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ABSTRACT

Traditionally, the estimationof wind inducedbuffeting responseandanalysisof flutter instability have

beenconductedn the frequeng domainutilizing linear approachesTheseapproachesre limited to

linear structuresn which nonlinearitiesn aerodynamidorcesareignored.In this study atime domain
analysisframework for predictingthe flutter and buffeting responsesf bridgesunderturbulentwinds
is presentedin which the nonlinearaerodynamicsvith respectto the effective angleof incidenceis

included.Thenonlineaunsteadyerodynamidorcesaremodeledbasednthestaticcoeficients,flutter
derivativesandadmittancdunctionsalongwith thespanwisecorrelationsatvaryinganglesof incidence.
The analysisframenork incorporatesrequeny dependenparameter®f unsteadyaerodynamidorces
by utilizing a rational function approximationtechnique. A comparisonwith the corventionallinear
approachs madethroughresponsanalysisof along-sparsuspensiotridge.
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INTRODUCTION

Theestimationof wind inducedbuffeting responsandanalysisof flutter instability have conventionally
beenconductedn thefrequeng domainutilizing linearapproachesl.ongerspanbridgesgenerallyre-

quire coupledmultimodeanalyse®f buffeting andflutter involving aerodynamicouplingeffects(e.g.,
Katsuchiet al. 1999; Chenet al. 2000a). When structuraland/oraerodynamimonlinearitiesmustbe

included,time domainapproachesre mostappropriate.In this contet, a time domainapproachn-

corporatingfrequeng dependentinsteadyaerodynamidorceswas proposedoy Chenet al. (2000b).
A computationallymore efficient approachhasbeenproposedusing a state-spacenodel of the inte-

gratedsystemincluding the structure,multi-correlatedwind fluctuations,and unsteadybuffeting and
self-excited forces(Chenand Kareem2000). Theseapproachesave beenappliedfor linear problems
andtheir effectivenessasbeendemonstrated.



The aerodynamidorces of most bridge deck sectionsare highly sensitve to the angle of incidence
(e.g.,Matsumotoetal. 1998).Evenfor smalllevelsof turbulence structuralmotionandincomingwind

fluctuationsmay vary the effective angleof incidenceto sucha degreethatanalysisresultsmay not be
redlisticwithout accountingor aerodynamiaonlinearitiesIn suchcasestheaccurag of corventional
linear approache# which the aerodynamidorcesare linearizedaroundthe meandisplacedposition
warrantsfurtherinvestigation.

Experimentalwind tunnel studieshave indicatedthat turbulencecan both stabilizeand destabilizethe
flutter instability dependingon the geometricconfigurationof bridgesectionsandthe characteristicef
wind fluctuationge.g.,Nakamural993). A numberof analyticalstudiesusingstochasti@pproacheto
randomizethe dynamicpressurehave beenconductedo predictsomebroadtrendsin the turbulence-
inducedchange=f the flutter stability (e.g.,Lin andLi 1993). Scanlan(1997)addressedhe poten-
tial mechanisnof turbulenceon the singletorsionalflutter dueto the spanwisecorrelationlossof the
self-excited forces. Experimentalmeasurementssing a rectangularsectionhave indicatedthat while
turbulenceresultsin aslightlossof the spanwisecorrelationof the self-excitedforces,thevaluesremain
quite closeto unity (Haan2000). Furtherexperimentalinvestigationon this issueshouldbe addressed
including pressuremeasurementwith large spanwiseseparation.Dianaet al. (1999) hasanalytically
investigatedheturbulenceeffectson flutter usinga nonlinearaerodynamic¢orce model. This nonlinear
modelincorporatedrequeng dependentharacteristicby decomposinghetotal responsénto compo-
nentswith differentfrequencies.

In this paper a time domainanalysisframework for predictingthe buffeting andflutter responsesvith
nonlinearaerodynamicss presentedln this approachthe nonlinearunsteadyaerodynamidorcesare
modeledbasedon the static coeficients, flutter derivatives and admittancefunctions along with the
spanwisecorrelationsat varying anglesof incidence. Frequeng dependenunsteadycharacteristics
have beenincorporatedby using a rational function approximationtechnique(Chenet al. 2000). A
suspensiorbridge with a main spanof nearly 2000mis usedto demonstrateéhe effectivenessof the
proposedapproachtandto comparewith a corventionallinearapproach.

