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Abstract: Current linear aeroelastic analysis approaches are not suited for capturing the emerging concerns in bridge aerodynamic
introduced by aerodynamic nonlinearities and turbulence effects. These issues may become critical for bridges with increasing spar
and/or with aerodynamic characteristics sensitive to the effective angle of incidence. This paper presents a nonlinear aerodynamic forc
model and associated time domain analysis framework for predicting the aeroelastic response of bridges under turbulent winds. Th
nonlinear force model separates the aerodynamic force into low- and high-frequency components according to the effective angle ©
incidence. The low-frequency force component is modeled utilizing quasi-steady theory. The high-frequency force component is based o
the frequency dependent unsteady aerodynamic characteristics, which are similar to the traditional force model but vary in space and tim
following the low-frequency effective angle of incidence. The proposed framework provides an effective analysis tool to study the
influence of structural and aerodynamic nonlinearities and turbulence on the bridge aeroelastic response. The effectiveness of th
approach is demonstrated by utilizing an example of a long span suspension bridge with aerodynamic characteristics sensitive to the ancg
of incidence. The influence of mean wind angle of incidence on the aeroelastic modal properties and the associated aeroelastic respor
and the sensitivity of bridge response to nonlinear aerodynamics and low-frequency turbulence are examined.
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Introduction junction with experimentally identified force parameters, analyti-

cal approaches have been widely used in the design of many
The aerodynamic performance under the action of strong winds ispridges. Conventional analytical techniques, which rely on the
of major concern because it serves as a governing criterion for theagssumption that intermodal coupling is negligible and flutter is
design and construction of long span bridges. The understandingjominated by a single torsional mode, have adequately predicted
of aeroelastic response of bridges has been significantly improvedy,g response of typical cable supported bridges built thus far.
through experimental and analytical studies. Remarkable deve|°p'However, experience shows that this may not be a valid assump-
ments in analytical approaches have been made since the pioneef;qp, for exceptionally long span bridges which require a multi-
ing studies by Davenpoftl962 and Scanlari1978 among oth-  q4e coupled analysis framewdigg., Miyata et al. 1995; Jones
ers. These analytical approaches utilize aerodynamic forceset al. 1998 Katsuchi et al. 1999 Chen et al. 2000a: Xu et al.
linearized at the statically deformed position of the bridge, which 2000 Cher,1 et al. 2001 ' '

are commonly separated Into_static, s_elf-excned, and buffeting Aeroelastic analyses have been predominantly conducted in
force components. Advances in identifying force parameters such ; . i .
the frequency domain because it facilitates the modeling of fre-

as static force coefficients, flutter derivatives, aerodynamic admit- o .
; . g .._.__quency dependent characteristics of unsteady aerodynamic forces.
tance functions, and spanwise coherence functions, utilizing - : : . I
However, it is constrained by the assumptions of linearity in both

scaled bridge models in wind tunnels have led to remarkable im- tructural d . d q . d stati itv of wind
provements in accurately modeling aerodynamic forces and pre-S ructural dynamics and aerodynamics, and stationanty of win
fluctuations. Challenges in analytical approaches remain in the

dicting the overall aeroelastic response of bridgé&lshe and . ; . X

Wyatt 1983; Davenport et al. 1992; Scanlan 1993: Sakar et al areas of modeling aerodynamic forces excited by nonstationary

1994- Larose and Mann 1998: Chen and Kareem }i(]mcon- “wind fields such as hurricanes and thunderstorms, for bridges lo-
' ’ cated in complex topographipavenport and King 1993consid-

