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INTRODUCTION 

Healthrmonitoringrisrthercontinuousrmeasurementrofrtherloadingrenvironmentrandrthercriticalrresponsesrofrar

systemrorritsrcomponents.rHealthrmonitoringrisrtypicallyrusedr tor trackr andr evaluater performance,r symptomsr ofr opera

tionalr incidents,r anomaliesrduertordeteriorationrandrdamagerasrwellrasrhealthrduringrandrafterranrextremereventr(Aktanr

etral,r2000).rHealthrmonitoringrhasrgainedrconsiderablerattentionrinrcivilrengineeringroverrtherlastrtwordecades.rAlthoug

hrhealthrmonitoringrisrarmaturingrconceptrinrthermanufacturing,rautomotiverandraerospacerindustries,rthererarerarnumbe

rrofrchallengesrforreffectiverapplicationsronrcivilrinfrastructurersystems.rWhilersuccessfulrreal-

liferstudiesronrarnewrorranrexistingrstructurerarercriticalrforrtransformingrhealthrmonitoringrfromrresearchrtorpractice,rla

boratoryrbenchmarkrstudiesrareralsoressentialrforraddressingrissuesrrelatedrtorthermainrneedsrandrchallengesrofrstructura

lr healthrmonitoring.rHealthrmonitoringroffersrgreatrpromiserforrcivilrinfrastructurerimplementations.rAlthoughritrisrstillr

mainlyrarresearchrarearinrcivilrinfrastructurerapplication,ritrwouldrberpossiblertordeveloprsuccessfulrreal-

liferhealthrmonitoringrsystemsrifrallrcomponentsrofrarcompleterhealthrmonitoringrdesignrarerrecognizedrandrintegrated. 

Arsuccessfulrhealthrmonitorrdesignrrequiresrtherrecognitionrandrintegrationrofrseveralrcomponents.rIdentific

ationrofrhealthrandrperformancermetricrisrtherfirstrComponentrwhichrisrarfundamentalrknowledgerneedrandrshouldrdicta

terthertechnologyrinvolved.rCurrentrstatusrandrfuturertrendsrtordeterminerhealthrandrperformancerinrthercontextrofrdama

gerprognosisrarerreportedrbyrFarrarretral.rinrarrecentrstudyr(2003). 

Newradvancesrinrwirelessrcommunications,rdataracquisitionrsystemsr andrsensorrtechnologiesrofferrpossibili

tiesrforrhealthrmonitoringrdesignrandrimplementationsr(Lynchretral,r2001,rSpencer,r2003).rDevelopment,revaluationrand

ruserofrthernewrtechnologiesrarerimportantrbutrtheyrhavertorberconsideredralongrwithrourr“health”randr“performance”re

xpectationsrofrtherstructure.rYaor(1985)rdefinedrthertermrdamagerasrardeficiencyrorrdeteriorationrinrtherstrengthrofrthers

tructure,rcausedrbyrexternalrloadingrorrenvironmentalr conditionsr orr humanr errors.r Sor farr visualr inspectionr hasr been

r ther mostrcommonrtoolrtoridentifyrtherexternalrsignsrofrdamagerinrbuildings,rbridgesrandrindustrialrstructures.r Theser i

nspectionsr arer mader byr trainedr personnel.r Oncer grossr assessmentr ofrtherdamagerlocationrisrmade,rlocalizedrtechnique

srsuchrasracoustic,rultrasonic,rradiography,reddyrcurrents,rthermal,rorrmagneticrfieldrcanrberusedrforrarmorerrefinedrass

essmentrofrtherdamagerlocationrandrseverity.rIfrnecessary,rtestrsamplesrmayrextractrfromrtherstructurerandrexaminedrinr

therlaboratory.rOneressentialrrequirementrofrthisrapproachrisrtheraccessibilityrofrtherlocationrtorberinspected.rInrmanyrc

asesrcriticalrpartsrofrtherstructurermayrnotrberaccessiblerorrmayrneedrremovalrofrfinishes.rThisrprocedurerofrhealthrmoni

toringrcanrthereforerberveryrtediousrandrexpensive.rAlso,rtherreliabilityrofrthervisualr inspectionr isrdependent,r tor larger

extent,ronr therexperiencerofr ther inspector.rOverrtherlastrtwordecadesrnumberrofrstudiesrhaverbeenrreportedrwhichrstriv

ertorreplacerthervisualrinspectionrbyrsomerautomatedrmethod,rwhichrenablermorerreliablerandrquickerrassessmentrofrthe

rhealthrofrtherstructure.rSmartrstructuresrwasrfoundrtorbertheralternativertorthervisualrinspectionrmethodsrfromrlastrtwor

decades,rbecauserofrtheirrinherentr‘smartness’,rthersmartrmaterialsrexhibitrhighrsensitivityrtor anyrchangesrinrenvironme

nt. 

