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ABSTRACT

Traditionally, theestimationof wind inducedbuffeting responseandanalysisof flutter instability have
beenconductedin the frequency domainutilizing linear approaches.Theseapproachesarelimited to
linearstructuresin which nonlinearitiesin aerodynamicforcesareignored.In this study, a time domain
analysisframework for predictingthe flutter andbuffeting responsesof bridgesunderturbulent winds
is presented,in which the nonlinearaerodynamicswith respectto the effective angleof incidenceis
included.Thenonlinearunsteadyaerodynamicforcesaremodeledbasedonthestaticcoefficients,flutter
derivativesandadmittancefunctionsalongwith thespanwisecorrelationsatvaryinganglesof incidence.
Theanalysisframework incorporatesfrequency dependentparametersof unsteadyaerodynamicforces
by utilizing a rational function approximationtechnique. A comparisonwith the conventionallinear
approachis madethroughresponseanalysisof a long-spansuspensionbridge.
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INTRODUCTION

Theestimationof wind inducedbuffetingresponseandanalysisof flutter instabilityhaveconventionally
beenconductedin thefrequency domainutilizing linearapproaches.Longer-spanbridgesgenerallyre-
quirecoupledmultimodeanalysesof buffeting andflutter involving aerodynamiccouplingeffects(e.g.,
Katsuchiet al. 1999; Chenet al. 2000a). Whenstructuraland/oraerodynamicnonlinearitiesmustbe
included,time domainapproachesaremostappropriate.In this context, a time domainapproachin-
corporatingfrequency dependentunsteadyaerodynamicforceswasproposedby Chenet al. (2000b).
A computationallymoreefficient approachhasbeenproposedusinga state-spacemodelof the inte-
gratedsystemincluding the structure,multi-correlatedwind fluctuations,andunsteadybuffeting and
self-excited forces(ChenandKareem2000). Theseapproacheshave beenappliedfor linearproblems
andtheireffectivenesshasbeendemonstrated.



The aerodynamicforcesof most bridge deck sectionsare highly sensitive to the angleof incidence
(e.g.,Matsumotoet al. 1998).Evenfor small levelsof turbulence,structuralmotionandincomingwind
fluctuationsmayvary theeffective angleof incidenceto sucha degreethatanalysisresultsmaynot be
realistic
�

without accountingfor aerodynamicnonlinearities.In suchcases,theaccuracy of conventional
linear approachesin which the aerodynamicforcesare linearizedaroundthe meandisplacedposition
warrantsfurtherinvestigation.

Experimentalwind tunnelstudieshave indicatedthat turbulencecanboth stabilizeanddestabilizethe
flutter instability dependingon thegeometricconfigurationof bridgesectionsandthecharacteristicsof
wind fluctuations(e.g.,Nakamura1993).A numberof analyticalstudiesusingstochasticapproachesto
randomizethe dynamicpressurehave beenconductedto predictsomebroadtrendsin the turbulence-
inducedchangesof the flutter stability (e.g.,Lin andLi 1993). Scanlan(1997)addressedthe poten-
tial mechanismof turbulenceon the singletorsionalflutter dueto the spanwisecorrelationlossof the
self-excited forces. Experimentalmeasurementsusinga rectangularsectionhave indicatedthat while
turbulenceresultsin aslight lossof thespanwisecorrelationof theself-excitedforces,thevaluesremain
quitecloseto unity (Haan2000). Furtherexperimentalinvestigationon this issueshouldbeaddressed
including pressuremeasurementswith large spanwiseseparation.Dianaet al. (1999)hasanalytically
investigatedtheturbulenceeffectsonflutter usinganonlinearaerodynamicforcemodel.Thisnonlinear
modelincorporatedfrequency dependentcharacteristicsby decomposingthetotal responseinto compo-
nentswith differentfrequencies.