eration of nonlinearities in both structural dynamics and aerody-
namics, and ubiquitous issues related to turbulence. Clearly, these
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be modeled akin to the frequency domain approach. An alterna-with the spanwise correlations at varying angles of incidence. It
tive approach utilizing an integrated state-space model was alsooffers a clear relationship with current linear unsteady force and
presented by Chen and Kare¢2®014a in which bridge response  nonlinear quasi-steady force models. The proposed framework
under turbulent winds was described as the output of an inte- provides an innovative tool to study the influence of structural
grated system driven by a vector-valued white noise. With this and aerodynamic nonlinearities and turbulence on aeroelastic re-
state-space model approach, the buffeting response can be disponse of bridges.
rectly calculated with higher-computational efficiency using the In this paper, a detailed presentation of the nonlinear aerody-
Lyapunov equation rather then conventional spectral analysis.namic force model and associated time domain analysis frame-
This integrated state-space approach is particularly well suited forwork originally introduced in Chen and Kareef2001b is out-
studies of active control of bridge flutter and buffeting responses. lined for predicting the aeroelastic response of bridges under
Current linear aerodynamic force models have proven their turbulent winds. A new application of this framework to a long
utility for many applications, however, these are not suited for Span suspension bridge, with aerodynamic characteristics that are
completely addressing the challenges posed by aerodynamic nonvery sensitive to the angle of incidence, is provided to further
linearities and turbulence effects. Experimental studies haveexamine the influence of mean wind angle of incidence on the
shown that aerodynamic characteristics of many innovative aeroelastic modal properties and aeroelastic response based on
bridge deck designs, with attractive aerodynamic performance, linear aerodynamic forces. It also explores the influence of non-
are very sensitive to the angle of inciden@eg., Zasso and linear aerodynamics and low-frequency turbulence on the bridge
Curami 1993; Matsumoto et al. 1998 or these bridge sections, aeroelastic response.
even for low levels of turbulence, the effective angle of incidence
due to structural motions and incoming wind fluctuations may
vary to the extent that the nonlinearities in the aerodynamic forces Nonlinear Aerodynamic Forces
may no longer be neglected. Current analytical approaches also
fall short in predicting the turbulence effects on bridge flutter The traditional linear aerodynamic force model tacitly assumes
(Irwin 1977; Scanlan and Lin 1978; Matsumoto 1999 that the variations of an effective angle of incidence are suffi-
A number of analytical studies based on randomizing the dy- ciently small such that the corresponding changes in aerodynamic
namic pressure and invoking stochastic approaches were concharacteristics can be neglected and assumes the value at the stati-
ducted to predict some general changes in flutter instability due tocally deformed position of the bridge. For some bridge sections
incoming turbulencée.g., Bucher and Lin 1988; and Lin and Li whose aerodynamic characteristics are highly sensitive to the
1993. These studies tacitly assume that the mechanism relatingchanges in the mean angle of incidence, the nonlinearities in the
wind field to the aerodynamic forces remains unchanged in tur- aerodynamic forces may not be neglected depending on their sen-
bulent flows. Such an ad hoc implementation of turbulence may sitivity and the range of variation of the effective angle of inci-
not accurately represent the underlying physics because turbudence. While the quasi-steady force model can take into account
lence may indeed significantly modify the flow structure, atten- the nonlinearities in aerodynamic forces through the static force
dant aerodynamics, and resulting for¢dkamura 1998 Scan- coefficients, which are nonlinear functions of the angle of inci-
lan (1997 explored the potential mechanism of turbulence on the dence, it discards the unsteady fluid memory effect which results
single-mode torsional flutter due to a decrease in spanwise correin frequency dependent attenuation and phase delays of the aero-
lation of the self-excited forces. Although the stabilizing effect of dynamic forces with respect to the quasi-steady results. The
spanwise correlation loss may be apparent for single-mode tor-quasi-steady assumption is only considered valid at very high-
sional flutter, it is not obvious that this will indeed apply to mul- reduced wind velocities. It fails in accurately describing forces at
timode coupled flutter cases. Correlation loss along the span maylow-wind velocities and forces induced by torsional motion even
stabilize a bridge by reducing unfavorable negative aerodynamicat very high-reduced velocities, in which the fluid memory effect
damping effects, but it may destabilize a bridge by reducing fa- plays an essential role in force generatierg., van Oudheusden
vorable aerodynamic damping. This issue will become even more 2000.
important as the bridge span lengthens and the potential for mul- In principle, the nonlinear aerodynamic forces can be gener-
timode flutter increases. A recent experimental study demon- ally expressed as a function of the effective angle of incidence
strated the near unity coherence of self-excited forces in severalWith corresponding force coefficients. The effective angle of in-
turbulent flows(Haan et al. 2000 This tends to support full cor- ~ cidence is a function of structural motion and incoming wind
relation of the self-excited forces implied in current analytical fluctuations, which can be clearly formulated for quasi-steady
approaches. However, this also implies that the turbulence-aerodynamic forces but not in a straightforward manner for the
induced changes in flutter instability of bridges cannot be ex- unsteady cases. In Diana et 61995 and 1999 different effec-
plained entirely due to a decrease in the coherence of self-excitedive angles of incidence for lift and pitching moment components
forces. of the unsteady aerodynamic forces were suggested for a nonlin-
Diana et al.(1995 and 1999 proposed a nonlinear aerody- €ar force model.
namic force model based on so-called “quasi-static corrected In this study, in order to model the nonlinear aerodynamic
theory” and analytically investigated turbulence effects on flutter forces, the effective angle of incidence is separated into low-
and buffeting responses. This nonlinear force model attempted tofrequency(large length scaleand high-frequencysmall length
incorporate frequency dependent characteristics by decomposingcalé components
the total response into components with different frequencies. A o h
novel nonlinear aerodynamic force model and assc?ciated time el t) = atg(t) +eg(t) (1)
domain analysis framework have been proposed by Chen andwhere superscriptsandh indicate the low-frequencyincluding
Kareem(2001h. This nonlinear aerodynamic force model incor- static componentand high-frequency components. The low- and
porates nonlinear and unsteady features based on the static forchigh-frequency ranges are separated at a critical frequency. The
coefficients, flutter derivatives, and admittance functions along selection of this critical frequency warrants an in-depth examina-
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Utu(y ear aerodynamic forces. Assuming that the self-excited forces
within an element are spatially fully correlated, the linearized
self-excited forces acting on an element undergoing arbitrary
structural motions can be given in terms of a convolution integral

for the lift componente.g., Chen et al. 2000b

L'_;e(t)=%pu2|ft (I en(al, t=)h(T) + 1 p(abt—7)p"(7)