 

STRUCTURALrHEALTHrMONITORINGr(SHM):r ANrOVERrVIEW 

Increaserinrpopulationrnecessitatedrthermorercivilrinfrastructuralrfacilitiesrinreveryrcountry.rWealthrofrthernati

onrcanrberrepresentedrbyrwellrconditionedrinfrastructure.rCivilrengineeringrstructuresrunderrgordamagerandrdeterioration

rwithragerandrduertornaturalrcalamities.rNearlyrallrin-

servicerstructuresrrequirersomerformrofrmaintenancerforrmonitoringrtheirrintegrityrandrhealthrcondition.rCollapserofrcivi

lrengineeringrstructuresrleadsrtorimmenserlossrofrliferandrproperty.rAppropriatermaintenancer prolongsr therlifespanrofra

rstructurerandrcanrberusedrtorpreventrcatastrophicrfailure.rCurrentrschedule-

rdrivenrinspectionrandrmaintenancertechniquesrcanrbertimerconsuming,rlabor-

intensive,randrexpensive.rSHM,ronrtherotherrhand,rinvolvesrautonomousrin-

servicerinspectionrofrtherstructures.rTherfirstrinstancesrofrSHMrdaterbackrtortherlater1970srandrearlyr1980s.rTherconcept

rofrSHMroriginallyrappliedrtoraerospacerandrmechanicalrsystemsrisrnowrbeingrextendedrtorcivilrstructures. 

Objectivesrofrhealthrmonitoringrarerasrfollows. 

a) Torascertainrthatrdamagerhasroccurredrorrtoridentifyrdamage 

b) Torlocatertherdamage 

c) Tordeterminertherseverityrofrdamage. 

d) Tordeterminertherremainingrusefulrliferofrtherstructure. 

SHMrconsistsrofrbothrpassiverandractiversensingrandrmonitoring.rPassiversensingrandrmonitoringrisrusedrtoridentifyrth

erlocationrandrforce–time–
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historyrofrexternalrsources,rsuchrasrimpactsrorracousticremissions.rActiversensingrandrmonitoringrisrusedrtorlocalizerand

rdeterminerthermagnituderofrexistingrdamages.rAnrextensiverliteraturerreviewrofrdamageridentificationrandrhealthrmonit

oringrofrstructuralrandrmechanicalrsystemsrfromrchangesrinrtheirrvibrationrcharacteristicsrisrgivenrbyrDoeblingretral.r(19

9 

PASSIVErSENSINGrDIAGNOSTICS 

Forrarpassiversensingrsystem,ronlyrsensorsrarerinstalledronrarstructure.rSensorrmeasurementsrarerconstantlyrt

akenrinrrealrtimerwhilertherstructurerisrinrservice,randrthisrdatarisrcomparedrwithrarsetrofrreferencer(healthy)rdata.rTher

sensor-

basedr systemrestimatesrtherconditionrofrarstructurerbasedronrtherdatarcomparison.rThersystemrrequiresreitherrardatarbas

e,rwhichrhasrarhistoryrofrprestoredrdata,rorrarstructuralrsimulatorrwhichrcouldrgeneratertherrequiredrreferencerdata. 

Passiversensingrdiagnosticsrarerprimarilyrusedrtordeterminerunknownrinputsrfromrchangesrinrsensorrmeasureme

nts.rChoirandrChangr(1996)rsuggestedranrimpactrloadridentificationrtechniquerusingrpiezoelectricrsensors.rTheyrusedrarst

ructuralrmodelrandrarresponsercomparatorrforrsolvingrtherinverserproblem.rTherstructuralrmodelrcharacterisedrtherrelatio

nrbetweenrtherinputrloadrandrthersensorroutput.rTherresponsercomparatorrcomparedrthermeasuredrsensorrsignalsrwithrth

erpredictedrmodel. 

 

 ACTIVErSENSINGrDIAGNOSTICS 

Activersensingrtechniquesrarerbasedronrtherlocalizedrinterrogationrofrtherstructures.rTheyrarerusedrtorloc

alizerandrdeterminerthermagnituderofr anr existingrdamages.rLocalrorrwaverpropagation-

basedrSHMrisrthereforeradvantageousrsincermuchrsmallerrdefectsrcanrberdetected.rChangr(2000)rconcentratesrhisrresear

chronrwave-rpropagation-basedrSHM.rHerdevelopedrLamb-wave-

basedrtechniquesrforrimpactrlocalizationr/quantificationrandrdamagerdetection.rWilcoxretral.r(2000)rexaminedrtherpotenti

alrofrspecificrLambrmodesrforrdetectionrofrdiscontinuities.rTheyrconsideredrlarge,rthickrplaterstructuresr(e.g.roilrtanks)ra

ndrthinrplaterstructuresr(e.g.raircraftrskins).rTheyrshowedrthatrthermostrsuitablerLambrmoderisrstronglyrdependentronrw

hatrtherplaterisrinrcontactrwith.rBhallarandrSohr(2005)rpresentedrthertechniquerusingrwaverpropagationrapproachrforrN

