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Abstract: Aerodynamic forces on bridges are commonly separated into static, self-excited, and buffeting force components. By delving
into the relationships among force descriptors for static, self-excited, and buffeting components, novel perspectives are developed t
unveil the subtle underlying complexities in modeling aerodynamic forces. Formulations for airfoil sections and those based on quasi-
steady theory are both considered. The time domain modeling of unsteady aerodynamic forces including their frequency-depender
characteristics and spanwise correlation is presented, which are often neglected in current time domain analyses due to modeling difficult
A nonlinear aerodynamic force model is proposed to take into account the nonlinear dependence of the aerodynamic forces on th
effective angle of incidence. The nonlinear aerodynamics may become increasingly critical when the aerodynamic characteristics o
innovative bridge deck designs, with attractive aerodynamic performance, exhibit significant sensitivity with respect to the effective angle
of incidence and with the increases in the bridge span. Clearly, in these cases one may be pushing the envelope of the current line
aerodynamics which has successfully served thus far. The synergistic review of the writers’ recent work in bridge aerodynamics presente
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 frameworks
for the accurate prediction of the response of long span bridges under strong wind excitation.
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Introduction efficient (Scanlan 1978a)bHowever, this is not necessarily true
. ) . . for very long span bridges, for which the performance against
The increase in span length of long span bridges results in a,\ings has to be studied at higher-reduced velocities. In fact, the

remarkable decrease in their natural frequencies and the ratio beémalysis of both flutter and buffeting responses requires consider-

tween the fundamental torsional and vertical mode frequencies. .. o ¢ e aerodynamic coupling among-modal responses by

This renders long span bridges very susceptible to the actions of _. : : Hega .
strong wind. The wind load effects generally become the most using the multimode coupled analysis approac r 1989;

critical external loads that need consideration in the design of Jain et al. 1996; Diana et al. 1998; Jones et al. 1998; Katsuchi

long span bridges. While the wind loads acting on bluff bridge et al. 1999; Chen et al. 2000a,b; Chen and Kareem 2001a

sections under turbulent winds are generally nonlinear functionst_ Botk} R:Jﬁetmg a?gl self-fgxcnetq forc?sba_l(rie, n g?_neral,tgun_c-
of structural motions and incoming wind fluctuations, these can lons of the geometric contigurations of bridge sections, the In-

be represented for most cases by linear approximation and ex-c0Ming wind fluctuations, and the reduced frequency. In the wind
pressed in terms of time-averaged static and time-varying self- VElOCity range of interest for bridge design, the flow around bluff
excited and buffeting force componeriBavenport 1962; Scan- bridge sections is quite unsteady and not ameqable to the quasi-
lan 1978a,h A very insightful review of the developments and Steady theory, which neglects the unsteady fluid memory effect
problematic issues in the modeling of wind force on bridge decks @nd is only valid at very high-wind velocities. The frequency-
has been presented in Scanld993. dependent aerodynamic characteristics of wind forces are gener-
For most bridges, the aerodynamic coupling among modal re- ally described in terms of experimentally quantified flutter deriva-
sponse components resulting from the coupled self-excited forcedtives for the self-excited forces and in terms of admittance and
can be neglected, and the flutter is dominated by a single torsionalspanwise coherence functions for the buffeting forces. Incorporat-

mode. Therefore, the mode-by-mode approach for the predictioning these unsteady characteristics of aerodynamic forces is essen-
of flutter and buffeting responses is valid and computationally tial for an accurate evaluation of these forces and the attendant

bridge response.
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eral, and torsional directions. These are functions of oscillation
frequency due to the unsteady aerodynamic memory effect, and
can be represented in terms of convolution integrals of the im-
pulse response functions dsn and Yang 1983; Bucher and Lin

Utu(t)

—’T

w(t) 1988; Dowell et al. 1989; Scanlan 1984, 1993; Chen et al. 2000b
1 t
Lse(t)zzpuzf_ [ILa(t=m)h(7) + 1 p(t=T7)p(T)
! o b . FlLlt-m)a(n]dr @
I . t
Fig. 1. Aerodynamic forces on cross section Dse(t)=§pU2J7 [on(t=7)h()+Ipp(t=7)p(7)
+lp(t—7)a(7)]dr 3

these bridge sections, even for low levels of turbulence, structural
motion and incoming wind fluctuations may vary the effective 1 t
angle of incidence to such a degree that modeling of aerodynamic Mse(t)=§pU2f [Imn(t=7)h(7) + 1 yp(t=T7)p(T)
forces may not be realistic without taking into account the effects o
of aerodynamic nonlinearities. In such cases, the accuracy of con-
ventional linear approaches in which the aerodynamic forces are
linearized around the mean displaced position warrant further ex-whereh, p, and a=vertical, lateral, and torsional displacement,
amination(Chen and Kareem 2000b respectively and, (r=_Lh, Lp, La, Dh, Dp, Da, Mh, Mp,

In this paper, recent advances in the modeling of aerodynamicand M «) =aerodynamic impulse response functions representing
forces on bluff bridge decks in both frequency and time domains the influence of motion at a certain time instant on the generation
are reviewed. The relationships among the force descriptors forof self-excited forces for a certain time period.
static, self-excited, and buffeting force components are discussed The self-excited forces can be alternatively expressed in terms
in detail including comparison with those for airfoil sections and of indicial response function®, as
those obtained based on the quasi-steady theory. By highlighting
the relationships between force descriptors for static, self-excited, L (D)= — =oU2(2b t
and buffeting components, and those obtained for airfoil sections s{) 2P (2b) o

+lyo(t—7)a(T)]dT 4

h(t)
(CL+Cp)Pp(t—1)

u
and via quasi-steady theory, the subtle underlying complexities in
modeling aerodynamic forces are ultimately revealed. Emphasis p(t) )
is also placed on recently introduced time domain modeling by —ZCL‘I’Lp(t—T)T+(C(_+CD)¢La(t—T)a(T) dr
the writers that captures the frequency-dependent aerodynamic
force characteristics. The time domain modeling of spanwise cor- (5)

relation of the aerodynamic forces is also advanced for the overall .
bridge response analysis, and a nonlinear aerodynamic force _L o t ;o _ h()
model is proposed to take into account the dependence of aero- Dse(t)_zpu (2b) e (Cp=CL)Ppn(t=r) U
dynamic force parameters on the effective angle of incidence.

