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ABSTRACT: In this paper, a framework for studyingthe dynamicsof systemswith frequency de-
pendentparameters,understochasticloads,using the state-spacemodelingapproachis presented.
Particularemphasisis placedon thestochasticbuffeting responseof long spanbridgesundermulti-
correlatedwind excitation.Thebuffeting responseis expressedastheoutputof anintegratedsystem
driven by a vector-valuedwhite noiseprocess.The integratedstate-spacemodelallows direct eval-
uationof thecovariancematrix of the responseusingtheLyapunov equation,which leadsto higher
computationalefficiency thantheconventionalspectralanalysisapproach.Theproposedmodelfa-
cilitatestime domainsimulationof themulti-correlatedwind fluctuations,theassociatedfrequency
dependentaerodynamicforcesandtheinducedstructuralmotion. Theeffectivenessof this approach
is demonstratedusinga long spancable-stayedbridge.

1 INTRODUCTION

Systemswith frequency dependentparametersareoften encounteredin engineeringproblems,for
example,theinteractionof structureswith soilsandstructuralresponseto hydrodynamicandaerody-
namicexcitations(e.g.,Roger1977,Wolf 1991,Spanos� Zeldin 1997,Damaren2000). In caseof
bridgebuffeting responseundermulti-correlatedwind excitation,theaerodynamicforceson bridges
arefrequency dependentdueto unsteadyfluid memoryeffects. Thesecharacteristicsaregenerally
describedin termsof experimentallyidentifiedflutter derivativesfor theself-excited forces,andad-
mittancefunctionandspanwisecoherencefor the buffeting forces,respectively. They areessential
for anaccurateevaluationof structuralresponseunderwind excitation.

Althoughthesefrequency dependentcharacteristicscanbeeasilyincorporatedin thefrequency do-
mainanalysis(e.g.,Katsuchietal. 1999,Chenetal. 2000a),aspecialtreatmentis requiredin thetime
domainsimulation.Most previoustime domainstudiesregardingthebridgebuffeting responsehave
customarilyutilized frequency independentquasi-steadyassumptionwhich is valid only at very high
reducedvelocities.Chenet al. (2000b)proposeda time domainanalysisframework thatincludesthe
frequency dependentaerodynamicforces.This framework offersa rigorousrepresentationof thefre-
quency domainanalysisof linearproblemsprovidedthat theaerodynamicforcescanberepresented
by a rationalfunctionapproximation(RFA) exactlyor with anacceptablelevel of error.

In this paper, an integratedstate-spacemodel of a multi-input and multi-output systemwith a
vector-valuedwhite noiseinput is presentedto model the stochasticbuffeting responseof bridges
undermulti-correlatedwinds. Sucha unifiedmodelhasnot beendevelopedbeforedueto a number
of modelingdifficulties facedby researchers.This approachis appliedto a long spancable-stayed
bridgeto demonstrateits effectiveness.Theproposedapproachprovidesimmediateapplicationsto
soil-structureandfluid-structureinteractionproblems.

1



2 STATE-SPACEMODELING OF MULTI-CORRELATED WINDS

Themathematicalmodelfor describingthedynamicresponseof astructureunderwindsis described
schematicallyin Fig. 1. Themulti-correlatedwind fluctuationsareconsideredastheoutputof asys-
temwith a vector-valuedwhite noiseexcitation. Themodelingof multi-correlatedwind fluctuations
in astate-spaceframework wasaddressedin Go� mann � Walter(1983),Suhardjoetal. (1992),Mat-
sumotoet al. (1996)andKareem(1997). This is basedon factorizationof thecrosspower spectral
density(XPSD)matrix andsubsequentrealizationof thetransferfunctionmatrix. Theseoperations
arenon-trivial for thesimulationof a largesizewind field. In somecases,themathematicaldifficulty
andnumericalerror introducedby the calculationprocedureprecludedthe useof this techniqueto
realisticproblems(Matsumotoet al. 1996). Kareem(1997)suggestedsomesimplifications,but the
approachremainedtediousasattestedby a lackof attemptsto modelwind for a feed-forwardlinkage
in controlproblems.In Kareem� Mei (1999),thestochasticdecompositiontechniquewasutilized
for state-spacemodeling.Chen� Kareem(2000)pointedoutthatwith thetruncationof highermodes
of wind fluctuationsthisstochasticdecompositiontechniqueprovidesanefficient tool for state-space
modelingof well-correlatedrandomprocesses.Its effectivenessin modelingpoorly-correlatedran-
domprocessesis ratherlimited, particularly, for representinghigh-frequency wind fluctuations.
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Figure1 Integratedmodelingof dynamicresponseof wind-excitedstructure