In this paper, a time domainanalysisframework for predictingthebuffeting andflutter responseswith
nonlinearaerodynamicsis presented.In this approach,thenonlinearunsteadyaerodynamicforcesare
modeledbasedon the static coefficients, flutter derivativesand admittancefunctionsalong with the
spanwisecorrelationsat varying anglesof incidence. Frequency dependentunsteadycharacteristics
have beenincorporatedby using a rational function approximationtechnique(Chenet al. 2000). A
suspensionbridge with a main spanof nearly2000mis usedto demonstratethe effectivenessof the
proposedapproachandto comparewith aconventionallinearapproach.

THEORETICAL BACKGROUND

Nonlinear Unsteady Aerodynamic Forces

Traditional linear aerodynamicforce modelsassumethat the variationof effective angleof incidence
is small enoughthataerodynamicforcescanbe linearizedaroundthestaticallydeformedpositionand
thatthevariationof aerodynamicparametersis negligible. For bridgesectionswith aerodynamicforces
that are highly sensitive to angleof incidence,aerodynamicforce nonlinearitiesmust be considered.
Nonlinearitiesin the aerodynamicforcesarisefrom a dependenceon the effective angleof incidence
whichconsistsof contributionsfrom staticanddynamicstructuralmotionsandfrom wind fluctuations.

It is reasonableto separatethe turbulenceinto low frequency (large scale)andhigh frequency (small
scale)componentscorrespondingto the frequencieslower thanandhigherthanthe lowestnaturalfre-
quency of thebridge.Theeffectsof low frequency turbulenceareconsideredto contributeto theeffective
angleof incidence,while themaineffectsof high frequency turbulenceareconsideredto alter thegen-
erationmechanismof aerodynamicforces.High frequency turbulenceeffectscanbemodeledby using
aerodynamicparametersmeasuredin turbulentflow conditions.

Themeanaveragedstaticwind forces,i.e. lift (upward),drag(downwind) andpitchingmoment(nose-
up) componentsactingon anelementof length � areexpressedas�����
	��
���� ��� ��������� �����  !�"�#�
���� ��� �$�&%���� ����� '(���)�
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where � is theair density; � is themeanwind velocity;
� � 
0/

is thebridgedeckwidth; ����12�&% and�&- arethemeanlift, dragandpitchingmomentcoefficients,respectively; and � � is thetime-averaged
staticangleof thebridgesection.

Thelow frequency componentsof theaerodynamicforces,whichincludebothself-excitedandbuffeting
forcecomponents,canbeexpressedusingthequasi-steadytheory–dueto thehigh valueof thereduced
velocity–in thefollowing nonlinearform:�"34�6573��8�9;:=< 3�	>573%":@?BAC< 3�	>�����  D3E�65F3��:@?BAC< 3HGI573%J8�90:K< 3L	M !��� 'N3��N573- 	O'(�
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where
Z 3

and ^ 3 are the longitudinalandvertical wind fluctuations;
_ 3 � em� 1 ] 3 � em� and � 3 � em� are the low

frequency componentsof the dynamicdisplacementsin the vertical, lateral and torsionaldirections,
respectively; �XV is theeffective angleof incidence;andtheover dot denotesthederivative with respect
to time. Whenthelow frequency responsesarecomparatively smallasis thecasefor long-spanbridges,�XV canbeapproximatedas �WV � � �CG>ehg AXi �Sj ^ 3� G>Z 3nl (6)

Thehigh frequency componentsof theaerodynamicforcesarethenexpressedby a linearizationaround
the effective angleof attack �XV . They can be further separatedinto self-excited and buffeting force
components.Assumingthat theself-excited forceswithin anelementarefully correlatedspatially, the
linearizedself-excited forcesactingon anelementundergoingarbitrarystructuralmotioncanbegiven
in termsof a convolution integralasfollows for thelift component(e.g.,Chenet al. 2000b):�"o� V � em�p� �
 ��� � �0q!riLs
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where
_ o � em� 1 ] o � em� and � o � em� arethe high frequency componentsof the dynamicdisplacementsin the

vertical,lateralandtorsionaldirections,respectively;
t � uwvyx 1 t � uwv�~ and

t � uwv�� aretheaerodynamicimpulse
functions. Unlike the airfoil sectionin which theseaerodynamicimpulsefunctionsarerelatedto the
Wagnerfunction, bluff bridge sectionsgenerallyrequirethe useof different functionsfor the differ-
ent forcecomponentsassociatedseparatelywith lateral,verticalandtorsionalmotions(Scanlan1992).
Analogousformulationshold for thedragandmomentcomponents.

