw

ALw, j 11D
3

w~ t !

U
2(

j 51

mLw dLw, jU

b
fLw, j~ t !D (76)

ḟLw, j~ t !52
dLw, jU

b
fLw, j~ t !1ALw, j 11

w~ t !

U

~ j 51,2, . . . ,mLw! (77)

where fLw, j(t) ( j 51,2, . . . ,mLw) is the augmented aerody
namic state vector. Similar expressions for other buffeting fo
components can be given with analogous definitions and are o
ted here for the sake of brevity.

It is noted that the condition of the rational function approx
mation atk→0 or U/ f b→` ~found by invoking the quasi-stead
theory! may be used for improving the accuracy of the cur
fitting, which results in more realistic modeling at higher-reduc
velocity. For example,FLh(`)51 results in

ALh,150; ALh,21(
j 51

mLh

ALh, j 13 /dLh, j522~CL81CD! (78)

The frequency-dependent force parameters at low-reduced
locity range ~generally less than 20! is most important for the
buffeting and flutter analysis of long span bridges. Since dat
only lower velocities is commonly measured and available
bridge sections, using such a condition atU/ f b→` may reduce
the accuracy of the curve fitting at low-reduced velocities of
terest. Rational function approximations should be determine
order to achieve higher accuracy at the reduced velocity rang
interest. These approximated indicial functions based on lim
data at lower velocities are referred to as the representatives o
low-reduced velocity components of the original functions. Fi
4~a and b! show rational function approximations ofk2(A3*
1iA2* ) for a set of rectangular sections with different side rat
B/D55,10,20~B: body width,D: body depth!. For comparison,
the results for the airfoil section using the Jones approximation
the Theodorsen function are also included. The symbols indi
the data obtained from wind tunnel tests~Matsumoto et al. 1995!.
For B/D515 rectangular section, we have

k2~A3* 1 iA2* !52.887721.5091~ ik !

2
0.6162~ ik !

ik10.1739
1

0.5135~ ik !

ik10.9871
(79)

Fig. 5 shows the rational function approximation of Dave
port’s aerodynamic admittance function with a decay factorl58

xD
2 52~c211ec!/c2 (80)

wherec5l f D/U5lk1 /p; k15vD/U; andxD is approximated
as
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xD~k1!50.9982
0.1203~ ik1!

ik110.2957
2

0.1621~ ik1!

ik110.5648

2
0.2304~ ik1!

ik112.0875
2

0.1868~ ik1!

ik112.9832
(81)

Generally, the aerodynamic transfer functions in terms of fl
ter derivatives and admittance functions can be expressed in t
of the following rational function with negative poles suggesti
that the aerodynamic force lags the body motion in phase

H~k!5
N~ ik !

D~ ik !
5

b0~ ik !n1b1~ ik !n211¯1bn

~ ik !n1a1~ ik !n211¯1an
(82)

The coefficientsa1 ,...,an and b1 ,...,bn can be evaluated by
minimizing the error

(
j 51

m FH~kj !2
N~ ik j !

D~ ik j !
G2

(83)

where H(kj) ( j 51,2, . . . ,m) represents the measured tabu
data of aerodynamic transfer functions.

Once these aerodynamic transfer functions have been
pressed in terms of the rational function format, the frequen
dependent unsteady aerodynamic forces can be calculated th
a set of linear differential equations or through a state-sp

Fig. 4. Rational function approximations of aerodynamic trans
function k2(A3* 1 iA2* ) for rectangular sections with different sid
rationsB/D ~B: body width,D: body depth!
J

s

-

h

model ~Ogawa 1994; Chen and Kareem 2001a!. A controllable
canonical form of the state-space representation is given as
lows:

Ẋ5AX1Bu; y5CX1Du (84)

where

A5F 0 1 0 ¯ 0

0 0 1 ¯ 0

] ] ] ¯ 1

0 0 0 ¯ 0

2an 2an21 2an22 ¯ 2a1

G ; B5F 0
0
]

0
1

G ;

(85)

C5@bn2anb0]bn212an21b0]...]b12a1b0#; D5b0
(86)

It is noted that if the frequency dependent aerodynamic fo
parameters can be represented exactly or with an acceptable
by rational functions of reduced frequency, corresponding form
lations of aerodynamic forces in the time domain would lead
exact or near exact representations of their frequency dom
counterpart. These formulations lead to a more accurate esti
of the unsteady forces and attendant response of bridges in
time domain in comparison with those based on the routin
used frequency-independent quasi-steady assumption.