In this study, amulti-variateauto-regressive (AR) modelis utilized for thestate-spacemodelingof
multi-correlatedwinds. This modelprovidesan efficient androbust tool comparedto the approach
basedon the factorizationof the XPSD matrix andthe approachbasedon the stochasticdecompo-
sition. Considera structurerepresentedby a finite elementdiscretization.The wind fluctuationsat
thecentersof elements,«­¬�®)¯ , arerepresentedby a multi-correlatedrandomprocess.Thesecanbe
representedastheoutputof a linearsystemwith input of a vector-valuedGaussianwhite noisepro-
cess°±¬�®)¯ with a zeromeanandidentity covariancematrix. This linear systemcanbedescribedin
termsof a multi-variateAR modelasgiven below, which is consideredasa specialcaseof a gen-
eral auto-regressive moving-average(ARMA) model (e.g.,Mignolet andSpanos1987,andLi and
Kareem1990a):

«²¬�®�¯´³ µ¶·2¸º¹l» · «²¬�®½¼¿¾ÁÀÂ®)¯zÃÅÄÆ°±¬�®)¯ (1)

where ÀÂ® is the time interval; Ç is themodelorder; » · ¬�¾È³ÊÉ�ËÍÌ�ËUÎ&Î&Î&Ë4Çz¯ arethecoefficient matrices
whichcanbedeterminedbasedon thewind correlationmatrix.

Oncethe AR modelis developed,thereareseveral waysto expressit in termsof a discrete-time
state-spaceformat.Here,thecontrollablecanonicalform is used(Ogata1994):ÏÑÐ ¬�®�¯Ò³ÔÓÑÕ Ð ÏÑÐ ¬�®Ö¼¿ÀÂ®)¯zÃÅ×ÂÕ Ð °±¬�®)¯JØÙ«²¬�®)¯Ò³ÛÚÜÕ Ð ÏÑÐ ¬�®)¯zÃÅÝÞÕ Ð °±¬�®)¯ (2)
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Theequivalentcontinuousstate-spacerepresentationcanbegivenasðÏÑÐ ³ÔÓ ÐñÏÑÐ ÃÅ× Ð °¿Øò« ³óÚ ÐñÏÑÐ ÃÅÝ Ð ° (4)

with therelationship

ÓÑÕ Ð ³õô�ö´÷ùøûú�Øë×ÂÕ Ð ³í¬�ô�öÒ÷ùøûú.¼ é ¯�Ó ê ¹Ð × Ð ØüÚýÕ Ð ³óÚ Ð ØëÝÞÕ Ð ³õÝ Ð (5)

3 SATE-SPACEMODELING OF UNSTEADY BUFFETINGFORCES

Thebuffeting forcesactingonabeamelementof length þ , i.e. lift (downward),drag(downwind) and
pitchingmoment(nose-up),inducedby a sinusoidalwind fluctuationwith circular frequency ÿ , are
expressedin thefrequency domainas���� ¬�� ÿ ¯´³í¬���� â
	 þ�¯�Ó �� ¬��%¾ù¯%« � ¬��
ÿ ¯ (6)

where

Ó �� ³ ßá �
� ¹�� ������������� �
� â � ��� ÷ ����� ÷��� ¹ � ������������� ��� â � ��� ÷ ����� ÷	 ��� ¹�� ������������� 	 ��� â � ��� ÷ ����� ÷
ãå Ø � �� ³ ��  "! ��# ��$ �� % &' Øò« � ³)(+* �-, �. � , �0/ Ø� � ¹ ³ ¼ � � Ø � � â ³ó¼�1:Î32Á¬ �54� Ã ��� ¯JØ ��� ¹ ³ ��� Ø� � â ³61:Î32Á¬ �54� ¼ �
� ¯JØ ��� ¹ ³ ��� Ø ��� â ³61:Î32 �54� (7)� is theairdensity; � is themeanwindvelocity;