- 2CD(I)Dp(t_T) %T) + (CI,D_ CL)

Forces on Bluff Bridge Sections

X —7)o 6
Time Domain Dp,(t T)OL(T))dT (6)
Aerodynamic forces on bridge sections are commonly expressed 1 t
as a sum of the mean static, self-excited, and buffeting force Mse(t)zipUZ(Zb)zf
components. The mean static components, i.e.(diéwnward, -
drag (downwind, and pitching momentnose-up components

per unit length are expressed @sg. 1) —2Cy D yp(t—1) prT) +Cl Dy (t—m)a(r) |dr

, h(r)
CM(I)Mh(t_T)T

1 1
Ls= —szZBCL(aS); DS=§pUzBCD(aS); 7)
where C/ =dC, /da, C,=dCpy/da, C;,=dCy/da; and the
MSZEPUZBZCM(%) (1) overdot denotes the derivative with respect to time
It is conventional to express the aerodynamic impulse and in-
where p=air density; U=mean wind velocity;B=2b is the dicial response functions as functions of nondimensional tine,
bridge deck widthC, , Cp, andCy =mean lift, drag, and pitch-  =Ut/b. For example, the lift component is expressed as
ing moment coefficients, respectively; and is the mean static L .
angle of attack of the bridge section. _
The time-varying self-excited forces resulting from the struc- Lsef(s)_ipuzj,w[l'-h(s_a)h(a)ﬂ'-l’(s_o)p(a)

tural motions can be expressed as a sum of components associ-
ated with each structural motion component in the vertical, lat- +1 4(s—0)a(o)]do
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The following relationships among the impulse and indicial
response functions can be deduced, for example:

ILu(8)=4bC [P ,(0)3(s)+P[(s)]

]| 2
—5pU%(2b) (C{+Cp)Prn(s—0) ——

p”( ) , (17)
—2C P p(s—0) —— +(C[+Cp) I Lw(S)=2b(C{ +Cp)[ P (0)3(s) + D] (5)]
X@La(t—’T)O{’(T)) do (8) Frequency Domain
where each prime denotes the derivative with respect to nondi-FOr complex sinusoidal motions with frequeney
mension times. h(t):hoeimt; p(t):%ei“"; a(t)zgoeiwt (18)

It can be seen that i .
the self-excited forces can be expressed in terms of the flutter

derivativesH;* , P and A (i=1~6) as(Sarkar et al. 1994

b
li(s)=gli(D; Pr(s)=D(1) ©)

1 h ba
Neglecting initial conditions of motion, the relationship among Lsdt) =§PU2(2b)( KHI +kH;
impulse and indicial response functions can be expressed as fol-

lows, for example: h p p
+k2H§a+k2Hjb+kH*—+k2H*b (19)

I p(s)=—2(C{+Cp)[P(0)3'(s)
1 .
+B[,(0)3(5)+ B[,(5)] o Dse(t)=§pU2(2b)<kP’l‘g+kP’2‘Ua
lLa(8)==2b(C[+Cp)[P (0)3(s)+ P (S)]

p
whered=Dirac delta function. +k2P*a+k2P*5+ kPE 5

Similarly, buffeting forces per unit length can be expressed as
a sum of force components induced by wind fluctuations in hori-
zontal and vertical direction@ andw) utilizing impulse response
functions!, I'iw, lous low, Imu, @andly,, as(Scanlan 1993;

h h
+k2PE D (20)

1 *h L b
Mse(t)ZEpU (2b%) kAlU+kA2U

Chen et al. 2000b h p p
+KZAZ o+ KPAG -+ KAS G+ KPAG ) (21)
L(t)=— = uzf (I (t—1) ()+| (t )W(T)>d b P
L L B b SOV S wherek=wb/U is the reduced frequency.

(11) The relationship among the impulse or indicial response func-
tions and the flutter derivatives can be obtained by substituting
Eq. (18) into Eqgs.(2)—(4) or Egs.(5)—(7) and comparing to Egs.
(19-(21) (Lin and Yang 1983; Bucher and Lin 1988; Chen et al.
2000b

u(r) w(T)
J +|Dw(t_7) UT )dT
(12)

1 t
Dy(0)= EpUZJx(lauu—T)

1 n=—2(iK)(C{ + Cp)Cpp=2K2(H* +iH*);

u(r) w(T)
J +lyw(t—1) UT )dT
(13)

Alternatively, these can be expressed in terms of indicial re-
sponse function®,, ®,, Ppu: Pow, Puu, anddy,, as

1 t
'\"b(”zzpuzf (IMu(t—ﬂ -
E ILp=4(ik)C C p=2k*(Hg +iH3);

1= —2b(C{ +Cp)Cro=2K2b(H% +iH3);

Ioh=2(ik)(Cp— C)Cpn=2k*(Pg +iP3);