Fig. 1. Coordinate system for analysis

1 o(al,t=m)al(7))dr

8
where h(t), p"(t), and «"(t)=high-frequency components of
tion, however, in this study it is assumed to be the first natural the dynamic displacements in the vertical, lateral, and torsional
frequency of the bridge. The low-frequency turbulence is mod- directions, respectivelyip,, I,,, andl,, =aerodynamic impulse
eled to introduce changes in the mean angle of incidence which"€SPonse functions; arlé-element length. Unlike the airfoil sec-
influence bridge aerodynamics. The high-frequency turbulence istion in which these aerodynamic impulse functions are related to
modeled to alter the flow structure around the bridge section. the Wagner function, bluff bridge sections generally require the
Hence the aerodynamics and the resulting forces can be modeledSe of different functions for different force components associ-
by directly using the aerodynamic characteristics measured in tur-ated with the lateral, vertical, and torsional motions. Analogous

bulent flow conditions. Accordingly, the nonlinear aerodynamic
forces are approximately expressed in terms of the sum of the
low- and high-frequency components

L 9F D L ch L en

F:F(ae)%F(ae)-‘r@ Iae:F +Fg.+Fp (2)

The low-frequency force componefincluding the static force
componentis expressed as a nonlinear function of the effective
angle of incidencex'e(t) in light of the quasi-steady theory as
follows (Fig. 1):

L'=F| cosd' ~Fpsing!; D'=F sind'+Fp, cosd';

M'=F), (3)
FL=—3pV/BIC (ap); Fp=3pV/BICo(ay);
Fu=30pV7B?ICy(ap) )

V2=(U+u' = pH2+ (W +h'+mba')? ()
o - W'+ h' + m;bé!
ag=agtd; ¢—arctaf(m) (6)

where p=air density; U=mean wind velocity;B=2b=bridge
deck width;C, , Cp, andC,,=mean lift, drag, and pitching mo-
ment coefficients, respectively,,=time-averaged static angle of
the bridge sectiony' andw'=longitudinal and vertical wind fluc-
tuations; h'(t), p'(t), anda'(t)=low-frequency components of
the dynamic displacements in the vertical, lateral, and torsional
directions, respectivelyq=effective angle of incidencean, is

assumed to be 0.5; and the over dot denotes the derivative with

respect to time.
The utility of the quasi-steady theory for modeling the low-

frequency force component is due to its validity at high-reduced

velocities. When the low-frequency dynamic response is com-

paratively small and negligible as is the case for most long-span
bridges,a, is simplified as

w! )

[

e=

¢

@)

agtarcta
U+u

The high-frequency components of the aerodynamic forces are
then expressed by a linearization around the low-frequency effec-

tive angle of attackxl(t). They can be further separated into
self-excited and buffeting force components as in the case of lin-

formulations exist for the drag and moment components.

The spatial correlation of the buffeting forces should also be
considered in these calculations, which leads to a reduction in the
overall forces. While it is commonly assumed, based on the strip
theory, that the buffeting forces have the same spatial correlation
as the fluctuations in the approach wind, measurements have oth-
erwise suggested that the pressure field may have a higher-
spanwise correlatior{e.g., Davenport et al. 1992; Larose and
Mann 1998. The linearized buffeting forces acting on an element
corresponding to arbitrary wind fluctuations can be given in terms
of a convolution integral for the lift componerChen et al.
2000h:

h 1 oo [ |
Lb(t):_EPU| e Jru(ag,t=73)

h
u'(ty)
X1 (e, 72— 71) U
| | Wh(Tl)
+J|_W(Ote,t_Tz)ILW(OLe,’TZ_’Tl)—U dTld’T2

©)
whereu" andw"=wind fluctuations at the center of the element
in the longitudinal and vertical directions, respectively, and
I w=aerodynamic impulse response functions of buffeting forces
representing the unsteady characteristics of buffeting forces on
unit length; andJ,_, andJ, ,, indicate the impulse response func-
tions representing the spatial correlation characteristics. Similar
expressions exist for the drag and moment components.