Time domain modeling of frequency-dependent aerodyna
forces results in augmented aerodynamic states. The numb
aerodynamic states depends on the number of the denomin
coefficients in the rational terms of the rational function appro
mation such asdLh, j in Eq. ~66! anddLw, j in Eq. ~73!. Efforts for
reducing the augmented aerodynamic states have been cond
by using common coefficients for different force components a
by using minimum-state unsteady aerodynamic approximati
~Hoadley and Karpel 1991; Wilde et al. 1996!. Different forms of
rational functions have also been utilized for accurate approxi
tions ~Sternberg 1991; Eversman and Tewari 1991!. Similar ap-
plications using the rational function approximation technique
noted in engineering problems such as the interaction of st
tures with soil~Wolf 1991!, structural response under hydrod
namic excitations~Damaren 2000!, and random vibration of sys
tems with frequency-dependent parameters~Spanos and Zeldin
1997!.

Spanwise Correlation of Aerodynamic Forces

The overall response analysis of long span bridges requires
sideration of the spanwise correlation of the aerodynamic for

Fig. 5. Rational function approximations of admittance function
OURNAL OF ENGINEERING MECHANICS / NOVEMBER 2002 / 1201
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The self-excited forces are commonly assumed to be fully co
lated in the spanwise direction. It has been noted that a los
spanwise correlation of the self-excited forces stabilizes
single-mode torsional flutter~Scanlan 1997!. Although the stabi-
lizing effect of spanwise correlation loss may be apparent
single-mode torsional flutter, it is not obvious that this will app
to multimode coupled flutter cases. Correlation loss along
span may stabilize a bridge by reducing unfavorable nega
aerodynamic damping effects, and yet it may destabilize a br
by reducing favorable aerodynamic damping. A recent exp
mental study has identified that turbulence only slightly infl
ences the spanwise correlation of self-excited forces~Haan et al.
1999; Haan 2000!. This preliminary study tends to support th
assumption of fully correlated self-excited forces in current
proaches.

It has been commonly assumed that the buffeting forces h
the same spanwise correlation as the incoming wind fluctuat
based on strip theory. This assumption is questioned by the ‘‘ra
distortion theory’’ of turbulence and measurements in the se
rated flow regions suggest that the pressure field may have hig
correlation scales than the incident turbulence~e.g., Kareem
1990!. Several studies have reported that the buffeting forces h
a higher-spanwise correlation than that of the incident wind fl
tuations and have been found to be a function of spanwise s
ration, scale of turbulence and the deck width~e.g., Larose and
Mann 1998!.

Taking into account the spanwise correlation of forces,
buffeting forces acting on an element of lengthl can be referred to
as the filtered output of the forces per unit length. The filter
characterized in terms of the spanwise coherence in the frequ
domain and the impulse response function in the time dom
For example, the buffeting lift force is given in terms of th
following double convolution integral in the time domain as

Lb~ t !52
1

2
rU2l E

2`

t E
2`

t2 S JLu~ t2t2!I Lu~t22t1!
u~t1!

U

1JLw~ t2t2!I Lw~t22t1!
w~t1!

U Ddt1dt2 (87)

whereJLu andJLw are the impulse response functions.
In the frequency domain, it can be expressed as

Lb~ t !52
1

2
rU2~2b!l S 2CLJ̄LuxLu

u~ t !

U

1~CL81CD!J̄LwxLw

w~ t !

U D (88)

whereJ̄Lu and J̄Lw are the Fourier transform counterparts ofJLu

andJLw , respectively, and are referred to as the joint accepta
functions given by

J̄r5E
0

lE
0

l

cohr~x1 ,x2 , f !dx1dx2 ~r 5Lu,Lw! (89)

where cohr is the coherence function; andx1 andx2 are the spa-
tial coordinates.

Similar to the frequency-dependent forces per unit leng
using rational function approximations of the joint acceptan
functions allows the frequency-dependent forces on an eleme
finite length to be calculated in the time domain using frequen
independent linear differential equations or a state-space m
with augmented aerodynamic states.
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Nonlinear Aerodynamic Force Model

A nonlinear unsteady force model has been proposed based o
so-called ‘‘quasi-static corrected theory’’ by Diana et al.~1993!
and Diana et al.~1999!. A different nonlinear force model ha
also been developed by Chen and Kareem~2001b!, which is
based on the static force coefficients, flutter derivatives, and
mittance functions along with the spanwise correlations at va
ing angles of incidence. The latter model has a clear relation
with the conventional linear force model. In this model, the t
bulence and associated aerodynamic forces and responses
been separated into low-frequency~large-scale! and high-
frequency~small-scale! components based on a critical frequenc
For the low-frequency force component, the quasisteady for
lation is utilized for modeling the aerodynamic forces because
the high-reduced velocities. The high-frequency component is
earized around the effective angle of incidence~low-frequency
component! just as the conventional linear force model is linea
ized around the statically displaced position. For example,
high-frequency component of the self-excited lift force due
vertical motion is expressed as

Lseh~ t !5
1

2
rU2E

2`

t

I Lh~ae ,t2t!h~t!dt

52
1

2
rU2~2b!~CL81CD!