(T) —
b(t)—__PUZ(Zb)f (ZCL(I)Lu(t ) lpp=—4(ik)CpCpp=2k*(P} +iP7);
) 1pe=2b(C}—C)Cpe=2k2b(P% +iP}); (22)
F(CLHCo)PLu(t=1) =5 )dT (14) T un=4(iK)bCl Can= 2k2b(A% +iA%);
1 t u — (i — 912 * Ak
Db(t)ZEPUZ(Zb)J7 <ZCD<I>DW(t—T) (1) » 8(ik)bCyyCyp=2k2b(AL +iAZ);
- I ma=4b2C/,Cyyo = 2k2b2(A% +iA%)
W . J—
H(Ch—CLBoy(t—1) L(JT))dT (15) wherei=\—1; I, andC, (r=Lh, Lp, La, Dh, Dp, Da, Mh,
Mp, andMa) are given by
1 t u — (= . % _
Mb(t)=§pU2(2b)zf 2C P yu(t—7) () Ir=f0 I (t)e Tetdt= fo I (s)e sds;
W (e
+CuPywl(t—T) l(JT))dT (16) :(|k)f0 @, (s)e'ksds (23)
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and C, can be referred to as an equivalent Theodorsen function ®(s)=1-0.16500455_( 33503 (33)
for different force components.

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

For the airfoil section, the term&/U, «, and ba/(2U) have
equal contribution to the effective angle of incidence. This im-
plies that the associated indicial response functions are dependent

u(t)=uge'™;  w(t)=wee'" (24) on each other and can be expressed in terms of the Wagner func-
are given by(Davenport 1962; Scanlan 1993; Chen et al. 2000b tion as
1 , ( u(t) w(t) D p(s)=P(s); PL,=0HP(0)+1]3(s)+P(s)+0.5P'(s)
Ly(t)=—5pU%(2b)| 2C +(C/+C
b( ) 2p ( ) LXLa | ( D)XLW U (25) (I)Mh(s):q)Lh(S); (34)
o Py =0.5D(0)—1]3(s)+ D(s)+0.5D'(s)
u w(t
Dy(t)=5 pU2(2b)(2CDXDu +(C5—Cp)Xxpw—7— L(J )> whereC| =27 andCy,=w/2.
(26) In the frequency domain, the flutter derivatives are also related

through the Theodorsen functid(k) = F (k) —iG (k) as

1 u(t) w(t)
=_,U2 ! 7 2mF(k 2G
Mp(t)= 5pU%(20)%| 2Cwxy, 5+ Ciax, 5| @7 e — k( ); H§=E(1 PR ( ))’
wherex u,» XLw» Xpu» Xow: Xmu. andyx uw=aerodynamic trans- o KG oGk
fer functions between fluctuating wind velocities and buffeting Hf=— (F(k) ( ))’ = T ( );
forces(absolute magnitudes of these functions are also referred to 3 4 k (35)
as aerodynamic admittance functipns wF(K) G(K)
The following relationships hold among the unsteady force Af=—v——; A}= —1+ F(k)——),
parameters of buffeting forcé€hen et al. 2000b k 2k k
|Lu/(4bCL) OLi=Xrus ILW/[Zb(C{_"i'CD)]:@LW:XLW; A (F(k) ﬂ : Z:ﬂi(k)
1pu/(4bCp)=Opy=Xou |Dw/(2bCD_CL):®DW:XD(V£é) The Theodorsen function is related to the Wagner function as
I_Mu/(SbZCM):@Mu:XMu; |_Mw/(4b2C|(/|):®Mw:XMw C(k)=(ik)f0 ®(r)e *dr (36)
where®, (r=Lu, Lw, Du, Dw, Mu, andMw) can be referred dis ai . f th L
to as an equivalent Sears functions for different force compo- and is given in terms of the Jones approximation as
nents, and are defined as 0.165ik) 0.335ik)
- _ Clo=1" {00455 k+0.30 37
:<ik>f @ (s)e~keds (29) o . .
0 For the airfoil section, only the lift due to the vertical compo-
nent of turbulence is important, which is expressed as
- . 1 ) t w(T)
Forces on Airfoil Section Lpw(t)=— 2pU (2b)(2) ) ‘I’(t*"r) U dr (38)

Since the modeling of aerodynamic forces acting on bluff bridge here W (t) is the Kussner function, which is given in a nondi-

sections is strongly influenced by analogous expressions used inmensjonal form in terms of the Jones approximation as
two-dimensional airfoil theoryScanlan 1998 a review of airfoil

aerodynamics will improve one’s understanding of the aerody- W(s)=1-0.5%1%-0.5e"° (39)
namic force models tailored for bluff bridge sections. For an air-  The impulse and indicial response functions are related to the
foil section, neglecting the terms containing acceleration tdtms  Kussner function as

anda, the lift and moment around the midchord of the section are ,

given as(Feng 1955 Liw(s)=(2b)(2m)[¥(0)3(s)+W'(s)]; Pru(s)=T(s)

(40)
1 : t ) .
Lse(t)———pUZ(Zb)(ZﬂT) +j (I)(t—T)OLe(T)dT) In the frequency domain, we have
(30) XLw(K) =0 LK) =0 (k)= (ik) fo V(e dr  (41)
ba t )
Msdt) =3 PU2(2b)2(1T/2)( st f_m‘b(t—’f)ae(’f)d‘f) which is expressed in terms of the Jones approximation as
(31) 0.5iik)  0.5ik)

O(k)=1- o 42

wherea=effective angle of incidence (k) ik+0.130 ik+1 (42)
h ba It should be emphasized that even for the airfoil section, the
A=y +ao+ 20 (32) self-excited force term associated with the effective angle of in-

cidencec, is different from the buffeting force term associated
and ®(t)=Wanger function given in nondimensional form in with the incoming vertical fluctuatiow/U. This implies that the
terms of the Jones approximation as generation of the self-excited forces due to body motion is differ-
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Fig. 2. Comparison of unsteady aerodynamic force functions for
airfoil section

ent from the generation of the buffeting forces due to turbulence.
These forces are characterized in terms of different functions, i.e.,
the Wagner function and Kussner function in the time domain,

and the Theodorsen function and Sears function in the frequency

domain, respectively. The relationship between the Theodorsen
function and Sears function is given by

0 (k)=C(Kk)[Jo(k) = Ja (k) ]+1J1(k) (43)

where J, and J; are Bessel functions of reduced frequericy
Figs. 2a and B show a comparison of the Wagner and Kussner
functions, and the Theodorsen and Sears functions.