Thespatialcorrelationof thebuffeting forcesshouldalsobeconsideredin thecalculation.This results
in a reductionof total wind forceson the structure.While it is commonlyassumedthat the buffeting
forceshavethesamespatialcorrelationastheapproachingwind fluctuationsbasedonstrip theory, mea-
surementshavesuggestedthatthepressurefield mayhaveahigherspanwisecorrelation.Thelinearized
buffeting forcesactingon anelementcorrespondingto arbitrarywind fluctuationscanbegivenin terms
of aconvolution integralasfollows for thelift component(Chenet al. 2000):�"o� � em�p� 	Q�
 ��� � ��q�riLs q!���iLs
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where
Z o

and ^ o arethewind fluctuationsat thecenterof theelementin the longitudinalandvertical
directions,respectively;

t � ��� and
t � ��� aretheaerodynamicimpulsefunctionsof buffeting forcesrepre-

sentingthe unsteadycharacteristicsof buffeting forceson unit length; and
� � ��� and

� � ��� indicatethe
impulsefunctionsrepresentingthespatialcorrelationcharacteristics.Analogousformulationshold for
thedragandmomentcomponents.

For sinusoidalmotionandwind fluctuations,thelift componentsof theself-excitedandbuffeting forces
arecommonlyexpressedin termsof flutter derivatives,admittancefunctionsandjoint acceptancefunc-
tionsas:

�"o� V � em�"� �
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where
� ��� /�  � is reducedfrequency;

�
is circular frequency of vibration;

� �¡ � ? � �£¢¥¤ � arefre-
quency dependentflutter derivatives; � �0��� and � �;��� denotetheaerodynamictransferfunctionsbetween
fluctuatingwind velocitiesandbuffeting forcesperunit span(theabsolutemagnitudeof thesefunctions
arealsoreferredto asaerodynamicadmittancefunctions); �� �0��� and �� �0��� representthejoint acceptance
functionsandarethe Fourier transformcounterpartsof the impulseresponsefunctions

� �0��� and
� �0��� ,

respectively.

Therelationshipbetweentheaerodynamicimpulseresponsefunctions,flutterderivativesandadmittance
functionsaregivenas(Chenet al. 2000).

�t � uwvyx � 
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 � � � � �� G ? � �� ��� �t � uwv�� � 
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wheretheoverbardenotestheFouriertransformoperator, and ? �
§ 	 � .
Thejoint acceptancefunctionsarerelatedto thecoherencefunction 8�9 _ T as
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where© � and © � arethespatialcoordinates.

Theaerodynamicimpulseresponsefunctionscanbe expressedin termsof exponentialtime-seriesap-
proximations. For the functionsrelevant to the self-excited forces,aerodynamicdampingand inertia
termscanalsobeincluded.For example,

t �0u�vyxH� em� is expressedas:t � uwvyx � em�p� �$¯ � Vh° � GM± uwv²³m´ � ¯ � Vh° ³mµ � �h¶ � em�CG ¯ � Vh° � /� [¶ � em�WG ¯ � V·° � / �� �X¸¶ � em�	 ± uwv²³m´ � ¯ � Vh° ³mµ � � � V·° ³ �/ ¹ © ] � 	 � � Vh° ³ �/ em�
(14)

andfor thefunctionsrelevantto buffeting forces,for example,
t � ��� � em� is expressedas:t � ��� � em��� 
0/ ��� �� G �&% � j �$¯ �w® ° � G ± ���²³�´ � ¯ �w® ° ³�µ � �m¶ � em��	 ± ���²³m´ � ¯ �w® ° ³�µ � �

�w® ° ³ �/ ¹ © ] � 	 � �w® ° ³ �/ em� l (15)



where ¯ � Vh° � 1�¯ � V·° � 1º¯ � V·° � 1º¯ � Vh° ³mµ � and � � V·° ³ ( � ³D» `��½¼¾� � 1 a�a�a 1�¿ � V � and ¯ �w® ° � and � �w® ° ³ ( � �w® ° ³À» `��n¼��� 1 a�a�a 1º¿ �w® � arefrequency independentcoefficientsandarefunctionsof angleof incidence.Thesecoef-
ficientscanbequantifiedby fitting theflutter derivativesandadmittancefunctionandjoint acceptance
functionsatvaryinganglesof incidencein thefrequency domain:
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Accordingly, the unsteadyfrequency dependentaerodynamicforces, for exampleof
��� V o � em� , can be

calculatedin thetimedomainas:

��� V o � em���)�
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where < o³ � em� � ¼(� ��¢ ¿ � V � areaugmentedaerodynamicstatevector. Similar formulationsfor other
self-excited force componentsandbuffeting componentscanbe given with analogousdefinitionsand
areomittedherefor thesakeof brevity.

Solution of Equations of Motion

Thegoverningequationsof motionof a bridgeunderwind fluctuationsareexpressedasÆ ÇÈÉGËÊÍÌÈÎGOÏQÈ#�6Ð&�CGOÐ 3 GIÐ o� V GIÐ o� (20)

where
Æ

,
Ê

and
Ï

are the mass,dampingandstiffnessmatrices,respectively;
Ð

is the nodal force
vector;subscripts: , : ¹ and

/
representthestatic,self-excitedandbuffetingcomponents;andsuperscripts� and

_
representthelow frequency andhigh frequency components,respectively.

First, the time historiesof wind fluctuationswith prescribedspectralcharacteristicsat the centersof
elementsof thebridgemustbesimulatedfor thetime domainanalysis.In this study, anauto-regressive
(AR) schemeis used(ChenandKareem2000).Thepowerspectraldensity(PSD)componentsof the Ñ
and Ò vectorsusedhereinaregivenby thevonKarmanspectra.Usingthesimulatedwind fluctuationsat
thecenterof eachelement,thelow frequency andhigh frequency componentsof wind fluctuationscan
beextractedusingfastFouriertransform(FFT) andinversefastFouriertransform(IFFT) calculations.

At a givenmeanwind velocity, themeanstaticdeformationof thebridgeis calculatedby staticanaly-
sis. This is followedby dynamicresponsecalculationsusinga NewmarkBetastep-by-stepintegration
method. At eachtime stepandat eachelementthe effective angleof incidenceis calculatedandthe
associatedaerodynamicparametersaredeterminedfor thecalculationof thebuffeting andself-excited
forces. An iterative calculationprocedureis necessaryfor both the low frequency andhigh frequency
responses,sincethe aerodynamicforcesdependon the unknown responses.Although iterationis re-
quired,theanalysisprocessconvergesrapidly. For mostlong spanbridges,thelow frequency response
is negligible, thusthe effective angleof attackcanbe simply evaluatedfrom the low frequency wind
fluctuations(Eq. 6). Structuralnonlinearitiescanbe also readily incorporatedinto the analysis. For
linearstructures,themodalresponsesynthesistechniquecanbeutilized to benefitfrom thereductionin
computationaleffort affordedby limiting analysisto theselectedmodes.



APPLICATION

Structural and Aerodynamic Parameters

An examplelongspansuspensionbridgewith a
mainspanof nearly2000m is usedto demon-
strate the effectivenessof the proposedap-
proach.Thebridgedeckis a twin-box section.
Theflutterderivatives