3E
2`

t

FLh~ae ,t2t!
ḧ~t!

U
dt (90)

where the impulse and indicial response functions are function
both effective angle of incidence and time. These are relate
the flutter derivatives which are functions of both reduced f
quency and angle of incidence.

The instantaneous effective angle of incidence is determi
based on the low-frequency component of turbulence and st
tural motions~the low-frequency components are indicated by t
superscriptl! as

ae5as1a l1f l ; f l5tan21S wl1ḣl10.5bȧ l

U1ul2 ṗl D (91)

When the low-frequency response is relatively small as is the c
for long-span bridges,ae can be approximated as

ae5as1tan21S wl

U1ul D'as1
wl

U1ul (92)

Figs. 6~a! and 6~b! show an example of the vertical wind fluc
tuations with a turbulence intensity ofsw /U57.5% and the cor-
responding low-frequency effective angle of incidence. Fig
shows the flutter derivativesA2* of a twin-box section measured a
different angles of incidence~Matsumoto et al. 1998!. A2* for this
section is very sensitive to the angle of incidence, and the c
sideration of this dependence will be important for an accur
estimation of aerodynamic forces.

Utilizing this nonlinear model, both the dependence of ae
dynamic forces on frequency and effective angle of incidence
be considered. Furthermore, the effects of turbulence on flu
and the interaction of flutter and buffeting can be studied. T
proposed analytical framework with nonlinear aerodynamics p
vides a unique tool for examining the effect of aerodynamic n
linearities on bridge response. A coordinated experimental inv
tigation is in progress for a comprehensive validation of t
approach. This involves seeking an understanding of turbule
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induced modifications of the magnitude and spanwise cohere
of both the buffeting and the self-excited forces.

A number of analytical studies using stochastic approaches
randomize the dynamic pressure term have been conducted
predict some global trends in the turbulence-induced changes
flutter stability ~e.g., Bucher and Lin 1988; Lin and Li 1993;
Shinozuka and Billah 1993!. These models have not been ad
dressed in this paper. A shortcoming of these approaches lies
their inability to capture the effects of turbulence on the unstea
aerodynamics. Nonetheless, these contributions provide an
egant framework of stochastic stability analysis that may offer
useful avenue of analysis once the effects of turbulence are be
understood.

Fig. 6. An example of vertical wind fluctuations and associated e
fective angle of incidence (sw /U57.5%)

Fig. 7. Dependence of flutter derivativesA2* on angle of incidence
~twin-box section!
J

e

o
n
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Concluding Remarks

Recent advances in the modeling of aerodynamic forces on br
decks were presented. Approximate relationships among aer
namic force descriptors for static, self-excited, and buffeting fo
components, and the interrelationship among force parameter
self-excited forces were comprehensively discussed. Their c
parison with those based on airfoil theory and those derived
the basis of quasi-steady theory was presented. Caution in u
such approximate relationships for simplified modeling of ae
dynamic forces and bridge response estimation was emphas
The importance of modeling the frequency dependence of a
dynamic forces was addressed. Central to this modeling is
rational function approximation of the frequency domain for
parameters as continuous functions of reduced frequency.
technique allows the unsteady aerodynamic forces to be
pressed as a set of linear differential or state-space equation
nonlinear aerodynamic force model was proposed to take
consideration the dependence of aerodynamic forces on frequ
and the effective angle of incidence. This nonlinear force mo
provides a unique tool for investigating the effects of nonline
aerodynamics on the overall bridge response. The nonlinear a
dynamics may become increasingly critical when the aero
namic characteristics of innovative bridge deck designs, with
tractive aerodynamic performance, exhibit significant sensitiv
with respect to the effective angle of incidence and with the
crease in the bridge span. These issues may not be address
utilizing the current linear aerodynamic force model. A coor
nated experimental validation of the model is in progress. T
synergistic review of the writers’ recent work in bridge aerod
namics, in light of the current state-of-the-art of this field, pr
sented here may serve a critical role in the development of n
analysis tools and frameworks for the accurate prediction of
response of long span bridges under strong wind excitation.
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