Quasi-Steady Aerodynamic Forces

The quasi-steady theory is utilized in most time domain buffeting
analysis studiege.g., Miyata et al. 1995 However, it should be

noted that the quasi-steady theory is only applicable when the
frequency-dependent fluid memory effect is negligible at very
high-reduced velocities, i.e., very low-reduced frequencies. The
aerodynamic forces including the time-averaged and time-varying

L=F_cosb—Fpsind; D=F sind+Fpcosd;

1

M=5pU7B*Cpi(cce) (44)
1 2 1 2
FL=—5pUrBClae); Fp=5pUiBCp(ae)  (45)
whereU, =relative velocity

U,=(U+u—p)2+(w+h+m;ba)2 (46)

and a.=effective angle of incidence
B o [w+h+mpba -
ae=agtatd; b=tan U+—U—p ( )

wherem; is a constant, which is defined later.

These nonlinear quasi-steady forces can be linearized around
the statically deformed position when the instantaneous effective
angle of incidence is small. By assuming

w+h+m;ba

Utu_p sinb=d¢; cosp=1

CLpom(ae)=Cy pmlas)+ C|’_,D,|v|(0‘s)0‘ + C|,_,D,|v|(0‘s)(b
(48)

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

L()=Ls+Lsdt)+Lp(t); D(t)=DstDsdt)+Dp(t);

M(t)=Ms+Msdt) +Mp(t) (49)
where the static components are the same as those given by Eq.
(1), and the self-excited and buffeting force components are given
as

m; b

1 , h+mpba p
Lse(t)=§pu (2b) —(CL+CD)——CLa+ZCLU

U
(50)
1 P, , h+m;bi
Dedt)= 5 pU2(2b)| —2Co7; +Cpa+(Ch—CL) —5—
(51)

w+h+mibd

U+tu-p

f

components are expressed in light of the quasi-steady theory as

(Fig. 3

Fig. 3. Quasi-steady forces on cross section
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1 , h+m;ba
Mdt)= 5 pU%(2b2)| 2C},—5—
, p
+2C}ja—4Cy; (52)

and

1 u(t) ) w(t)
Lp(t)=— szZ(Zb)( 2C —;~+(C(+Cp) T) (53)

1 u(t) , w(t)
Dy(t)= szZ(Zb)( 2Cp—5+(Cp=Cy) T) (54)

u(t) , w(t)
ZCMT + CMT
Based on the definition of the flutter derivativesgs. (19),
(20), and (21)], the nonzero flutter derivatives can then be ex-
pressed in terms of the static force coefficients as

(55)

My(t)= 5 pU2(2b)?

H}=—-C//k% HEi=2C_/k;
PY=-2Cp/k; P3=m(C,—C)/k; P%=Cp/K?
Pz=(Cp—Cuk; (56)
Af=2C[/k;  Ay=2mCjlk; A3=2C[,/K%

and the indicial response functiods, , equivalent Theodorsen
function C,, and the equivalent Sears functiéh are equal to
unity except that

®(s)=my8(s)+C[/(C[+Cp);
Dpo(8)=myd(s)+CL/(CL—Cy);

Do (s)=md(s)+1 (57)
CLa(k)Zml(ik)+C|’_/(C£+CD);
Cpo(k)=my(ik)+C5/(CL—Cp);

Cma(K)=my(ik)+1 (58)

understood that while the quasi-steady assumption can to a certain
extent describe the aerodynamic forces associated with the verti-
cal and lateral motions at very high-reduced velocitRarkinson

and Brooks 1961; Novak 1972it may not be conveniently in-
voked for the torsional motiofe.g., van Oudheusden 200This

is because of the existence of flow memory effect which leads to
aerodynamic forces lagging the structural motions. This plays an
important role in the generation of aerodynamic forces due to
torsional motion even at higher-reduced velocity range, which are
neglected in the quasi-steady theory.

A “quasi-static corrected theory” was proposed by Diana et al.
(1993, in which different relative velocities and effective angles
for the lift and drag, and for the moment have been assumed by
using different values ofn,. Related issues about the flutter de-
rivatives with respect to static force coefficients were also dis-
cussed by Larose and Lives€$997. While the quasi-steady
assumption neglects the essential frequency dependence of the
unsteady forces, it can nonetheless provide insight into the global
trends and enable preliminary estimates of the flutter derivatives
based on the static coefficients. For instance, a negative value of
C| or Cy, indicates a potential for galloping or torsional flutter.
Low values ofC; andCy, generally correspond to low-unsteady
aerodynamic forces and low-absolute values of flutter derivatives.
In addition, the drag component of the self-excited forces is com-
monly evaluated based on the quasi-steady assumption.

Approximate Relationships Among Force
Parameters

The interrelationships among the impulse or indicial response
functions and among flutter derivatives as noted for airfoil sec-
tions are not necessarily valid for bluff bridge sectid8sanlan
1993. Instead, different functions are required for featuring the
unsteady force components associated with each component of
structural motion and wind fluctuations. In some cases, certain
approximations may be utilized for the sake of simplicity. Based
on experimental results, Matsumoto et(@lR95 suggested that it
can be assumed approximately that the c_ontributior'x a@d the
effective angle of incidence is negligible, ahtlJ anda contrib-

ute equally to the effective angle of incidence. This results in the
following approximate expressions for the lift and moment in the

In the quasi-steady theory, the admittance functions are all time and frequency domains:
equal to unity. It is also noteworthy that the self-excited terms time domain

related to— p/U andh/U are the same as those in the buffeting
terms related ta/U andw/U, respectively.