	 ³ÔÌ87 is thebridgedeckwidth;
��� Ë � � Ë � � arethe

staticcoefficients;
� 4� ³:9 �
� , 9�; and

� 4� ³<9 ��� , 9�; ; ��= ( >È³ ! �@? Ë ! � Ð Ë # �@? Ë # � Ð Ë $ �@? Ë $ � Ð )
denotethe aerodynamictransferfunctionsbetweenthe wind fluctuationsand buffeting forcesper
unit span,and its absolutemagnitudeis referredto as the aerodynamicadmittancefunction;

� =
( > ³ ! �@? Ë ! � Ð Ë # �@? Ë # � Ð Ë $ �@? Ë $ � Ð ) denotethe joint acceptancefunctionsthatdescribethe reduc-
tion effectof thebuffeting forcesdueto thelossof spanwisecorrelationwithin theelementcompared
to the fully correlatedcase;* � and . � arethewind fluctuationsat thecenterof theelement;super-
script ô indicatesthecomponenton theelement;thesubscript> indicates! �@? Ë ! � Ð Ë # �@? Ë # � Ð Ë $ �@?
and

$ � Ð
; ¾ç³ ÿA7 , � is thereducedfrequency; ÿ is thecircularfrequency; and �´³CB ¼$É . For tower

andcableelementsof cable-supportedbridges,only thedragcomponentis generallyconsideredin
theanalysisof overall bridgeresponse.

Thebuffetingforcesarederivedastheoutputof asystemwith wind fluctuationsasinput. Thestate-
spacemodelingof

� ��
will beaccomplishedin two steps.Thefirst stepis to modeltheaerodynamic

transferfunction ��= ¬���¾ù¯ , andthesecondstepis to modelthejoint acceptancefunction
� = ¬��%¾ù¯ . These

areexpressedin termsof the following rationalfunctionapproximations(Chenet al. 2000b),while
otherformscanalsobeutilized:�D= ¬��%¾ù¯Ò³FE�G=�H
¹ ÃJILKM¶N ¸º¹ ¬��%¾ù¯OE G=�H NQP ¹�%¾ ÃR9�G=�H N Ø � = ¬���¾ù¯Ò³6E5S=�H
¹ Ã I�TM¶N ¸º¹ ¬��%¾ù¯OE S=�H N-P ¹��¾$ÃR9 S=�H N (8)
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Accordingly, thestate-spaceequationsfor
� ��

arethenwrittenasðÏ �� ³ÔÓ �� Ï �� ÃÅ× �� « � Ø � �� ³ÛÚ �� Ï �� ÃÅÝ �� « �
(9)

Basedon thefinite elementprocedure,thetotalnodalforce
� � ¬�®)¯ canbefinally expressedin terms

of thestate-spaceequationswith wind fluctuationsasinput, «²¬�®)¯ ,ðÏ � ³ÔÓ � Ï � ÃÅ× � « Ø � � ³ÛÚ � Ï � ÃÅÝ � « (10)

4 STATE-SPACEMODELING OF SELF-EXCITEDFORCES

Theself-excitedforcesactingonabeamelementof length þ inducedby asinusoidalmotionwith cir-
cularfrequency ÿ areexpressedasfollows by assumingtheself-excitedforcesto befully correlated:���U � ¬�� ÿ ¯Ò³ ÉÌ �V� âXW Ó � U ¬��%¾ù¯ºÃÔ¬��%¾ù¯�Ó �Õ ¬��%¾ù¯ZY
[ � ¬��
ÿ ¯ (11)

where

Ó � U ¬��%¾ù¯Ò³ ßá Ì�¾
â þ�\^]_ Ì�¾ â þ@\^]` Ì�¾ â þa7-\b]cÌ�¾ â þ@de]` Ì�¾ â þ�df]_ Ì�¾ â þa7-de]cÌ�¾ â 7�þ@Eg]_ Ì�¾ â 7�þ@Eg]` Ì�¾ â 7 â þ@Eh]c