DErusingrsurfacerbondedrpiezoceramics.rTheyrutilizedrsimple,reconomicalrandrcommerciallyravailablerhardwarerandrsen

sors,rwhichrcanrbereasilyremployedrforrrealrtimerandronlinermonitoringrofrcriticalrstructures,rsuchrasrmachinerpartsrand

raircraftrcomponents.rLemistrerandrBalageas(2001)rpresentedrarrobustrtechniquerforrdamagerdetectionrbasedronrdiffracte

drLambrwaveranalysisrbyrarmultirersolutionrwaveletrtransform.rBergerretral.r (2004)remployedr fibreropticrsensorsr inro

rderr tormeasurerLamrwaves.rBenzretral.r(2003)randrHurlebausretral.(2002)rdevelopedranrautomated,rnon-

rcontactrmethodrforrdetectingrdiscontinuitiesrinrplates.rLaserrultrasonicrtechniquesrwererusedrtorgeneraterandrdetectrLa

mbrwavesrinrarperfectrplaterandrinrarplaterthatrcontainsrardiscontinuity.rThermeasuredrsignalsrwererfirstrtransformedrfro

mrthertime–frequencyrdomainrusingrarshort-timerFourierrtransformr(STFT)randrsubsequentlyrintorthergroup–rvelocity–

frequencyrdomain.rTherdiscontinuityrisrthenrlocatedrthroughrtheruserofrarzzcorrelationrinrthergroup–velocity–

frequencyrdomain.rThersmartrlayerrpresentedrbyrLinrandrChangr(1998)rmakesruserofrarPZT-

sensingrelement,rwhereasrthersmartr layerrpresentedrbyrHurlebausretral.(2004)rusesrPVDF-

sensingrelements.rFinally,rinrtherstudyrbyrLinrandrChangr(2002)rPZTrtransducersrwererplacedratrarfewrdiscreterpointsro

nrthersmartrlayer;randrinrtherstudyrbyrHurlebausretral.r(2004),rtherPVDFrpolymerrcoversrtherentirersurfacerofrthersmart

rlayer. 

SELF–HEALINGr&rSELF–REPAIRING 

Peairsretral.r(2004)rpresentedrarmethodrforrtherself-

healingrofrboltedrjointsrbasedronrpiezorelectricr&.shapermemoryralloysr.rTherlooseningrofrarboltedrjointrconnectionrisra

rcommonrstructuralrfailurermode.rTheyrreportedrarreal-

timerconditionrmonitoringrandractivercontrolrmethodologyrforrboltedrjointsr inrcivilrstructuresrandrcomponents.rTheyrus

edranrimpedance-basedrhealth-

monitoringrtechniquerwhichrutilizesrtherelectromechanicalrcouplingrpropertyrofrpiezoelectricrmaterialsrtoridentifyrandrd

etectrboltrconnectionrdamage.rWhenrdamageroccured,rtemporaryradjustmentsrofrtherboltrtensionrcouldrberachievedractiv

elyrandrremotelyrusingrshapermemoryralloyractuators.rSpecifically,rwhenrarboltrconnectionrbecamerloose,rtherboltedrme

mbersrcanrmovedrrelativertoreachrother.rTherheatrproducedrbyrthisrmotionrcausedrarNitinolrwasherrtorexpandraxially,rth

erebyrleadingrtorartighter,rself-healedrboltrconnection. 

HagoodrandrvonrFlotow(1991)restablishedrtheranalyticalrfoundationrforrgeneralrsystemsrwithrshuntedrpiezoel

ectrics.rTheirrworkrcharacterisedrtherelectromechanicalrinteractionsrbetweenrarstructurerandrtherattachedrpiezornetwork,r

androffersrsomerexperimentalrverification.rDavisrandrLesieutre(1995)rextendedrpreviousrstudiesrbyrusingrthermodalrstra

inrenergyrapproachrtorpredictrtherstructuralrdampingrproducedrbyrarnetworkrofr resistivelyr shuntedrpiezoceramicr elem

ents.rUsingr thisr approach,r ther amountrofraddedrdampingrperrmoderrrcausedrbyranrindividualrceramicrelementrcanrberc

omputed.rItrwasralsordemonstratedrthatrincreasedrdampingrcouldrberachievedrinrseveralrmodesrsimultaneouslyrviarprope

rrplacementrofrtherpiezoceramics.rdemonstratesrthereffectivenessrofrshuntedrpiezoelectricityrforrthreerdifferentrresistancer

values.rArstructuralrvibrationrcontrolrconceptrusingrpiezoelectricrmaterialsrshuntedrwithrreal-

timeradaptablerelectricalrnetworksrhasralsorbeenrinvestigatedrbyrWangretral.r(1994).rInsteadrofrusingrvariablerresistance

ronly,rtheyrimplementedrvariablerresistancerandrinductancerinranrexternalrRLrcircuitrasrcontrolrinputs.rTheyrcreatedranr

energy-

basedrparametricrcontrolrschemertorreducerthertotalrsystemrenergyrwhilerminimisingrtherenergyrflowingrintorthermainrs

tructure.rFurthermore,rtheyrprovedrstabilityrofrtherclosed-

looprsystemrandrexaminedrtherperformancerofrthercontrolrmethodronranrinstrumentedrbeam.rHagoodrandrvonrFlotowrpr
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esentedrarpassiverdampingrmechanismrforrstructuralrsystemsrinrwhichrpiezoelectricrmaterialsrarerbondedrtortherstructure

rofrinterest. 

Inrpreviousrdaysrhealthrmonitoringrconceptrwasrlimitedrtorelectricalrandrmechanicalrsystems.rInrpresentrday

s,ritrisrextendedrtorlargercivilrstructuresralso.rCivilrengineeringrstructuresrarerhuge,rheavy,rexpensiverandrmorercomplex

rthanrelectricalrandrmechanicalrsystems.rTherneedrforrquickrassessmentrofrstaterofrhealthrofrcivilrstructuresrhasrnecessit

atedrresearchrforrtherdevelopmentrofrrealrtimerdamagermonitoringrandrdiagnosticrsystems. 