The quasi-steady formulations can be referred to as a special

case of unsteady forces when>0 orU/(fB)—«. However, the
definition of the value ofm, is critical since it is related to the
contribution ofa to the effective angle of incidence. It can be

selected as 0.5 indicating that the downward velocity at the lee-

ward three-quarter-chord point is selected for the calculation of frequency domain

the effective angle of incidence as that for airfoil section. How-
ever, this will result inA3 =0 whenCy,=0 that implies a nega-

tive torsional aerodynamic damping and the existence of a tor-

sional flutter. This is inconsistent with the airfoil theory and the

wind tunnel derived data concerning bluff bridge sections. For

most bluff sections it is found tha&t,, <0 indicates the potential
of a torsional flutter. Alternatively, a negative valuerof may be
assumed such as0.5 corresponding to the downward velocity at
the forward three-quarter-chord poifMiyata et al. 199% which
may lead to an inconsistency in the signttf andP3 . It is well
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1 t h(r)
Ldt)= Epuzf_ [ (t=T)a(T)+ o dr (59)
1 t h()
Mgdt)= szZJ' Ima(t—1) OL(T)+T dr (60)
1 ] h
Lse(t)—zpuz(zb)kZ(Hg+|H;)(a+U) (61)
1 h
Mse(t)=§pU2(2b2)k2(A§+iA§) (x+U (62)

It is equivalent to introducing the following interrelationships
among the impulse and indicial response functions, and among
flutter derivatives



[Lh(S)=[1[(8)+114(0)3(s)]/b; should be handled carefully unless they are well validated through
wind tunnel tests. In light of this discussion, it is emphasized that

In(8)=[1ya(8)+1ma(0)3(s)]/b an experimental evaluation of all flutter derivatives and admit-

DL p(S)=BLu(S); DPyn(S)=Dyu(s) (63) tance functions using wind tunnel models is still considered to be
Lh Lad =l Mh Me a most accurate means of estimating the unsteady forces and at-
HY=kH3; H)=-kH}; A}=KkA}; A;=—KkA} tendant response of long span bridges.
(64)

Similar interrelationships among flutter derivatives have been dis- ) o
cussed by Scanlan et @974 and Scanlan et a(1997 using a Rational Function Approximation of Force

different approach. _ Parameters
Further assuming that the significance -ep/U andh/U to ) ] .
the generation of self-excited forces is equal to thatkd and The assessment of unsteady aerodynamic forces in the time do-

W/U, respectively, in generating buffeting forces, as observed in main requires identification of aerodynamic impulse or indicial
the quasi-steady theory, the relationship among the admittanceresponse functions. A direct determination of these functions for
functions and the flutter derivatives can be derived from Eqgs. bluff bridge sections is laced with difficulties, and the techniques

(19—(21) and Eqgs(25—(27) as based on wind tunnel tests have not been well established. In-
i s stead, the techniques for identifying the frequency domain force
2Ci xLu=k(Hs —iHg);  2Cpxpu=—k(P1—iP%) parameters such as flutter derivatives and admittance functions
4Cyxmu= —K(AE —iA%);  (Cl+Cp)xiw= —k(H} —iH}) have been fully established, and a large data set for a host of
(65) geometric configurations of bridge sections has been developed
(e.g., Walshe and Wyatt 1983; Sarkar et al. 1994; Bosch 1995;

(Co—CUxpw=k(P; —iPg); 2Cyxmw=k(AT —iA}) Matsumoto et al. 1995; Larose and Mann 1p98owever, the

It is noteworthy that when the admittance functions become flutter derivatives and admittance functions are normally known

unity the preceding equations will result in the same formulations ©NY @t discrete values of reduced frequercylt is difficult to
as those derived on the basis of the quasi-steady theory. Simila/diréctly use the aforementioned relationships to quantify the im-
formulations relating the flutter derivatives and admittance func- PulSe or indicial response functions by means of the inverse Fou-
tions have been suggested by Scanlan and JA8€9 and Scan- rier transform. Therefore, approx!mate contlnuo_u_s functions of
lan (2000 using a different procedure. the reduced frequency are required for descr!bmg frequency-
In Tanaka and Hatanak&000, two different functions re- dependent force parameters for future analysis. For the self-
ferred to as “equivalent Theodorsen functions” were introduced €xcited forces, the rational function approximation technique
for describing lift and pitching moment components of the self- known as Roger’s approximation can be utilized for this context.
excited forces on bridge sections. The effective angle of incidencelike the Jones approximation of the Theodorsen function, the
was defined as for the airfoil section including the contribution of aerodynamic transfer functions or the equivalent Theodorsen
&. Using those two independent aerodynamic functions instead offunctions in terms of flutter derivatives can be approximated in
the generally used four independent functions is equivalent toterms of rational functiongScanlan et al. 1974; Lin and Yang
introducing new relationships between the self-excited forces as-1983; Xie and Xiang 1985; Bucher and Lin 1988; Matsumoto
sociated with vertical and torsional motions. In addition, these €t al. 1994; Wilde et al. 1996; Boonyapinyo et al. 1999; Chen
equivalent Theodorsen functions are identified based on measure@t al. 2000a,b For example, the aerodynamic transfer function
flutter derivatives in their study, which are then used to determine between the lift force and the vertical motion is expressed as
the admittance functions based on the approximate relationship 2 ik Ly .
among the self-excited and buffeting forces. It is emphasized that 2k*(Hz +iHT) =ALnat (iK)ALn

the admittance functions predicted according to this approach in- M
clude two kinds of approximations. One is introduced by the (2 (i(k)ALn,j+3
. . . e +(iK)2ALnat >, — (66)
inter-relationship among flutter derivatives, and another comes 2= ik+dig
from the relationship between the flutter derivatives and admit- _
tance functions. where Ain1, Ainzs Aings Ainjess @nd dipg (din; =05