THEORETICAL BACKGROUND
Nonlinear Unsteady Aerodynamic Forces

Traditionallinear aerodynamidorce modelsassumehat the variation of effective angleof incidence
is smallenoughthataerodynamidorcescanbe linearizedaroundthe statically deformedpositionand
thatthevariationof aerodynamigarameterss negligible. For bridgesectionswith aerodynamidorces
that are highly sensitve to angleof incidence,aerodynamidorce nonlinearitiesmust be considered.
Nonlinearitiesin the aerodynamidorcesarisefrom a dependencen the effective angleof incidence
which consistsof contributionsfrom staticanddynamicstructuralmotionsandfrom wind fluctuations.

It is reasonabldéo separatehe turbulenceinto low frequeng (large scale)and high frequeng (small
scale)componentsorrespondingdo the frequenciedower thanandhigherthanthe lowestnaturalfre-
guengy of thebridge. Theeffectsof low frequeng turbulenceareconsideredo contributeto theeffective
angleof incidence while the main effectsof high frequeng turbulenceareconsideredo alterthe gen-
erationmechanisnof aerodynamidorces. High frequeng turbulenceeffectscanbe modeledby using
aerodynami@arametersneasuredn turbulentflow conditions.

The meanaveragedstaticwind forces,i.e. lift (upward),drag(downwind) andpitchingmoment(nose-
up) componentgctingon anelementf lengthl areexpresseds

1

1 1
Ly = —épUQBlCL(as); D, = épUQBlCD(aS); M, = 5pUZ’BZ’ch(as) (1)



wherep is the air density;U is the meanwind velocity; B = 2b is the bridgedeckwidth; Cy,, C'p and
C) arethemeanlift, dragandpitching momentcoeficients,respectrely; anda; is thetime-averaged
staticangleof the bridgesection.

Thelow frequeng componentsf theaerodynamidorces,whichincludebothself-excitedandbuffeting
force componentsganbe expressedisingthe quasi-steadyheory—dueo the high valueof thereduced
velocity—in thefollowing nonlinearform:
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whereu! andw' arethe longitudinaland vertical wind fluctuations;h!(t), p'(t) ando!(t) arethe low
frequeny componentof the dynamicdisplacementsn the vertical, lateral and torsional directions,
respectrely; o, is the effective angleof incidence;andthe over dot denoteghe derivative with respect

to time. Whenthelow frequeng responsearecomparatiely smallasis the casefor long-sparbridges,
a, canbeapproximateds
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Thehigh frequeny component®f theaerodynamidorcesarethenexpressedy alinearizationaround
the effective angle of attacka,. They canbe further separatednto self-excited and buffeting force
componentsAssumingthatthe self-excited forceswithin anelementarefully correlatedspatially the
linearizedself-excited forcesactingon an elementundegoing arbitrary structuralmotion canbe given
in termsof a convolution integral asfollows for thelift componente.g.,Chenetal. 2000b):
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whereh”(t), p"(t) and o’ (t) arethe high frequeny componentof the dynamicdisplacementin the
vertical, lateralandtorsionaldirections respectiely; I, ., Ir,., andl  aretheaerodynamiémpulse
functions. Unlike the airfoil sectionin which theseaerodynamidmpulsefunctionsarerelatedto the
Wagnerfunction, bluff bridge sectionsgenerallyrequirethe useof differentfunctionsfor the differ-
entforce componentassociatedeparatelyith lateral,vertical andtorsionalmotions(Scanlan1992).
Analogousformulationshold for thedragandmomentcomponents.

The spatialcorrelationof the buffeting forcesshouldalsobe consideredn the calculation. This results
in a reductionof total wind forceson the structure. While it is commonlyassumedhat the buffeting
forceshave the samespatialcorrelationasthe approachingvind fluctuationsbasedn strip theory mea-
surement$iave suggestedhatthe pressurdield mayhave a higherspanwisecorrelation. Thelinearized
buffeting forcesactingon anelementcorrespondingo arbitrarywind fluctuationscanbe givenin terms
of a convolution integral asfollows for thelift componen{Chenetal. 2000):
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whereu” andw” arethe wind fluctuationsat the centerof the elementin the longitudinalandvertical
directions respectrely; I, andI, aretheaerodynamiémpulsefunctionsof buffeting forcesrepre-
sentingthe unsteadycharacteristic®f buffeting forceson unit length; and J,,, andJ;,  indicatethe
impulsefunctionsrepresentinghe spatialcorrelationcharacteristicsAnalogousformulationshold for
thedragandmomentcomponents.