� �¡ and ¯ �¡ � ? � � 1 
 12Ó�1 ¦H�
are quantified through wind tunnel testing at
varyinganglesof incidencerangingfrom -6 deg
to 6 deg (Matsumotoet al. 1998). Ô �� is given
basedonthequasi-steadytheorywhile theother] �¡ coefficientsareneglected.Experimentaldata
indicatesthat ¯ �� is highly sensitive to the an-
gle of incidencefor this section(Figure1). For
thesake of illustration,only thevariationof ¯ ��
with angle of incidenceis consideredin this
analysis. The admittanceand the joint accep-
tancefunctionsareassumedto be independent
of angleof incidence.Theadmittancefunctions
are given by Davenport’s expressionfor drag,
andtheSearsfunctionfor lift andpitchingmo-
mentcomponents.Thespanwisecorrelationof
buffeting forcesis assumedto be sameas the
correspondingwind fluctuations.TheVon Kar-
manspectrais usedfor thesimulationof wind
fluctuationswith the integral length scalesof
80 m and40 m, intensityof 10 Õ and7.5 Õ ,
for

Z
- and ^ -components,respectively.

Results and Discussion

The multimodecoupledflutter analysisin fre-
quency domainwasconductedby the solution
of the complex eigenvalue problem involving
first 15 naturalmodes(Chenet al. 2000). Fig-
ure2 shows thecritical flutter velocity at vary-
ing meanwind angleof incidence.They were
calculatedassumingtheangleof incidencewas
uniformin thespanwisedirection.Resultsindi-
catethatthisexamplebridgeis verysensitiveto
theangleof incidence.
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For comparison,both linear andnonlinearanalysiswereconductedat differentmeanwind velocities.
Consideringthe low frequency componentof the responseto benegligible, theeffective angleof inci-
denceat eachelementwascalculatedfrom the low frequency wind fluctuations(Eq. 6). An example
realizationof theverticalwind fluctuationsandassociatedeffective angleof incidenceat thecenterof
themainspanat60 m/sis shown in Fig. 3. Themeanstatictorsionaldisplacementat themainspan



canteris -3.66 deg. The autoregressive model
coefficientsaredeterminedto generateof time
historiesof 240 s at an interval of 0.1 s. Fig-
ureÖ 4 shows the time historiesof the torsional
responseat the centerof main spancalculated
from thelinearandnonlinearanalysesat60m/s
and 80 m/s. Figure 5 shows the comparison
of the root-mean-square(RMS) andmaximum
(MAX) valuesof torsionaldisplacementat the
centerof the main span. The nonlinearanaly-
sispredicteda significantlylargerbuffeting re-
sponsethanthe linear analysis,andturbulence
wasfoundto haveadestabilizingeffecton flut-
ter stability. Theseeffectsof the aerodynamic
nonlinearitiesdependon the magnitudeof the
effective angleof incidenceandthe sensitivity
of thewind forceparametersto theeffectivean-
gle of incidence.Theexperimentalobservation
of thechangesin thecritical fluttervelocitydue
to theturbulencealsoincludetheeffectsof the
high frequency turbulence. Theseeffectshave
notbeenincludedin this analysis,but whenthe
aerodynamicforceparametersmeasuredin tur-
bulent flow becomeavailable,they canreadily
beusedin this analysisframework.

CONCLUSIONS

A timedomainapproachfor predictingthebuf-
feting and flutter responseswith aerodynamic
nonlinearitieswaspresented.Thenonlinearun-
steadyaerodynamicforcesare modeledbased
on thestaticcoefficients,flutter derivativesand
admittancefunctionsalong with the spanwise
correlationsatvaryingangleof incidence.Their
frequency dependentunsteadycharacteristics
havebeenincorporatedbyusingarationalfunc-
tion approximationtechnique. Results indi-
cated that analysiswith aerodynamicnonlin-
earitymayresultin significantlyhigherbuffet-
ing responsesthanwith thelinearanalysis,and
the low frequency turbulencecomponentcon-
tributeda destabilizingeffect on theflutter sta-
bility.
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A coordinatedexperimentalinvestigationis in progressfor furthervalidationof theproposedapproach.
Thiseffort seeksanunderstandingof turbulenceinducedmodificationsof themagnitudesandspanwise
coherenceof boththebuffetingandtheself-excitedforces.Incorporatingsuchwork with measurements
of theeffectiveangleandamplitudedependenceof theaerodynamicforceswill provideanexperimental
foundationfor theanalyticalwork.
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