For sinusoidal structural motions and wind fluctuations, the lift
components of the self-excited and buffeting forces are com-
monly expressed in terms of flutter derivatives, admittance func-
tions and joint acceptance functions as

*_

RN S Jhoooba
Lse(t)=§pU Bl kH1U+kH2U+k H3a+k H4b

|

L) = — = pU2BI| 2C, T uxies + (Gl + Co)Tranx s
b() 29 L LuXLuU ( L D) LWXLWU

b
U

P

+KPHE -

+kHZ (10)

(11)
where k=wb/U=reduced frequencym=circular frequency of
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vibration; H¥ (i=1,2, ... ,6)=frequency dependent flutter de-
rivatives;x, andy,, denote the aerodynamic transfer functions
between fluctuating wind velocities and buffeting forces per unit

span(the absolute magnitude of these functions are also referred

to as aerodynamic admittance functignd, , andJ,,, represent

the joint acceptance functions and are the Fourier transforms of

the respective impulse response functidpg andJ,,, .

The relationship between the aerodynamic impulse response

functions, flutter derivatives, and admittance functions are given
as(Chen et al. 2000b

TLn=2K2(HE+iHY); 1= 2K2(HE +iHE);
1= 2K2b(HE +iH%) (12)
lLu=4bC xLu; |LW:Zb(cl/__‘_CD)XLW (13)

where the over bar denotes the Fourier transform operator, and

— 1.

The joint acceptance functions are related to the coherence

function coh as

— 1 (n
J,Z:I—zffcon(xl,xz;fmlxlolx2 (r=Lu,Lw) (14)
0Jo

wherex; andx,=spatial coordinates.

The aerodynamic impulse response functions can be expressed

in terms of exponential time-series approximations. For the func-
tions relevant to the self-excited forces, aerodynamic damping
and inertia terms can also be included. For examplg(t) is
expressed as

Mih

b2
Alpat 21 Alhj+3
=

b . .
3()+ALn 25 8(1) +ALh,3m8(t)
MLh dl_h’jU

_12’1 Aihj+3 b exp{ t)

and for the functions relevant to buffeting forces, for example,
I w(t) is expressed as

ILn(t) =

_ dLh,jU
b

(15)

MLw
ALw,1t 21 ALw,j+3
=
My

_E Alw,j+1 exr{—
j=1

where Aini, Ainzs Atnss Ainjess a@nd dipj (dip,=0;
i=12,...m) and  Alya and  dyy; (dy,;=0;
i=1.2,...my,)=frequency independent coefficients and are

lLw(t)=2b(C| +Cp)

)S(I)

diw,jU
b

diw,jU
b

t” (16)

functions of the angle of incidence. These coefficients can be

quantified by fitting the flutter derivatives and admittance func-
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Fig. 2. Comparison between traditional linear and proposed non-
linear analysis framework&) traditional linear analysis framework
and (b) proposed nonlinear analysis framework

and augmented aerodynamic states that are governed by a set of
first-order differential equations excited by the structural motion

1 2 h b h b Kh
Lser(t)ZipU ALn (D) +ALn a5 h (t)+ALh,3Fh (t)

+§pmﬂ (19)

dLh,jU
b

ONO+AL "1 (j=1,2,...mp)
(20)

Where¢?(t) (j=1,2,...my,)=augmented aerodynamic states.
Similarly, formulations for other self-excited force and buffeting

Pf(t)=~

tion and joint acceptance functions at varying angles of incidence C0mMpPenents can be obtained, but have been omitted here for the

in the frequency domain as follows:
2k2(HZ + | H ’]\: ) = ALh,1+ (ik)Athz"‘ (ik)zAth

Mip

(iIK)ALhj+3
+ _— 17
jgl |k+d|_h,j ( )
mpw .
(K)ALw,j+1
=A w1t _ 18
XLw™ ALw,1 121 |k+de,j (18)

sake of brevity.

Nonlinear Aeroelastic Response Analysis

At a given mean wind velocity, the static deformation of the
bridge is first calculated using a static analysis which is followed
by a dynamic response analysis. The traditional linear and the
proposed nonlinear analysis frameworks are shown schematically
in Figs. 2a and B. Using a multivariate autoregressivAR)

Accordingly, the unsteady frequency dependent aerodynamicschemele.g., Chen et al. 2000pthe time histories of wind fluc-

force, e.g.,L%Nt), is represented in terms of structural motion
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power spectral density matrix are generated. The simulated wind
fluctuations are subsequently separated into low-frequency and
high-frequency components. The extraction of the low- and high-
frequency components of the wind fluctuations is realized by a
digital filter. The Newmark Beta step-by-step integration method
is used for the dynamic response analysis. At each time step, the
low-frequency components of response and effective angle of in-
cidence are calculated which are then used to determine the aero-
dynamic characteristics for the calculation of high-frequency -1
force components. An iterative calculation procedure is necessary -10 -5 0 5 10
for both the low-frequency and high-frequency responses, since Angle of attack (deg)

the aerodynamic forces depend on the response. Although itera-
tive calculation is required in this analysis, it converges quite
rapidly. For most long span bridges, the low-frequency response

is rather negligible, thus the effective angle of incidence can be yeck which dominate the aeroelastic response of the bridge, were