For sinusoidaimotionandwind fluctuationsthelift component®f the self-excitedandbuffeting forces
arecommonlyexpressedn termsof flutter derivatives,admittancdunctionsandjoint acceptancéunc-
tionsas:
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wherek = wb/U is reducedfrequeng; w is circular frequeny of vibration; H(i = 1 ~ 6) arefre-
queny dependentiutter derivatives; x,, andy;,  denotetheaerodynamigransferfunctionsbetween
fluctuatingwind velocitiesandbuffeting forcesperunit span(the absolutemagnitudeof thesefunctions
arealsoreferredto asaerodynami@admittancefunctions);.J;,  and.J;, representhejoint acceptance
functionsandarethe Fourier transformcounterpart®f the impulseresponsdunctions.J;, andJg, ,
respectely.

Therelationshipbetweertheaerodynamiémpulseresponséunctions flutter dervativesandadmittance
functionsaregivenas(Chenetal. 2000).
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Thejoint acceptancéunctionsarerelatedto the coherencéunctioncoh,. as
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wherez; andz, arethespatialcoordinates.

The aerodynamigmpulseresponsdunctionscanbe expressedn termsof exponentialtime-seriesap-
proximations. For the functionsrelevant to the self-excited forces,aerodynamicdampingandinertia
termscanalsobeincluded.For example,I;, , (t) is expresseds:
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andfor thefunctionsrelevantto buffeting forces,for example,I;,  (t) is expresseds:
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WherEAse’l,Ase’Q,Ase’g,Ase,j+3 anddse,j (dj > O,] = 1, ...,mse) andAbw’l anddbw,j (dbw,j > 0,] =
1,...,my,) arefrequeny independentoeficientsandarefunctionsof angleof incidence.Thesecoef-
ficientscanbe quantifiedby fitting the flutter derivativesandadmittanceunction andjoint acceptance
functionsatvaryinganglesof incidencen thefrequeny domain:
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Accordingly, the unsteadyfrequeny dependenterodynamidorces,for exampleof L., (t), canbe
calculatedn thetime domainas:
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where¢?(t) (j = 1 ~ m,,) areaugmentedherodynamicstatevector Similar formulationsfor other
self-excited force componentsand buffeting componentsan be given with analogoudefinitionsand
areomittedherefor the sale of brevity.

Solution of Equations of M otion
Thegoverningequation®f motionof a bridgeunderwind fluctuationsareexpresseds
MY +CY +KY =F, +F +F" +F! (20)

whereM, C andK arethe mass,dampingand stiffnessmatrices,respectrely; F is the nodalforce
vector;subscripts, se andb representhestatic,self-excitedandbuffetingcomponentsandsuperscripts
[ andh representhelow frequeng andhigh frequengy componentsiespectiely.

First, the time historiesof wind fluctuationswith prescribedspectralcharacteristicat the centersof
elementof the bridgemustbe simulatedfor the time domainanalysis.In this study anauto-rgressve
(AR) schemas used(ChenandKareem2000). The power spectraldensity(PSD)component®f theu
andw vectorsusedhereinaregivenby thevon KarmanspectraUsingthesimulatedwind fluctuationsat
the centerof eachelementthelow frequeng andhigh frequeng component®f wind fluctuationscan
be extractedusingfastFouriertransform(FFT) andinversefastFouriertransform(IFFT) calculations.

At a givenmeanwind velocity, the meanstaticdeformationof the bridgeis calculatedby staticanaly-
sis. Thisis followed by dynamicresponsealculationsusinga Newmark Betastep-by-stepntegration
method. At eachtime stepand at eachelementthe effective angleof incidenceis calculatedandthe
associate@derodynamigparametergaredeterminedor the calculationof the buffeting andself-excited
forces. An iterative calculationprocedurds necessaryor boththe low frequeng andhigh frequeng
responsessincethe aerodynamidorcesdependon the unknonvn responsesAlthough iterationis re-
quired,the analysisprocessconvergesrapidly. For mostlong spanbridges,the low frequeng response
is neggligible, thusthe effective angleof attackcanbe simply evaluatedfrom the low frequeny wind
fluctuations(Eq. 6). Structuralnonlinearitiescan be also readily incorporatednto the analysis. For
linearstructuresthe modalresponseynthesigechniquecanbe utilized to benefitfrom the reductionin
computationakffort affordedby limiting analysisto the selectednodes.