 

 TECHNIQUESrOFrHEALTHrMONITORING 

 ConventionalrTechniquesrforrStructuralrHealthrMonitoring 

(a) Staticrresponserbasedrtechniques 

Thisr techniquer wasr formulatedr byr Bananr et.r al.r (1994).r Inr thisr methodrstaticrforcesrappliedronrstr

ucturerandrcorrespondingrdisplacementsrarermeasured.rItrisrnotrnecessaryr tor selectr ther entirer setr ofr forcesr andr dis

placements.r Anyr subsetr couldr berselected,rbutrarnumberrofrloadrcasesrmayrbernecessaryrinrorderrtorobtainrsufficientri

nformationrforrcomputation.rComputationalrmethodrbasedronrleastrscalererrorrfunctionrbetweenrmodelrandractualrmeasu

rementrisrused.rTherresultingrequationsrarertorbersolvedrtor arriver atr ar setr ofr structuralr parameters.r Anyr changer inr th

er parametersr fromr ther baselinerhealthyrstructurerisranrindicatorrofrdamage.rThershortrcomingsrofrthisrtechniquerarerme

asurementrofrdisplacementsrisrnotranreasyrtask.rItrrequiresrestablishmentrofrframerofrreference.rEmployingrarmemberrof

rloadrcasesrcanrberveryrtimerconsuming.rBesides,rthercomputationalreffortrrequiredrbyrthermethodrisrenormous. 
SanayeirandrSaletnikr(1996)rproposedrartechniquerbasedronrstaticrstrainrmethod.rTheradvantagerofrthisrtechniq

uerisrstrainrmeasurementrcanrbermaderaccuratelyrcomparedrtordisplacermeasurement.rAlthoughrthermethodrhasrsomerad

vantagesroverrtherstaticrdisplacementrmethod,ritsrapplicationronrrealrliferstructuresrremainsrtedious. 

(b) Dynamicrresponserbasedrtechniques 

Inrthisrmethodrstructurerisrsubjectedrtorlowrfrequencyrvibrations,randrdynamicrresponserofrtherstructurerare

rmeasuredrandranalysed.rByrthisranalysisrarsuitablersetrofrparametersrsuchrasrmodalrfrequencies,randrmodalrdamping,ra

ndrmodershapesrassociatedrwithreachrmodalrfrequency.rchangesralsoroccurrInrstructuralrparametersrnamelyrtherstiffness

rmatrixrandrdampingrmatrix.rInrthisrmethodrstructurerisrexitedrbyrappropriatedrmeansrandrtherresponserdatarprocessedrt

orobtainrarquantitativerindexrorrarsetrofrindicesrrepresentativerofrtherconditionrofrtherstructures. 

Thesertechniquesrhaveradvantageousroverrstaticrresponsersincertheyrarercomparativelyreasierrtorimplement.rFe

wrmethodsrusingrlowrfrequencyrdynamicrtechniquerarerdescribedrbelow. 

Casasr andraparcior(1994)rpresentedrarmethodrofrlocalizingrandr quantifyingrcracksrinrbridgesrbasedronrtherfirs

trfewrnaturalrfrequenciesrandrmodershapesrextractedrfromrtherdynamicrresponsermeasurements. 

Zimmermanr andr kaoukr (1994)r developedr thisr damager detectionr methodr basedronrchangesrinrtherstiffnessrm

atrix.rTherstiffnessrmatrixrisrdeterminedrfromrmodershapesrandrmodalrfrequenciesrderivedrfromrthermeasuredrdynamicrr

esponserofrtherstructure. 

Therstiffnessrmatrixrmatrixr [K]r mayrberexpressedrinrtermsrofrmodershapermatrixr[r], 

thermassrmatrixr[M],randrthermodalrstiffnessrmatrixr[rr]. 

[K]r=r[M][r][rr]T[M] (2.1) 

 

Changerinrflexibilityrmethod. 

ThisrmethodrofrdamagerdetectionrandrlocalizationrinrbeamsrwasrproposedrbyrPandeyrandrBiswasr(1994).r

Therbasicrprinciplerusedrinrthisrapproachrisrthatrdamagerinrarstructureraltersritsrflexibilityrmatrixrwhichrcanrberusedrtori

dentifyrdamage.rSecondly,rdamageratrarparticularrloationraltersrtherrespectiverelementsrdifferently.rTherrelativeramountr

byrwhichrdifferentrelementsrareralteredrisrusedrtorlocalizertherdamage.rLikerchangerinrstiffnessrmethod,rmodershaperve

ctorsrandrresonantrfrequenciesrobtainedrfromrtherdynamicrresponserdatar(collectedrbeforerdamagerandrafterrdamage)rare

rusedrtorobtainrtherflexibilityrmatrixr[F],rwhichrmayrberexpressedras 

STRUCTURALrHEALTHrMONITORINGrWITHrPIEZOrELECTRICrACTUATOR/SENSORrPATCHES 

 PIEZOELECTRICITYrANDrPIEZOrELECTRICrMATERIALS 

Theruniquerpropertyrofrpiezoelectricrmaterialsrtorplayrtherdualrrolesrofractuatorsrandrsensorsrisrutilizedrinr

thisrparticularrapplication. 