Fig. 3. Static force coefficients versus angle of attack

simply evaluated from the low-frequency wind fluctuatiqis. considered. The bridge deck was discretized into 70 elements in

()] . . o the spanwise direction. The aerodynamic characteristics of the
Compared to traditional linear analysis utilizing linear aerody- nronosed Messina Straits Bridge section were used with some

namic forces as shown schematically in Figa)2the most im-  qgifications(Diana et al. 1995, 1999The example bridge was

portant feature of the nonlinear framework is that the aerody- agsigned the static drag force coefficient of the Messina Bridge
namic characteristics are modulated by the spatiotemporally sgction, whereas the lift and pitching moment force coefficients
varying low-frequency effective angle of incidence. Accordingly, including C_, Cy, H*, and A* (j=1,2,3,4) were set at four

the aeroelastic bridge system becomes time variant. Within this imeg the values of this section. Without these modifications, the
unique analysis framework, the effects of low-frequency compo- gp4yysis indicated that the critical flutter velocity of this example
nents of turbulence on flutter and buffeting responses can be Nuyyigge was significantly high. This modification reduced the criti-
merically investigated. The effects of turbulence on flutter are 5 fiytter velocity of the example bridge to within a meaningful
modeled through the changes in the effective angle of incidence ;46 Considering the sensitivity of aerodynamic force param-
caused by the turbulgnce gpd its influence on the self-elxcnedeters with respect to the details of bridge section geometry, these
forces and the flutter instability. Compared to the stochastic ap- 4gjustments are realistic for a modified bridge section. Accord-
proach involving randomized dynamic pressure, which only in- o1y hoth static force coefficients and flutter derivatives for the
cludes the longitudinal wind fluctuation®.g., Bucher and Lin it and pitching moment were modified following the relationship
1988; and Lin and Li 1998 this nonlinear framework provides a  peyeen these two sets of force parameters. The self-excited drag
more physically meaningful influence of turbulence. The basic {5.ca was evaluated based on quasi-steady theory, and only the
representation of the nonlinear force model is similar to that pro- component due to the lateral motion was included, iR~
posed by Diana et a(1995 and 1999 however, this model pro- —2Cp /k andP* =0 (j=2,3,4,5,6).

vides a clear insight to the relationship between the nonlinear and Fig. 3 shows the static force coefficients versus the angle of
traditional linear force model, and presents a more efficient com-, - .y~ Fig. 4 shows the flutter derivativeg andA% at dif-
putational framework by way of invoking rational function ap- ' ' 2
proximation to take into account the frequency dependent aero-

dynamic characteristics, i.e., flutter derivatives, admittance 0
functions, and spanwise coherence functions. The influence of the
high-frequency component of turbulence is manifested in terms of
changes in aerodynamic characteristics due to turbulence, which
can be conveniently incorporated by employing aerodynamic

3

i
53]
(=]

Flutter derivative H.
]
>
o

—-©— -6deg
characteristics derived in turbulent flows. —— -3deg |
The consideration of structural nonlinearities is immediate in 150 v gg:g
this time domain analysis framework. For linear structures, modal -5 4deg :
analysis techniques can be utilized to benefit from the reduction 200 —&— Bdeg

in computational effort by limiting the analysis to selected modes. 0 5 10 15 20 25

Reduced velocity U/fB
Structural Dynamic and Aerodynamic
Characteristics

A three-span two-hinged suspension bridge with a main span of
approximately 2,000 m was used to illustrate the proposed non-
linear analysis framework and to investigate the influence of non-
linear aerodynamics and turbulence on the bridge response. Gen-
eralized equations of motion in terms of the modal coordinates

(=)

2

L
=)

Flutter derivative A_
o
=3

and consisting of the first 15 modes with natural frequencies rang- 30
ing from 0.039 to 0.08 Hz were used to describe the bridge mo- % 6 deg :
tion. The logarithmic decrement in each mode was assumed to be 0 5 10 15 20 25

0.02. Reduced velocity U/{B

For simplicity and without loss of generality in modeling aero-

. o . ) o
dynamic forces, only the aerodynamic forces acting on the bridge Fig. 4. Flutter derivativedH} andA} at varying angles of incidence
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angle of incidence of 0° 620 A
o 80 m/s
o
9 10 .......
3
60 m/s
0 "
ferent angles of incidence. For each angle of incidence, the flutter 0 1000 Brid 2000 3000 4000
derivatives were expressed in terms of a rational function ap- ridge axis (m)
proximation derived by a least squares curve-fitting of the experi- b) Lateral displacement
mental data. Since the experimental data was only available for a 6
limited number of angles of incidence ranging betwee® and ® ., 100 m/s
6°, the corresponding values for intermediate angles of incidence =
were interpolated, and the values for angles larger than 6° or 5 2
smaller than—6° were assumed to be the same as 6—&°, § 0
respectively. As an example, the rational function approximation 2.2
of k?(H% +iH%) at zero angle of incidence is given by =
0 1000 2000 3000 4000
kZ(H; +iH§):AL(x,l+(ik)ALa,2+(ik)2ALa,3 Bridge axis (m)
c) Torsional displacement
Mig -
(IK) ALy j+3 ) . ) . ) .
z T — (21) Fig. 6. Static deformation of bridge deck along bridge ax&
j=1 La,j

vertical displacement(b) lateral displacement, anéc) torsional
where A, ,=—3.4000, A ,,=4.0586, A_,3=0, A, displacement