APPLICATION
Structural and Aerodynamic Parameters

An examplelong spansuspensioibridgewith a
main spanof nearly2000m is usedto demon-
strate the effectivenessof the proposedap-
proach. The bridgedeckis a twin-box section.
TheflutterderivativesH} andA? (i = 1,2, 3,4)
are quantifiedthrough wind tunnel testing at
varyinganglesof incidencerangingfrom -6 deg
to 6 deg (Matsumotoet al. 1998). P; is given
basednthequasi-steadiheorywhile theother
p; coeficientsareneglected.Experimentatiata
indicatesthat A3 is highly sensitve to the an-
gle of incidencefor this section(Figurel). For
the sale of illustration, only the variationof A;
with angle of incidenceis consideredin this
analysis. The admittanceandthe joint accep-
tancefunctionsareassumedo be independent
of angleof incidence.Theadmittancdunctions
are given by Davenports expressionfor drag,
andthe Seardunctionfor lift andpitchingmo-
mentcomponentsThe spanwisecorrelationof
buffeting forcesis assumedo be sameasthe
correspondingvind fluctuations.The Von Kar-
manspectras usedfor the simulationof wind
fluctuationswith the integral length scalesof
80 m and40 m, intensityof 10 % and7.5 %,
for u- andw-componentsiespectiely.

Results and Discussion

The multimode coupledflutter analysisin fre-
gueny domainwas conductedby the solution
of the complec eigervalue probleminvolving
first 15 naturalmodes(Chenet al. 2000). Fig-
ure 2 shows the critical flutter velocity at vary-
ing meanwind angleof incidence. They were
calculatedassuminghe angleof incidencewas
uniformin thespanwisalirection.Resultandi-
catethatthis examplebridgeis very sensitve to
theangleof incidence.
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Fig. 3 A realizationof wind fluctuationand

associateeffective angleof incidence
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For comparisonpoth linear and nonlinearanalysiswere conductedat differentmeanwind velocities.
Consideringthe low frequengy componenbf the responsédo be negligible, the effective angleof inci-
denceat eachelementwas calculatedirom the low frequeny wind fluctuations(Eq. 6). An example
realizationof the vertical wind fluctuationsand associate@ffective angleof incidenceat the centerof
themainspanat60 m/sis shavnin Fig. 3. Themeanstatictorsionaldisplacementat themainspan



canteris -3.66 deg. The autorgressve model
coeficientsare determinedo generateof time
historiesof 240 s at an interval of 0.1 s. Fig-
ure 4 shaws the time historiesof the torsional
responsat the centerof main spancalculated
from thelinearandnonlinearanalyse&t60 m/s
and 80 m/s. Figure 5 showns the comparison
of the root-mean-squarRMS) and maximum
(MAX) valuesof torsionaldisplacemenat the
centerof the main span. The nonlinearanaly-
sis predicteda significantlylarger buffeting re-
sponsethanthe linear analysis,andturbulence
wasfoundto have a destabilizingeffect on flut-
ter stability. Theseeffectsof the aerodynamic
nonlinearitiesdependon the magnitudeof the
effective angleof incidenceandthe sensitvity
of thewind forceparameterto theeffective an-
gle of incidence.The experimentalbbsenation
of thechangesn thecritical flutter velocity due
to theturbulencealsoincludethe effectsof the
high frequeng turbulence. Theseeffects have
notbeenincludedin this analysis put whenthe
aerodynamidorce parametersneasuredn tur-
bulent flow becomeavailable,they canreadily
be usedin this analysisframavork.

CONCLUSIONS

A time domainapproactor predictingthe buf-
feting and flutter responsesvith aerodynamic
nonlinearitiesvaspresentedThenonlinearun-
steadyaerodynamidorcesare modeledbased
on the staticcoeficients, flutter derivativesand
admittancefunctions along with the spanwise
correlationsatvaryingangleof incidence.Their

frequeny dependentunsteadycharacteristics

havebeenincorporatedy usingarationalfunc-
tion approximationtechnique. Resultsindi-
catedthat analysiswith aerodynamicnonlin-
earity may resultin significantly higherbuffet-
ing responsethanwith the linearanalysisand
the low frequeng turbulencecomponentcon-
tributeda destabilizingeffect on the flutter sta-
bility.
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A coordinatedxperimentainvestigationis in progresdor furthervalidationof the proposedapproach.
This effort seeksanunderstandin@f turbulenceinducedmodificationsof the magnitudesandspanwise
coherencef boththebuffeting andthe self-excitedforces.Incorporatingsuchwork with measurements
of the effective angleandamplitudedependencef theaerodynamidorceswill provide anexperimental

foundationfor the analyticalwork.
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