Piezorelectricityrisrthereffectrofrinteractionrbetweenrelectricalrandrmechanicalrsystems.ritroccursrinrcertain

rtyperofranisotropicrcrystals,rinrwhichrelectricalrdipolesrarergeneratedruponrapplyingrmechanicalrdeformations.rThersam

ercrystalsralsorexhibitrtherconversereffect,rthatris,rtheyrundergormechanicalrdeformationsrwhenrsubjectedrtorelectricrfield

s.rThisrphenomenarwasrdiscoveredrbyrrPierrerandrPaul-JacquesrCurierinr1880. 

Presentrresearchrisr“FINITErELEMENTrMODELLINGrOFrSMARTrSTRUCTURES”.rParticularlyrworkingr

ofrstructurerwithrpiezorelectricrpatchrwasrstudied.rThat’srwhyrtheserthingsrwererdiscussedrinrdetailedrmannerr asrfollow

s. 

 

Therprincipalrcommerciallyravailablerpiezoelectricrmaterialsrare 

1. Piezoceramics,rsuchrasrLeadrZirconaterTitanate(PZT). 

2. Piezopolymers,rsuchrasrPolyvinvylidenerFluoride(PVDF). 
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= 

 FUNDAMENTALrPIEZOELECTRICrRELATIONS 

 

 

Figr3.1r(a)r Ar PZTr bondedr tor ther structurer (b)r Interactionr modelr ofr oner halfr ofrPZTrandrhostrstructure.r(Bhalla

randrSohrr(2002)). 

Considerrarpiezoceramicractuatorrbondedr torhostrstructurerrrasrshownrinrfigr3.1rbyrmeansrofrhighrstrengthrep

oxyradhesiverandrelectricallyrexcitedrbyrmeansr ofrimpedancer analyzerr .Itr isr assumedr thatr ther patchr expandsr andr co

ntractsr inr directionr 1ronlyr whenr ther electricr fieldr isr appliedr inr directionr 3.r ha,r lar andr war arer ther thickness,rlength

,randrwidthrrespectivelyrofrtherPZTrpatch.rTrisrstressrappliedrinrdirectionr1,randrE3risrtherelectricrfieldrappliedrinrdirecti

onr3. 

FundamentalrrelationshipsrofrtherPZTrpatchrmayrberexpressedrasr(Ikeda,r1990) 

 

 

S1r= T1rrrr
rdr

E 

 

 

(3.1) 

31 

Y11 

 

 
Dr rr TrEr rdr T (3.2) 

 

where 

S1 =rrrstrain 

3 33 3 31r 1 

D3 = electricrchargerdensityroverrPZT 

 

Yr Er=r Yr Er(1+ηj)risrtherYoung’srmodulusrofrtherPZTrpatchratrzerorelectricrfield. 

11 11 

ηr =r mechanicalrlossrfactor 

 

 
T

 

T 

33 33 

(1-δj)risrthercomplexrpermittivityrofrtherPZTrmaterialratrzerorstress 

E 
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 =r dielectricrlossrfactor 

 

 

forrd31r firstrsubscriptrsignifiesrtherdirectionrofrelectricrfieldrandrsecondrsubscriptrsignifiesrtherdirectionrofrtherresultingrstress

rorrstrain. 

PRINCIPLErANDrMETHODrOFrAPPLICATION 

AsrsuggestedrbyrSunretral(1995)rbyrinducingr anralternatingrcurrentrsource,rpztrpatchrImposesrardynamicrforceronr

therstructureritrisrbondedrto.rTherstructuralrresponserinrturnrmodulatesrthercurrentrflowingrthroughrtherPZTri.e.raffectsrthe

relectricalrAdmittance.rTherelectricalradmittancer isr thereforer israruniquerfunctionrofr thermechanicalr impedancerofrtherstr

uctureratrtherpointrofrattachment.rAnyrvariationrinrmechanicalrimpedancerwillralterrtherelectricalradmittance,rwhichrcanrb

erusedrasranrindicatorrofrdamage.rArfrequencyrrangerisrselectedrforrextractingrconductancerasrarfunctionrofrfrequency.rTh

isrisrcalledrconductancersignature.rThisrfrequencyrisrkeptrtypicallyrhigh,rinrtherorderrofrkHzrusingranrimpedanceranalyzer.r

Therconductancerrrrsignaturerisrrecordedrforrther healthyrstructurerasrarbenchrmark.rAtranyrsubsequentrstate,rwhenrstructu

rerhealthrisrrequiredrtorberassessed,rtherprocedurerisrrepeated.rIfranyrchangerinrsignaturesrisrfound,ritrisranrindicationrofrd

amage. 

Thersurfacerbondedrpiezoelectricrpatches,rbecauserofrtheirrinherentrdirectrandrconversermechatronicrcoupling,rcan

rbereffectivelyrutilizedrasrmechatronicrimpedancertransducers(MITs)rforrSHM.rTherMlTr–

basedrtechniquerhasrevolvedrduringrtherlastr8ryearsrandrisrcommonlyrcalledrtherelectrormechanicalrimpedancer(EMI)rtech

niquerinrtherliterature. 