=7.2095, A,5=—55.9958, A ,=150.5695 A, 4=

—-123.7077,d.,,=0.2,d ,,=0.4,d ,5=0.6,d_,4=0.8, m_,

=4, and, for example, the coefficieAt , ; at a different angle of ~ Aerostatic Response Analysis

incidencea, is given by

ALy 1= 1.735%+ 0505 1.909@+ 0da’ — 1.7452+ 033 The response dug .to aerostatic .forceslwas calculateql at different
: mean wind velocities. The static torsional deformation of the
+1.8682+ 0202+ 4.2932« — 3.4000 (22) bridge deck along the bridge axis at mean wind velocities of 60,

80, and 100 m/s is shown in Fig. 6. The bridge deck in the main

Fig. 5 shows the comparison between the measured and fittedspan shows positive response angle, and exhibits large lateral de-

flutter derivatives. Results show an excellent agreement, which¢ymation at high wind velocities. Fig. 7 shows the torsional de-

illustrates the accuracy of the rational function approximation.  formation of the bridge deck at the midpoint of the main span as
The aerodynamic admittance and joint acceptance functionsyying velocity increases. The torsional deformation of bridge deck

were considered invariant with respect to the angle of incidence jhcreases significantly at wind velocities beyond 107 m/s. A di-
for this example due to a lack of experimental data, although

these features can be included in the proposed framework in a
straightforward manner. Therefore, the nonlinearity in the buffet-
ing forces was only introduced by the static force coefficients.
The aerodynamic admittance functions for drag were described
by the expressions given by Davenport, and for lift and pitching
moment, were represented by the Sears function. The spanwise
correlation of buffeting forces was assumed to be the same as the
wind fluctuations in the approach flow. It is noted that more ac-
curate modeling regarding the aerodynamic admittance functions
and spanwise coherence functions can be immediately incorpo-
rated in the analysis when these are experimentally available. The : :
von Karman spectra was used for the simulation of wind fluctua- 20 40 60 80 100 120
tions with the length scales obj=LY=80m andL}=L}, Wind velocity U (m/s)

=40 m, turbulence intensities otr,/U=10% and o, /U
=7.5%, and the decay factors ®f,=\,,=8 for the calculation
of the coherence functions.

n
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-
&)}
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Torsional displacement (deg)
)

o

o

Fig. 7. Static torsional deformation of bridge deck at midpoint of
main span
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Fig. 8. Influence of static rotation of bridge deck on aeroelastic Fig. 9. Influence of mean wind angle of incidence on modal proper-
modal propertie¢—— eigenvalue analysis, 0°; — — eigenvalue analy- ties of mode branch 1(8) frequency versus wind velocity an@)

sis, ag; 0 time domain simulationy) (a) frequency versus wind damping ratio versus wind velocity