It is noted that on the one hand these relations may be a good=1,2, . . . m;) =frequency-independent coefficients; the first

approximation for some bridge sections and also help to improve and second termsnoncirculatory static-aerodynamics and the
our understanding of the generation mechanisms of aerodynamic@erodynamic damping, respectively; the third teradditional
forces. On the other hand, they do not permit a plenary applica- aerodynamic mass which is normally negligible; and the rational
tion to every bluff section. In fact, even for an airfoil section, terms=unsteady components which lag the velocity of body mo-
while the flutter derivatives are dependent on each other and re-tion and permit an approximation of the time delays through posi-
lated to the Theodorsen function, the inter-relationships betweentive values of the parametdy,; (j=1,2, ... m.,). The value of

the flutter derivatives as shown in E@4) are not strictly valid. m,, determines the level of accuracy of this approximation and
In addition, the Theodorsen function is not equal to the Searsthe size of additional equations representing the aerodynamic
function which implies that the generation of lift force due to states. These coefficients can be determined by curve fitting the
vertical fluctuationw/U is not the same as self-excited forces due experimentally obtained flutter derivatives at different reduced
to vertical motionh/U. Application of such relationships to the frequencies.

modeling of aerodynamic forces results in the introduction of a  Eq.(66) is equivalent to expressing the impulse response func-
level of error or uncertainty in the aerodynamic forces for such tion I_,(s) and the indicial functionb (s) as the following ex-
sections where these relationships are not strictly applicable.ponential time-series functions including aerodynamic stiffness,
Therefore, their application to flutter and buffeting analysis damping, and inertial terms
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MLh

[Ln(S)=| ALnat 21 ALh,j+3) 3(S)+ A0 (S)
=

MLh

+ALh,38”(S)_El Aihj+3dinje dnis  (67)
=

Mih

—2(C[+Cp)P p(s)=Apot 21 Ainj+aldinjtALnS
=

Mih

+ALh,36(S) - 21 ALh,j+3/d|_hyjeidLh~js
i=

(68)

Accordingly, the unsteady frequency dependent aerodynamic

forcesL¢{t) can then be expressed in the time domain as

1 b.
Lsed)=—5 PUZ( ALn (D) +Ain 25 h(1)

b2 . MLh
Az + 2, m,j(t)) (69)
- _ dLh,jU .
brpj(t)=- T¢Lh,j(t)+ALh,j+3h(t)
(j:]-!z!-"lmLh) (70)

where ¢, () (j=1,2,..
states.

.,m ) =augmented

Similar formulations for other self-excited force components
can be obtained with analogous definitions. For example, the

aerodynamic

My w

I Lw(8)=2b(C| +Cp) ALW,1+21 ALW,j+1)a<s>
e

My w
- j§::1 ALwj +1de,jedLW‘js) (74)
MLy
D (S)=ALy 1t 21 ALy,j+1€ dwss (75)
e

1 ) ) MLw
Lowlt)=5pU%(2D)(C{+Co)| | Auwat 2, Auwa

w(t) " dpy, U

U Elb

brw,(t) (76)

. diy,U w(t)
brw,j(t)=— ka)J ¢Lw,j(t)+ALw,j+1T

(j=1,2,... my) (77)

where ¢, ;(t) (j=1,2,...,m.,) is the augmented aerody-
namic state vector. Similar expressions for other buffeting force
components can be given with analogous definitions and are omit-
ted here for the sake of brevity.

It is noted that the condition of the rational function approxi-
mation atk— 0 or U/fb—oo (found by invoking the quasi-steady
theory may be used for improving the accuracy of the curve
fitting, which results in more realistic modeling at higher-reduced
velocity. For example@ () =1 results in

MLh

ALn1=0; ALh,2+]_§l Ainj+3ldinj=—2(C{+Cp) (78)

aerodynamic transfer function between the pitching moment and  The frequency-dependent force parameters at low-reduced ve-

torsion is expressed as
2k2(A"3‘ +iA;):AMa'1+(ik)AMa’2

o (1K) Apa,j+ 3

HAY4
+(ik)“Amq 3t le iK+dug, |

(71)
and accordingly the indicial functio,,,(s) is expressed as
2CyPma(S)=Ama 1t Ama,D(S)

MM«

+ AU (S)+ D, Ay jrg8 MWais (72)
=1

locity range (generally less than 20s most important for the
buffeting and flutter analysis of long span bridges. Since data at
only lower velocities is commonly measured and available for
bridge sections, using such a conditionlatfb— o may reduce

the accuracy of the curve fitting at low-reduced velocities of in-
terest. Rational function approximations should be determined in
order to achieve higher accuracy at the reduced velocity range of
interest. These approximated indicial functions based on limited
data at lower velocities are referred to as the representatives of the
low-reduced velocity components of the original functions. Figs.
4(a and b show rational function approximations (A%
+iA%) for a set of rectangular sections with different side ratios
B/D=5,10,20(B: body width,D: body depth. For comparison,

the results for the airfoil section using the Jones approximation of

Similarly, for the buffeting force component, the aerodynamic the Theodorsen function are also included. The symbols indicate

transfer function, for example ,, can be recast using a rational

the data obtained from wind tunnel tegkdatsumoto et al. 1995

function approximatior(Matsumoto and Chen 1996; Matsumoto For B/D=15 rectangular section, we have

et al. 1996; Chen et al. 2000b; Chen and Kareem 2001a

mpw .
(IK)ALw,j+1
=A w1t _ 73
XLw Lw,1 121 |k+dLW,j (73)

where A 1, Alwji1, and dyyj (diw;j=0; j=1,... my)