 DescriptionrofrEMIrTechnique 

TherPZTrpatchrisrassumedrtorberinfinitesimallyrsmallrandrpossessingrnegligiblermassrandrstiffnessrasrcomparedrt

orhostrstructure. 

 

Liangretral.(1994)rsolvedrthergoverningrequilibriumrequationrforrthersystemrshownrinrfig3.1(b),rusingrimpe

dancerapproach.rUsingrLiang’sr derivationrfollowing 

equationrcanrberwrittenrforrthercomplexrelectrormechanicalradmittancerYr(inverserofrelectricalrimpedance),rofrthercoupledrsyst

emrshownrinrfigurer3.1. 

 

Yr r2rjr
walar








Tr
r
 Za r

d
 

 

 

2
Yr

Er rtanrklar r
rd

 

 

 

 

2r
Yr
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r33 

ha 

r
ZrrZar




31

 11rrr

r 




kla 

31

 11rr

r



(3.3) 

d31r=rpiezoelectricrstrainrcoefficient, 

 

 
Y1

1 



Er=complexrYoung’srmodulusrofrtherPZTrpatchratrconstantrelectricrfield. 

 
Tr=complexrelectricrpermittivityrofrtherPZTrmaterialratrconstantrstress. 
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33 

 

Z =mechanicalrimpedancerofrtherstructuralr system 

Zar=mechanicalrimpedancerofrtherPZTrpatch 

r =rangularrfrequencyrk

 =wavernumber. 

 

Equationr(3.3)risrusedrinrtherdamagerdetectionrinrtherEMIrtechniquer.ThermechanicalrimpedancerZrinrtherequati

onrisrarfunctionrofrstructuralrparametersri.e.rtherstiffness,rtherdampingrandrmass.rAnyrdamagertortherstructurerwillr cause

r theserparametersr tor change,r andr hencer changesr ther mechanicalr impedancer Z.r consequently, 

electrormechanicalradmittancerY,rwillrundergorchange,randrservesrasranrindicatorrofrstaterofrhealthrofrtherstructure.rZrcanno

trbermeasuredreasilyrbutrYrcanrbermeasuredreasilyrbyrusingranrelectricalrimpedanceranalyzer.rThermeasuredradmittancerisrar

complexrquantityrconsistsrofrrealrandrimaginaryrparts,rtherconductance(Gr)randrthersuceptancer(Br),rrespectively.rTherrealrp

artr activelyrinteractsrwithrtherstructurerandrisrthereforerpreferredrinrSHMrapplications.rArplotrofrGroverrfrequencyrservesra

srardiagnosticrsignaturerofrtherstructurerandrisrcalledrtherconductancersignature. 

ImprovementsrofrEMIrtechniquerinrrecentryears 

MajorrdevelopmentsrandrcontributionsrmaderbyrvariousrresearchersrinrtherfieldrofrEMIrtechniquerduringrlastrtenryearsrar

ersummarizedrasrfollows.r(Parkretral.,r2003b) 

(1) ApplicationrofrEMIrtechniquerforrSHMronrarlabrsizedrtrussrstructurerwasrfirstrdevelopedrbyrSunretral.(1995).rT

hisrstudyrwasrthenrextendedrtorarlargerscalerprototypertrussrjointsrbyrAryesretral.(1998). 

(2) Lopesretral.r(1999)rtrainedrneuralrnetworksrusingrstatisticalrdamagerquantifiersr(Arearunderrtherconductancercur

ve,rrootrmeanrsquarer(RMS)ofrthercurve,rrooyrmeanrsquarerdeviationr(RMSD)rbetweenrdamagedrandrundamag

edrcurvesrandrcorrelationrcoefficientsr)rusingrexperimentalrdatarfromrarboltedrjointrstructure. 

(3) Parkretral.(2000a)rreportedrsignificantrproofrofrconceptrapplicationsrofrEMIrtechniqueronrcivilrstructuralrcompo

nentsrsuchrasrcompositesrreinforcedrmasonaryrwalls,rsteelrbridgerjointsrandrpiperjoints.rThertechniquerwasrfoun

drtorberveryrtolerantrtormechanicalrnoiserandralsortorsmallrtemperaturerfluctuations. 

(4) Parkretral.r(2000a)rextendedrtherEMIrtechniquertorhighrtemperaturerapplicationsr(typically>5000c),rsuchrasrstea

mrpipesrandrboilersrinrpowerrplants.rBesidesrheralsordevelopedrpracticalrstatisticalrcrossrsectionrcorrelationrbas

edrmethodologyrforrtemperaturercompensation. 

 

(5) Parkretral.(2000b)rwererintegratedrtherEMIrtechniquerwithrwaverpropagationrmodelingrforrthinrbeamsr(1Dstruct

ures)runderr‘free-

free’rbopundaryrconditions,rbyrutilizingraxialrmodes.rTherconventionalrstatisticalrindicesrofrther EMIrtechniquer

wererusedr forrlocatingrdamagerinrtherfrequencyr ranger70-90rKHz. 