velocity and(b) damping ratio versus wind velocity

forces at the static angle of the bridge, no flutter instability could
vergence instability is observed at the wind velocity of 120.8 m/s be observed in the wind velocity range of up to 120 m/s. The
beyond which the bridge becomes statically unstable. static rotation of the bridge deck at high-wind velocities resulted
in a significant influence on the modal damping of the torsional
mode dominated branch. The frequency and damping ratio of
Coupled Flutter Analysis Mode Branch 10 were also predicted through a time domain ap-
proach utilizing linear self-excited forces by simulating free vi-
In order to examine the variations in the aeroelastic modal prop- bration respons¢Chen et al. 2000b The results are shown in
erties, i.e., the modal frequencies and damping ratios, with respectFig. 8 by circles. An excellent agreement between the complex
to the varying mean wind angles of incidence and wind velocities, eigenvalue analysis and the time domain simulation demonstrated
a multimode coupled flutter analysis was conducted. In this analy- the accuracy of the time domain modeling of the self-excited
sis, linear self-excited forces were utilized and the solution of forces.
complex eigenvalue problems described by linear time invariant ~ Fig. 9 shows variations of frequency and damping ratio of
state-space representations with augmented aerodynamic statddode Branch 10 with increasing wind velocity at different mean
was sought. The lower 15 structural modes were considered in thewind angles of incidence. At-3°, the critical flutter velocity is
analysis. The mean wind angles of incidence were kept constantpredicted to be 115.9 m/s, and no flutter is observed up to 120 m/s
along the span at6, —3, 0, 2, 4, and 6°, as well as varied along for other cases. Results clearly demonstrated the sensitivity of the
the span following the static angte;. aeroelastic modal properties with respect to changes in the mean
Fig. 8 shows variations of the frequency and damping ratio of wind angle of incidence on the flutter behavior.
a number of important complex mode branches, i.e., mode
branches 1, 2, 8, 9, and 10, with increasing wind velocity at mean
wind angles of incidence of 0° ands. At zero wind velocity, Nonlinear Buffeting Response Analysis
these mode branches are the corresponding real-valued structural
modes, where Modes 1 and 9 are the first and second symmetricThe wind fluctuations at the center of each element along the
lateral bending modes; Modes 2 and 8 are the first and secondoridge axis were simulated using a multivariate AR model for
symmetric vertical bending modes; and Mode 10 is the first sym- 2,400 s at 0.1 s increments. Ten sample realizations were gener-
metric torsional mode. In the case of 0°, coupled flutter initiates at ated and the corresponding buffeting responses were calculated.
a wind velocity of 94.5 m/s. The curve veering of the frequency For each realization of response, the root-mean sq&vES) and
loci of the complex Mode Branches 9 and 10 is noted in the maximum(MAX) responses were calculated and their mean val-
region of 80 m/s, which results in the switching of the two re- ues were estimated based on the simulated realizations. The
spective eigenmodes beyond this veering area. The curve veerin@nalysis was conducted for the following cases using different
phenomenon has been discussed in detail by Chen and Kareenaerodynamic force model$1) linear self-excited and buffeting
(2003. For the case involving linearization of the self-excited forces at zero angle of incidenc@) linear self-excited and buf-
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Fig. 11. Comparison of buffeting response of bridge deck at differ-
ent wind velocitiega) vertical displacementp) lateral displacement,
and (c) torsional displacement

feting forces at the static angle of the bridge; d8d nonlinear
self-excited and buffeting forces proposed in this study. Fig. 12 shows an example time history of the vertical wind
Fig. 10 shows a comparison of the RMS and MAX responses fluctuation along with the associated low-frequency effective
of the bridge deck in vertical, lateral, and torsional directions at angle of incidence, as well as bridge lateral and torsional dis-
the mean wind velocity of 80 m/s. Results illustrate the signifi- placements at the midpoint of the main span at 80 m/s. In the
cance of including changes in the aerodynamic force characteris-same figure, the low-frequency effective angles of incidence at
tics, with respect to the static angle of the bridge deck, for accu- the quarter-point and three quarter-point of the main span are also
rately predicting the buffeting response. This feature becomesplotted, which clearly underscore the spatiotemporal variations of
even more critical when the static rotation is remarkably large and low-frequency effective angle of incidence. The low-frequency
the force characteristics are sensitive to changes in the meareffective angle of incidence due to wind fluctuations at the mid-
angle of incidence. On the other hand, it is noted that the resultspoint of the main span ranges betweef and 2° with a net value
from the nonlinear analysis are very close to the linear analysis between—0.3 and 3.97° including the static angle of 1.97°. The
based on the aerodynamic forces linearized at the statically de-insensitivity of the aerodynamic nonlinearities to the buffeting
formed position of the bridge. The comparison of results at dif- response may be due to the fact that the modifications of the
ferent mean wind velocities are shown in Fig. 11, which rein- aerodynamic forces resulting from time dependent variations in
forces this observation. In the same figure, the results with athe low-frequency effective angle of incidence did not conse-
vertical turbulence intensity of 15% are also presented. It is noted quently cause an apparent growth or decay of the response. This
that the influence of aerodynamic nonlinearities on the buffeting is in contrast with the cases of time invariant changes in the angle
response is rather insignificant at low-wind velocities, however, at of incidence which permit sufficient time for the response to
high-wind velocities the difference between the linear and nonlin- modify accordingly. Furthermore, the spatial variations of the
ear analyses clearly emerges. low-frequency effective angles of incidence resulted in modifica-
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tions of the self-excited forces that varied along the span. In bal-
ance, this feature resulted in negating the overall contribution to
the aerodynamic forces. As a result, the overall buffeting response
was not substantially influenced by the nonlinearities, which lends bridge models in turbulent flowdrwin 1977). The influence of
support to the utility of the linear aerodynamic force model used nonlinear aerodynamics on flutter is attributed to changes in the
in traditional analytical approaches. self-excited force characteristics that result from varying effective