K2(A% +iA%)=2.8877-1.5091ik)

0.6162ik) 0.5135ik)
T k101739 ik+0.9871

(79)

Fig. 5 shows the rational function approximation of Daven-

=frequency-independent coefficients determined by curve-fitting Port's aerodynamic admittance function with a decay faste8

XLw at discrete reduced frequencies. Accordingly, the correspond-

ing impulse response functidn,,(s), indicial function® ,(s),

and unsteady buffeting forde,,(t), the lift induced by vertical

wind fluctuation, are expressed as
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X3=2(c—1+e°/c? (80)

wherec=AfD/U=\k;/m; k;=wD/U; andyp is approximated
as
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Fig. 4. Rational function approximations of aerodynamic transfer
function k?(A3 +iA%) for rectangular sections with different side

rationsB/D (B: body width,D: body depth

0.1203ik,) 0.1621ik;)

Xo(ky)=0.998 {55657 Tk, +0.5648

0.2304ik;) 0.1868ik)
ik, +2.0875 ik,+2.9832

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

N(ik)  bo(ik)"+b;(ik)"*+---+b,
D(ik) ~ (ik)"+ay(ik)" I+ - +a,

H(k)=

The coefficientsa,,...,a, andb4,...,b, can be evaluated by

minimizing the error

% Hek)— Naky) |2 83
where H(k;) (j=1,2,...m) represents the measured tabular

data of aerodynamic transfer functions.

Once these aerodynamic transfer functions have been ex-
pressed in terms of the rational function format, the frequency-

(81)

(82)
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Fig. 5. Rational function approximations of admittance function

model (Ogawa 1994; Chen and Kareem 2001A& controllable
canonical form of the state-space representation is given as fol-
lows:

X=AX+Bu; y=CX+Du (84)
where

0 0 0

0 1 0 0

A=| : : 1 |; B=|:|;

0 0 0 0 0

1

—8, —ap-1 —ap-2 T Ta

(85)

C=[by—anbp: b, 1—a, 1bo:...;b;—a;b]; D=byg
(86)

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

Time domain modeling of frequency-dependent aerodynamic
forces results in augmented aerodynamic states. The number of
aerodynamic states depends on the number of the denominator
Scoefficients in the rational terms of the rational function approxi-
mation such asl, , ; in Eqg. (66) andd,,,; in Eq. (73). Efforts for
reducing the augmented aerodynamic states have been conducted
by using common coefficients for different force components and
by using minimum-state unsteady aerodynamic approximations
(Hoadley and Karpel 1991; Wilde et al. 199®ifferent forms of
rational functions have also been utilized for accurate approxima-
tions (Sternberg 1991; Eversman and Tewari 19®imilar ap-
plications using the rational function approximation technique are
noted in engineering problems such as the interaction of struc-
tures with soil(Wolf 1991), structural response under hydrody-
namic excitationgDamaren 2000 and random vibration of sys-
tems with frequency-dependent parametg@panos and Zeldin
1997).

Spanwise Correlation of Aerodynamic Forces

dependent unsteady aerodynamic forces can be calculated througiihe overall response analysis of long span bridges requires con-
a set of linear differential equations or through a state-spacesideration of the spanwise correlation of the aerodynamic forces.
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The self-excited forces are commonly assumed to be fully corre- Nonlinear Aerodynamic Force Model
lated in the spanwise direction. It has been noted that a loss of )
spanwise correlation of the self-excited forces stabilizes the A nonlinear unsteady force model has been proposed based on the
single-mode torsional fluttefScanlan 1997 Although the stabi- ~ So-called “quasi-static corrected theory” by Diana et d993
lizing effect of spanwise correlation loss may be apparent for and Diana et al(1999. A different nonlinear force model has
single-mode torsional flutter, it is not obvious that this will apply /S0 been developed by Chen and Kareg@01h, which is
to multimode coupled flutter cases. Correlation loss along the Pased on the static force coefficients, flutter derivatives, and ad-
span may stabilize a bridge by reducing unfavorable negative _mlttance funcqor_ls along with the spanwise correlations a_t vary-
aerodynamic damping effects, and yet it may destabilize a bridge!"d angles of incidence. The latter model has a clear relationship
by reducing favorable aerodynamic damping. A recent experi- with the conventlon_al linear force m(_)del. In this model, the tur-
mental study has identified that turbulence only slightly influ- Pulence and associated aerodynamic forces and responses have
ences the spanwise correlation of self-excited fofttman et al. ~ been separated into low-frequenoffarge-scalg and high-
1999; Haan 2000 This preliminary study tends to support the frequency(small-scalé components based on a crlthal frequency.
assumption of fully correlated self-excited forces in current ap- FOr the low-frequency force component, the quasisteady formu-
proaches. lation is utilized for modeling the aerodynamic forces because of
It has been commonly assumed that the buffeting forces havethe high-reduced velocities. The high-frequency component is lin-
the same spanwise correlation as the incoming wind fluctuations®arized around the effective angle of incider{tmw-frequency
based on strip theory. This assumption is questioned by the “rapid C0Mmponentjust as the conventional linear force model is linear-
distortion theory” of turbulence and measurements in the sepa-i2€d around the statically displaced position. For example, the
rated flow regions suggest that the pressure field may have higherligh-frequency component of the self-excited lift force due to
correlation scales than the incident turbuleneeg., Kareem  Vertical motion is expressed as
1990. Several studies have reported that the buffeting forces have _ > (!
a higher-spanwise correlation than that of the incident wind fluc- Lse(1)=5pU jﬁxl th(cte, t=7)h(7)d7
tuations and have been found to be a function of spanwise sepa-

ration, scale of turbulence and the deck widghg., Larose and 1
Mann 1998. =- EPUZ(zb)(CL+CD)
Taking into account the spanwise correlation of forces, the
buffeting forces acting on an element of lengttan be referred to t h(T)
as the filtered output of the forces per unit length. The filter is Xf D plae,t—1) U dr (90)

characterized in terms of the spanwise coherence in the frequency
domain and the impulse response function in the time domain. where the impulse and indicial response functions are functions of
For example, the buffeting lift force is given in terms of the both effective angle of incidence and time. These are related to
following double convolution integral in the time domain as the flutter derivatives which are functions of both reduced fre-
quency and angle of incidence.