ãå Ø Ó �Õ ¬��%¾ù¯ ³ ßá Ì�¾:þ�\^]¹ Ì�¾:þ�\^]i Ì�¾:þa7-\^]âÌ�¾:þ@d ]i Ì�¾:þ@d ]¹ Ì�¾:þ@7-d ]âÌ�¾j7�þ@E ] ¹ Ì�¾j7�þ@E ]i Ì�¾j7 â þ@E ]â
ãå Ø

� � U �¥¬�®�¯´³ ì ! � U � # �U � $ �U � îlk Ø [ � ³ ìnm � Ç � ; � îlk (12)

and m � , Ç � and ; � arethe vertical, lateraland torsionaldisplacementat the centerof the element,
respectively; \ ]o Ëpd ]o and E ]o ¬��A³ É�ËÍÌ�ËUÎ&Î&Î&ËrqP¯ aretheflutter derivatives;andtheover-dot denotesthe
differentiationwith respectto time.

Theself-excitedforcesaremodeledastheoutputof asystemwith structuralresponseastheinput.
Their transferfunction is definedin termsof the flutter derivatives. Much researcheffort hasbeen
performedin the areaof state-spacemodelingof unsteadyself-excited aerodynamicforcesin the
aeronauticalfield by using a techniquebasedon the rational function approximation(RFA) (e.g.,
Roger1977).Amongtheseschemes,Roger’sRFA is themostwidelyutilizedbecauseof theaccuracy,
simplicity androbustnessof themethod.Theapplicationof RFA to bluff bodybridgeaerodynamics
can be found in the representationof the self-excited forces(e.g., Scanlanet al. 1975; Wilde et
al. 1996; Chenet al. 2000aand 2000b). By fitting the tabular data s � U � ¬���¾ N ¯ definedat a set of
discretereducedfrequencies¾ N ¬lt ³ É�ËÍÌ�ËUÎ&Î&Î=¯ , the transfermatrix betweenthe self-excited forces
andthestructuralmotioncanberepresentedin termsof the following RFA in termsof the reduced
frequency ¾ (Roger1977;andChenetal. 2000aand2000b):

s � U � ¬��%¾ù¯ ³õÓ � U ÃÔ¬���¾ù¯�Ó �Õ ³ÔÓ � ¹ ÃÔ¬��%¾ù¯�Ó �â ÃÔ¬��%¾ù¯ â Ó �c Ã ILu¶N ¸º¹ ¬��%¾ù¯�Ó �N-P c�%¾ Ãv9 �N (13)

whereÓ � ¹ ËºÓ �â ËûÓ �c ËûÓ �NQP c and 9 �N ( 9 �New 1:ØxtÂ³ É�ËÍÌ�ËUÎ&Î&Î&Ë�y � ¯ arethefrequency independentmatrices
andparameters;and y � representstheorderof RFA.

ReplacingtheFouriertransformbyaLaplacetransformthroughanalyticcontinuationwith z{ (wherez{ ³ ¬�¼�|ýÃ}��¯�¾ , | is the dampingratio of the motion) substitutedfor ��¾ , andby taking an inverse
Laplacetransform,theself-excited forcesinducedby arbitrarymotioncanbeexpressedin termsof
following state-spaceequations:

ðÏ � U � N ¬�®)¯´³ ¼ 9 �N �7 Ï � U � N ¬�®�¯ñÃ Ó �NQP c ð[ � ¬�®�¯ ¬ltÜ³ É�ËÍÌ�ËUÎ&Î&Î&Ë�y � ¯ (14)
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���U � ¬�®�¯Ò³ ÉÌ ��� â�~� Ó � ¹ [ � ¬�®�¯zÃ 7� Ó �â ð[ � ¬�®)¯EÃ 7 â� â Ó �c��[ � ¬�®�¯ñÃ I
u¶N ¸º¹ Ï � U � N ¬�®)¯Z�� (15)

where
Ï � U � N ¬ltÜ³íÉ�ËUÎ&Î&Î&Ë�y � ¯ aretheaugmentednew variablesrepresentingtheaerodynamicstates.