(6) Afterrtheryearr2000,rnumerousrpapersrappearedrinrtherliteraturerdemonstratingrsuccessfulrextensionrofrthertechn

iqueronrsophisticatedrstructuralrcomponentsrsuchrasrrestrengthenedrconcretermembersrandrjetrenginercomponents

runderrhighrtemperaturerconditiosr(Winstonretral.,r2001). 

(7) Inmanretral.r(2001)proposedrarNovelrtechniquertorutilizerarsinglerPZTrpatchrforrhealthrmonitoringrasrwellrasrfo

rrvibrationrcontrol. 

(8) Aberetral.(2002)rdevelopedrarnewrstressrmonitoringrtechniquerforrthinrstructuralrelementsr(suchrasrsprings,rbars

randrplates)rbyrapplyingrwaverpropagationrtheoryrtortherEMIrmeasurementrdatarinrthermoderaterfrequencyrrang

er(1-10KHz). 

(9) Giurgiuturetral.(2002)rcombinedrtherEMIrtechniquerwithrwaverpropagationrapproachrforrcrackrdetectionrinraircr

aftrcomponents.rWhilerEMIrtechniquerwasremployedrforrnearrfieldrdamagerdetection,rtherguidedrultrasonicr wa

verpropagationrtechniquer(pulserecho)rwasrusedrforrfarrfieldrdamagerdetection. 

 

 

 

 ADVANTAGESrOFrEMIrTECHNIQUE 

(1) EMIrtechniquershowsrgreaterrdamagersensitivityrthanrtherglobalrSHMrtechniques.rItrdoesrnotrneedrexpansiverhar

drwaresrlikertherultrasonicrtechniques.rTherPZTrpatchesrpossessrnegligiblerweightrcanrberbondedrnon-

intrusivelyronrtherstructure.rNorneedrtordismantlertherstructure. 

(2) AsrPZTrcanrberusedrbothrasractuatorrandrsensor,r reducesr thernumberrofrtransducersrandreliminatesrcomplicat

edrwiringr. 

(3)  Ther PZTr patchesr arer availabler atr veryr lowr costs,r hencer canr ber usedr atr anyrnumberrofrlocations. 

(4) Thisrtechniquerdoesrnotrneedrtorinterferertherfunctioningrofrstructures. 

(5) Thermethodrcanrberimplementedratranyrtimerinrtherliferofrarstructure. 

(6)  Sincer PZTr patchesr arer commerciallyr availablerandr portable,r therer arer usedr inrwiderrangerofrapplications. 
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 LIMITATIONSrOFrEMIrTECHNIQUE 

1. sincerthersensingrzonerPZTrpatchrisrlimitedrtor0.4rtor2mronly,rthousandsrofrPZTrpatchesrarerrequiredrforrrealrli

fermonitoringrofrcivilrengineeringrstructuresrlikerbridgesrandrmultirstoriedrbuildings. 

2. Thisrtechniquerdoesrnotrgivertheroverrallrstabilityrofrstructure.rSincercivilrengineeringr structuresr arer ofr indete

rminater inr nature,r occurrencer ofr cracksr atrsomerplacesrmayrnotraffectrtheroverallrstabilityrofrstructure. 

 

 

 

 

FINITErELEMENTrMODELLINGrOFrSMARTrSTRUCTURES 

IMPORTANCErOFr NUMERICALrSIMULATION 

Sincertherlastrtwordecades,rtheruserofrsmartrstructuresrinrarearofrstructuralrmonitoringrhasrbeenrincreasedrtreme

ndously.rResearchrinrarearofrsmartrstructuresrneedrtorberdevelopedrtormeetrtherfuturerrequirementsrinrcivilrengineeringrfi

eld.rInrresearchritrisrnotrpreferablertorbuiltrtherstructuresrtorunderrgordamagesrtorstudyrtherbehaviourrofrsmartrstructures.

rThisrnecessitatesrfiniterelementrmodellingrofrsmartrstructures.rNumericalrmodelingrofrstructuresreliminatesrthertediousran

drtimerconsumingrlaboratoryrwork.rItrisrnecessaryrtordeterminertherconductancersignaturesrbyrnumericalrsimulationratrhi

ghrfrequenciesrinradditionrtorexperimentalrmethods.rInradditionrtordeveloprrobustrpatternrrecognitionralgorithmsrthatrcanr

classifyrsituationsrotherrthanrthoserinrtherlaboratory,rnumericalrsimulationratrhighrfrequencyrarerneededrtorstudyrthersign

aturesrassociatedrwithradditionalrtyperofrdamage.rAsrtherexperimentalrworkrarertediousrandrexpansive,rnumericalrsimulati

onsrcanrsignificantlyrreducerR&Drcost. 

TsengrandrWangr(2004)rconductedrnumericalrstudyronrarconcreterbeamrwithrarprogressiverdamageronritsrsurfa

ce.rTheyrinvestigatedrsignaturerinrarfrequencyrrangerofr20-

25rkHz,rconsideringronlyronerdimensionalrvibration.rTheyrarerconcludedrthatrPZTrpatchrarernotrcapablerofrdetectingrda

mage,rwhenrdamagerisrlocatedr500rmmrfromrtherdamage.rResultsrofrTsengrandrWangrarershownrinrfigr4.1.rFromrtherfig

uresr4.1(a)randr4.1(b)ritrcouldrberobservedrthatrpeakrconductancerwasrnotrobtainedratrthersamerfrequencyrinrexperimental

randrsimulationrcases. 