The instantaneous effective angle of incidence is determined
based on the low-frequency component of turbulence and struc-
tural motions(the low-frequency components are indicated by the

W |
FIu(t=7) (72— 71) %) drydr,  (87)  Superseripbas

1 t [
Lb(t)=—§pU2I f, f, (JLu(t_TZ)lLu(TZ_Tl) U(Jl)

w'+h'+0.504!

ae:as+a|+¢l; ¢'=tan‘1 U+u'—b'

) (91)

whereJ, , andJ,,, are the impulse response functions.

In the frequency domain, it can be expressed as : . .
q y P When the low-frequency response is relatively small as is the case

1 — u(t) for long-span bridgesy, can be approximated as
Lb(t):_EPUZ(Zb)I 2CL‘JLUXLUT w! W
© ae=a5+tan’1 m)*as"rm (92)
— w
+(C[+CD)JLWXLWT) (88) Figs. 6a) and 6b) show an example of the vertical wind fluc-
- - tuations with a turbulence intensity of,/U=7.5% and the cor-
whereJ, , andJ,,, are the Fourier transform counterpartsJof, responding low-frequency effective angle of incidence. Fig. 7
R . )
andJ,,,, respectively, and are referred to as the joint acceptanceShows the flutter derivatives; of a twin-box section measured at
functions given by different angles of incidenc@Matsumoto et al. 1998A3 for this

- section is very sensitive to the angle of incidence, and the con-
- sideration of this dependence will be important for an accurate
= fo fo Coh(x1,%z, F)dxydx, (r=Lu,Lw) (89) estimation of aerodynamic forces.

Utilizing this nonlinear model, both the dependence of aero-
where coh is the coherence function; and andx, are the spa- dynamic forces on frequency and effective angle of incidence can
tial coordinates. be considered. Furthermore, the effects of turbulence on flutter

Similar to the frequency-dependent forces per unit length, and the interaction of flutter and buffeting can be studied. The
using rational function approximations of the joint acceptance proposed analytical framework with nonlinear aerodynamics pro-
functions allows the frequency-dependent forces on an element ofvides a unique tool for examining the effect of aerodynamic non-
finite length to be calculated in the time domain using frequency- linearities on bridge response. A coordinated experimental inves-
independent linear differential equations or a state-space modetigation is in progress for a comprehensive validation of this
with augmented aerodynamic states. approach. This involves seeking an understanding of turbulence-
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Concluding Remarks

Recent advances in the modeling of aerodynamic forces on bridge
decks were presented. Approximate relationships among aerody-
namic force descriptors for static, self-excited, and buffeting force

components, and the interrelationship among force parameters for
self-excited forces were comprehensively discussed. Their com-

w(t)/U

0 100 200 300 400  parison with those based on airfoil theory and those derived on
Time (sec) the basis of quasi-steady theory was presented. Caution in using
. . such approximate relationships for simplified modeling of aero-
(a) Vertical fluctuation w(t)/U dynamic forces and bridge response estimation was emphasized.
The importance of modeling the frequency dependence of aero-
5 ' T " dynamic forces was addressed. Central to this modeling is the

rational function approximation of the frequency domain force

parameters as continuous functions of reduced frequency. This
technique allows the unsteady aerodynamic forces to be ex-
pressed as a set of linear differential or state-space equations. A
nonlinear aerodynamic force model was proposed to take into

o' (deg)

- — ‘ ; consideration the dependence of aerodynamic forces on frequency
0 100 200 300 400 and the effective angle of incidence. This nonlinear force model
Time (sec) provides a unique tool for investigating the effects of nonlinear

aerodynamics on the overall bridge response. The nonlinear aero-
dynamics may become increasingly critical when the aerody-
Fig. 6. An example of vertical wind fluctuations and associated ef- Namic characteristics of innovative bridge deck designs, with at-
fective angle of incidenceo, /U =7.5%) tractive aerodynamic performance, exhibit significant sensitivity
with respect to the effective angle of incidence and with the in-
crease in the bridge span. These issues may not be addressed by
utilizing the current linear aerodynamic force model. A coordi-
nated experimental validation of the model is in progress. The
induced modifications of the magnitude and spanwise coherencesynergistic review of the writers’ recent work in bridge aerody-
of both the buffeting and the self-excited forces. namics, in light of the current state-of-the-art of this field, pre-
A number of analytical studies using stochastic approaches tosented here may serve a critical role in the development of new
randomize the dynamic pressure term have been conducted tanalysis tools and frameworks for the accurate prediction of the
predict some global trends in the turbulence-induced changes inresponse of long span bridges under strong wind excitation.
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 inAcknowledgments
their inability to capture the effects of turbulence on the unsteady
aerodynamics. Nonetheless, these contributions provide an el-The support for this work was provided in part by NSF Grants
egant framework of stochastic stability analysis that may offer a No. CMS 9402196 and No. CMS 95-03779. This support is grate-
useful avenue of analysis once the effects of turbulence are bettefully acknowledged. The writers are thankful to Dr. Fred Haan,
understood. Jr., visiting assistant professor, Department of Civil Engineering
and Geological Sciences, University of Notre Dame, for his com-
ments on the manuscript.

(b) Low frequency effective angle of incidence
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