Basedonthefinite elementprocedure,thetotalself-excitedforcescanbefinally expressedin terms
of thenodalmotion [ asðÏ U � N ¬�®�¯´³í¼ 9 N �7 Ï U � N ¬�®)¯zÃ Ó NQP c ð[Å¬�®�¯ ¬ltÜ³ É�ËÍÌ�ËUÎ&Î&Î&Ë�yÈ¯ (16)

� U � ¬�®�¯Ò³ ÉÌ ��� â�~� Ó ¹ [ ¬�®)¯EÃ 7� Ó â ð[Å¬�®�¯zÃ 7 â� â Ó c �[Å¬�®�¯zÃ I¶N ¸º¹ Ï U � N ¬�®)¯Z�� (17)

where,Ó ¹ Ë½Ó â ËÖÓ c Ë´Ó N-P c and 9 N ( 9 N w 1:ØxtÂ³ É�ËÍÌ�ËUÎ&Î&Î&Ë�yÈ¯ arethefrequency independentmatrices
and parameter;y representsthe order of RFA; and

Ï U � N ¬�®)¯Ü¬lt ³ É�ËÍÌ�ËUÎ&Î&Î&Ë�yÈ¯ are the augmented
aerodynamicstates.

5 REDUCED-ORDERSTATE-SPACEMODEL OFINTEGRATED BRIDGESYSTEM

For linearstructures,thereduced-orderequationsof motion in termsof thegeneralizedmodalcoor-
dinates� canbeutilized for computationalconvenience:�C� ��çÃ Ú � ð� ÃR� � �ë³J� U � Ã�� � (18)

where
� � ³�� k � �ëË2Ú � ³�� k Ú�� and � � ³�� k ��� arethegeneralizedmass,dampingand

stiffnessmatrices,respectively; � U � ³J� k � U � and � � ³C� k � � arethegeneralizedself-excitedand
buffeting force vectors,respectively; � is the modeshapematrix; and

�
, Ú and � arethe mass,

dampingandstiffnessmatricesin physicalcoordinates,respectively.
The state-spaceequationsof � � is given below basedon the state-spacerepresentationof

� �
(Eqs.10) ðÏ � ³ÔÓ � Ï � Ã × � « Ø�� � ³óÚ �a� Ï � Ã Ý �a� « (19)

where Ú �a� ³J� k Ú � , Ý �a� ³J� k Ý � .
The state-spaceequationsof � U � canbe given asfollows basedon thestate-spacemodelof

� U ô
(Eqs.16and17)

ð� U � N ¬�®)¯ ³ ¼ 9 N �7 � U � N ¬�®�¯ñÃ�� N-P c ð�´¬�®�¯ ¬ltÜ³íÉ�ËÍÌ�ËUÎ&Î&Î&Ë�yÈ¯ (20)

� U � ¬�®)¯ ³ ÉÌ �V� â�~� � ¹ �´¬�®)¯EÃ 7� � â ð�´¬�®)¯zÃ 7 â� â � c ��´¬�®�¯ñÃ I¶N ¸º¹ � U � N ¬�®�¯ �� (21)

where � ¹ ³�� k Ó ¹ �ëËf� â ³�� k Ó â �ëËe� c ³�� k Ó c �ÈËe� N-P c ³�� k Ó NQP c � and � U � N ¬�®)¯ç³� k Ï U � N ¬�®�¯ ¬ltÜ³íÉ�ËÍÌ�ËUÎ&Î&Î&Ë�yÈ¯ .
An alternative approachfor modelingthegeneralizedself-excited forcesis to directly fit thegen-

eralizedmodalaerodynamicmatricescalculatedat discretereducedfrequencies.If asmallernumber
of lag termscanthusbeused,thiswill reducethenumberof addedaerodynamicstates.