It is noteworthy that the influence of aerodynamic nonlinearity angle of incidence. This observation suggests that the experimen-
depends on the level of the effective angle of incidence and thetally observed turbulence effect on the flutter of full-bridges may
sensitivity of the force characteristics with respect to the effective in part be attributed to aerodynamic nonlinearities with respect to
angle of incidence. For the sake of comparison, the nonlinearlow-frequency wind fluctuations. The overall turbulence effects
analysis without the inclusion of the static angle in the effective also include changes in aerodynamic characteristics due to turbu-
angle of incidence was also conducted. The results were com-lence which were not considered in the example study, but can be
pared to those based on the linear analysis and are shown in Figimmediately included in the analysis when relevant data becomes
13. The linear buffeting response resulted in flutter instability available.
beyond 94.5 m/s as predicted in the previous linear flutter analy- In Fig. 13b), it is noted that the nonlinear analysis with
sis. Ato,,/U=7.5%, a slight increase in the flutter boundary was o,,/U=15% resulted in a higher-lateral response compared to
observed in the nonlinear analysis, while the responses were closeghe linear analysis. To gain a better understanding of this obser-
to those based on the linear analysis. A{/U=15%, the in- vation and to investigate the relative contributions of nonlineari-
crease in the flutter boundary due to the nonlinear aerodynamicties in the self-excited and buffeting forces, an analysis including
forces became quite distinct. While the linear analysis resulted in only nonlinearities in the self-excited or buffeting forces was also
a distinct flutter boundary, the nonlinear analysis predicted a conducted at 90 m/s. The results presented in Fig. 14 suggest that
gradual growth in response with increasing wind velocity which for vertical and torsional responses the influence of aerodynamic
is similar to the wind tunnel observations of full aeroelastic nonlinearities is mainly attributed to the nonlinear self-excited
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more significant when the static rotation is remarkably large and
the force characteristics are sensitive to the changes in the mean
angle of incidence. On the other hand, the results pertaining to the
long span suspension bridge example indicated that the modula-
tion of force characteristics with low-frequency, spatiotemporally
varying effective angle of incidence did not result in an apparent
build up or decay of the response with inherent high-aeroelastic
forces, whereas for the lateral response it is due to the nonlineardamping. As a result, the aerodynamic nonlinearities did not ap-
buffeting forces, i.e., the variation of the drag coefficient at vary- parently influence the stable buffeting response which supports
ing angles of incidence. the efficacy of the linear aerodynamic force model used in tradi-
Fig. 15 shows time histories of the torsional displacement of tional analytical approaches.
the bridge deck at the midpoint of the main span using linear and However, the aerodynamic nonlinearities, with respect to the
nonlinear analysis at wind velocities of 90 and 95 m/s. The results low-frequency effective angles of incidence, may apparently in-
clearly demonstrate the stabilizing effect of low-frequency turbu- fluence the buffeting response with inherent low-aeroelastic
lence on torsional response. damping and stabilize the flutter instability by deterring the
buildup of response. While the linear analysis resulted in a dis-
tinct flutter boundary, the nonlinear analysis revealed a gradual
Concluding Remarks growth in response with increasing wind velocity which is similar
to the wind tunnel observations of full-aeroelastic bridge models
A nonlinear aerodynamic force model and an associated time do-in turbulent flows. This suggests that the effects of turbulence on
main analysis framework were presented for estimating the the flutter of full-bridges may in part be attributed to aerodynamic
aeroelastic response of bridges under turbulent winds. The mostonlinearities, i.e., nonlinearities in the self-excited forces. The
important feature of this nonlinear framework concerns the modu- overall turbulence effects also include changes in aerodynamic
lation of the aerodynamic force characteristics by the spatiotem- characteristics due to turbulence, which were not included in the
porally varying low-frequency variations of the effective angle of studied example, but can be incorporated immediately in the
incidence. The proposed analysis framework permits numerical analysis when related data becomes available.
study of the effects of low-frequency components of turbulence A coordinated experimental investigation is planned for further
on flutter and buffeting response. validation of the proposed approach. This effort seeks an im-
An application of this framework to a long span suspension proved understanding of the turbulence induced modifications of
bridge, with aerodynamic characteristics sensitive to the angle ofthe magnitudes and spanwise coherence of both the buffeting and
incidence, was presented. Results demonstrated the significancéhe self-excited forces. Incorporating such work with measure-

¢) Torsional displacement

Fig. 14. Comparison of buffeting response at 90 m/s witly /U
=15%, (&) vertical displacement(b) lateral displacement, an@)
torsional displacement
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ments of the effective angle and amplitude dependence of the

aerodynamic forces will provide an experimental foundation for
the proposed analysis work.

The writers would like to underscore that the proposed analy-
sis framework is one of a few initial attempts to address the next
frontier of bridge aerodynamics, i.e., the challenge of modeling

nonlinearity and turbulence in aeroelastic response of bridges.

While this study provides an effective analysis framework, addi-
tional follow-up studies like those which have followed the early

development of linear bridge aeroelastic analysis would help to
further refine or validate this approach.
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