By augmentingthe state-spaceequationsof the structuralmotion with the correspondingstate-
spacerepresentationsof theloadingcomponentsandwind fluctuationsasstatedabove,anintegrated
state-spacemodel,givenbelow, is establishedthatsynthesizestheunsteadycharacteristicsof multi-
correlatedwind field, frequency dependentunsteadyaerodynamicforcesand the dynamicsof the
bridge. ðÏ � ³ÔÓ � Ï � Ã × � °¿Ø)[ ³J� kn� � Ï � (22)
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where Ï � ³ ßá Ï UOU � �Ï �ÏçÐ
ãå Ø Ó � ³ ßá Ó UOU � � × UOU � � Ú �a� × UOU � � Ý �a� Ú Ðè Ó � × � Ú Ðè è Ó Ð

ãå Ø
× � ³ ßá × UZU � � Ý �a� Ý Ð× � Ý Ð× Ð
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ßààààà
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ã äääää
å ØÈÓ

UOU � � ³
ßàààààààà
á

è é è ÎUÎUÎ è
¼}�� ê ¹� �� � ¼}�� ê ¹� �Ú � ¹â �V� â �� ê ¹� ÎUÎUÎ ¹â �V� â �� ê ¹�è � _ ¼ � 7 9 ¹ é ÎUÎUÎ è

...
...

...
...è � c P I è ÎUÎUÎ ¼ � 7 9 I é

ã'ääääääää
å
Ø

× UOU � � ³�� è �� ê ¹� è ÎUÎUÎ è�� k Ø Ú UOU � � ³ ì é è è ÎUÎUÎ è îlk Ø�� � ³ � � ¼ ÉÌ ��7 â � c Ø �Ú � ³ÛÚ � ¼ ÉÌ ���h7�� â Ø �� � ³F� � ¼ ÉÌ �V� â � c (23)

Whenconsideringalinearaerodynamicproblem,thestate-spacemodelingof � � canbeestablished
alternatively basedon their XPSDmatrix which is subsequentlyexpressedin termsof anAR model,
similar to thecaseof multi-correlatedwind fluctuations.

Thesolutionof Eq.22 canbeobtainedby (SoongandGrigoriu 1993)

Ï � ¬�®)¯´³Ôô ön���=ú ê ú��r� Ï � ¬�® � ¯EÃ¡  úú�� ô ön�-�7ú ê�¢ � × � °±¬@£T¯O9�£ (24)

Thecovariancematrix ¤¦¥ canbedirectly calculatedby solvingthefollowing Lyapunov equation:

Ó � ¤§¥ � Ã¨¤§¥ � Ó k ÃÅ× � × k � ³61 (25)

Therecastingof theoverallsystemequationsin thestate-spaceformatallowstheuseof toolsbased
on the linearsystemtheoryfor theresponseanalysis,optimization,andactive suppressionof flutter
andalleviation of buffeting. By usingthismodel,thewind loadinformationcanbeincorporatedin a
structuralcontroldesignasafeed-forwardlink with thepotentialto enhancethecontroleffectiveness
(Suhardjoet al. 1992). Direct calculationof the covariancematrix of the responseby using the
Lyapunov equationprovideshighercomputationalefficiency thantheconventionalspectralanalysis
approach.In addition,thestructuralandaerodynamiccouplingeffectscanbeautomaticallyincluded
in theanalysis.

6 EXAMPLE

An examplewasusedto illustratethe integratedstate-spaceanalysisframework formulatedin this
study. Theexamplebridgeis a cable-stayedbridgewith a mainspanof approximately1000m. For
simplicity andwithout lossof generality, only wind forcesactingonthebridgedeckwereconsidered.
The von Karmanspectrawere usedfor describingthe power spectraof wind fluctuations. For *and . components,turbulenceintensitiesandintegral lengthscalesequalto 10 © and7.5 © , and
80 m and40 m, respectively, wereconsidered.Higher lengthscaleswereusedin thecalculationof
coherencefunctionsin orderto accountfor thestrongerspanwisecorrelationin thebuffeting forces
thanthoseof thewind fluctuations.Lengthscaleswerechosenas160m and80 m for thebuffeting
forcecomponentassociatedwith the * and . components,respectively.
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Thebridgedeckwasdiscretizedinto 43elementsalongthespan.In thisstudy, the * and . compo-
nentswereassumedto beindependent.Thesewereexpressedusingtwo separatestate-spacemodels
with 258states.Themodelingis straightforward for thecasesconsideringthecorrelationbetween*and . componentsof wind fluctuations.

For eachelement,two differentadmittancefunctionsfor * and . componentswereused,which
wereall expressedusingRFAs with two rationalterms.Davenport’s formulawith adecayfactorof 8
wasusedfor drag,andSearsfunctionwasusedfor thelift andpitchingmoment.Two differentjoint
acceptancefunctionswereusedfor buffeting forcecomponentsassociatedwith * and . components.
ThesewerealsoexpressedusingRFAs with two rationalterms.Thedimensionsof thestate-vectorfor
thebuffeting forcesactingoneachelementandtheoverallstructurewere6 and258,respectively, and
thesewerethesamefor bothcomponentscorrespondingto * and . componentsof wind fluctuations.

The dragcomponentof the self-excited forcesdueto lateralmotion wasevaluatedbasedon the
quasi-steadytheory, andthecomponentsrelevantto theverticalandtorsionalmotionswereneglected.
The lift andpitching momentcomponentsof the self-excited forceswerecalculatedbasedon the
Theodorsenfunction. Thegeneralizedself-excited forceson thefirst 12 bridgedeckdominatednat-
ural modeswereexpressedusingRFA with two rationalterms. Thenaturalfrequenciesrangefrom
0.07to 0.6Hz. Thelogarithmicdecrementfor eachmodewasassumedto be0.02.Thetotal dimen-
sion of the state-vectorsof the integratedsystemcorrespondingto * and . componentswereboth
equalto 564. For eachof thesetwo integratedsystems,thecovariancematrix wascalculatedusing
theLyapunov equationto obtainthecovarianceof thetotal response.

Figure2 shows the root meansquare(RMS) buffeting responsein lateral,vertical and torsional
directionsalongthespanat meanwind velocitiesof 40, 60 and80 m/s comparedwith thosebased
on the spectralanalysisapproach.Excellentagreementdemonstratedthe accuracy of the proposed
framework, while thestate-spacemodelis computationallymoreefficient. For this example,compu-
tationaleffort usingtheproposedschemeis lessthanhalf of thatneededfor theconventionalspectral
approach.Thecritical flutter velocity wasfoundto be113.8m/sutilizing a stability analysisof this
integratedsystemthroughthecomplex eigenvalueanalysis.
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Figure2 Comparisonof thebuffeting response

7 CONCLUDING REMARKS

An integratedstate-spacemodelof amulti-input andmulti-outputsystemwith avector-valuedwhite
noiseinput waspresentedto describethedynamicresponseof bridgesundermulti-correlatedwinds.
Thestate-spacemodelingof multi-correlatedwindswasestablishedusinga multi-variateAR model.
Theunsteadybuffeting andself-excitedforcesweremodeledusingrationalfunctionapproximations
of their frequency dependentcharacteristics.The proposedapproachhelpsto gleana clear insight
into themodelingof wind-inducedvibrationproblems.

This approachfacilitatestheuseof tools basedon linear systemtheoryfor the responseanalysis
and structuralcontrol design. This procedureallows the time domainsimulationof the response
to incorporatethefrequency dependentaerodynamicforcesinsteadof thegenerallyassumedquasi-
steadyforces.This featureenhancestheaccuracy of thepredictedresponses.This framework canbe
utilized in astructuralcontroldesignby incorporatingthewind loadinginformationasafeed-forward
link whichimprovestheeffectivenessof controlactions.Directevaluationof thecovariancematrixof
responseusingtheLyapunov equationofferscomputationalefficiency over theconventionalspectral
analysisapproach.
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Althoughemphasiswasplacedin thisstudyontheresponseof bridgesundermulti-correlatedwind
excitations,the proposedapproachprovides immediateapplicationsto otherstructuresunderwind
excitations. It hasimmediateapplicationsto systemswith frequency dependentparameterssuchas
thoseinvolvedin soil-structureandfluid-structureinteractions.
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