 

 

 
 

(a) 

 

 

 

(b) 

Figr4.1(a)rPristinerconductancersignaturesronrspecimenr1.r(TsengrandrWangr2004). 

(b)rPristinerconductancersignaturesronrspecimenr2r(TsengrandrWangr2004). 
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Z  (4.2) 

GiurgiutiurandrZagarir(2002)rnumericallyrstudiedrarbeamrstructurerwithrPZTrpatchronritsrsurface.rTheyrmaderanrattemptr

torstudyrthereffectrofrPZTrpatchesrinrcomparisonrwithrconventionalrsensors.rNumericalrstudyrwasrconductedronrfourrtyp

esrofrbeamsrnarrowrthin,rnarrowrthick,rwiderthinr,rwiderthick.rResultsrobtainedrforrdoublerthicknessrbeamsrwererfoundrt

orberlessrpreciserduertorinrhomogeneityrintroducedrbyrtherlayerr ofr gluer betweenr singler thicknessr beams.r Thisr inhomo

geneityralteredr ther electromechanicalrimpedancerresponserofrarbeam.rTheyrconductedrtherstudyratrultrasonicrfrequencyrr

ange.rTherresultsrofrtheirrstudyrarerreproducedrinrfigr4.2. 

 

 

Figr4.2rExperimentalrandrcalculatedrimpedancervsrfrequency(GiurgiutiurandrZagarir2002). 

Fromrfigr4.2ritrisrobservedrthatrthercalculatedrimpedancer(orrconductance)rvaluesrarerdeviatedrmorerthanr100rti

mesrfromr therexperimentalrimpedancer(orrconductance).rTherreasonrwasrgivenrasrnonhomogeneityrintroducedrbyrtherma

terial. 

 

Inrtherpresentrstudy,rforrunderstandingrtherconductancersignaturerofrtherRCrframe,rarnumericalrsimulationrstu

dyrwasrcarriedrout,rusingrtherfiniterelementrmethod.rTherfrequencyrrangerwasrkeptrasr100rtor150rkHz,rsincertherexperim

entalrstudyrbyrBhallarandrsohr(2004)rconfinedrtorthisrrangeronly. 

Liang’srimpedancerequationr(Liangretral.)risrusedrtordeterminerelectricalradmittancerspectrumrmeasuredratrthe

rterminalsrofrtherPZTrpatches.rFromrtherliteratureritrisrknowrthatrclosedrformrsolutionsrareravailablerforrstructuralrimped

anceratr lowrfrequencyrtechniquesronly.rInrthisrstudyritrisrintendedrtorcomparerexperimentalrresultsrwithrnumericalrrsolut

ionsratrhighrfrequenciesrtypicallyrinrkHz. 

WhenrPZTrpatchrisrbondedronrarstructurerandrharmonicrvoltagerusedr toractivate,rdynamicrforcerofrtherPZTr

patchronrtherhostrstructurerisrrepresentedrasrpairrofrselfr-

equilibratingr harmonicrforcesrofrconstantramplituderisrgivenrby 

FrtrrrFeitrr (4.1) 

 

Where, 

 

Fr=rAmplituderofrtherharmonicrexcitingrforce, 

 

ωr=r excitingrangularrfrequencyrtr =rrt

ime 

Ther structuralr impedancer Zr atr ther locationr ofr ther PZTr patchr isr definedr asr ther forceractingronrtherdri

vingrpointrdividedrbyrtherresponservelocityrofrthertransducerrv(t) 

 

Frtrr

vrtr
InrresponsertorharmonicrexcitationrtherdisplacementrofrPZTrpatchrisrgivenrby 

 

 

 

 
X=rXeitrr

(4.3) 
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FINITErELEMENTrMODELLINGrOFrRCrFRAME 

 

InrtherpresentrworkrnumericalrinvestigationsrwererconductedronrarlabrsizedrRCrframerusingrfiniterelementrforr

whichrexperimentalrstudyrwasrdonerbyrBhalla.randrSohr(2004). 

Part-

1rofrthermajorrproject,rpreliminarilyrconductancersignaturerofrthernumericalrRCrlabrsizedrframerwasrobtained.rInrpartr

-2,rfurtherrrefinementrofrthermodelrhasrbeenrcarriedroutrandrvariousrtypesrofrdamagesrhaverbeenrsimulated. 

Therpropertiesrofrtherconcreterarerlistedrinrthertabler4.1.rPropertiesrofrtherPZTrpatchrisrshownrinrTabler4.2 

 

Tabler4.1rMaterialrpropertiesrofrconcrete 

 

Physicalrparameter value 

Young’srmodulusr(MPa) 2.74r×r104 

Densityr(kg/m3) 2400 

Poison’srratio 0.3 

Massrdampingrfactor 0.001 

Stiffnessrdampingrfactor 1.5r×r10−8 

 

 

Tabler4.2r MechanicalrandrelectricalrpropertiesrofrPZT. 

 

 

 

 

Physicalrparameters value 

Densityr(kg/m3) 

Dielectricrconstant, rT 

33 

Piezoelectricrconstant,rd31r(mrV−1)rYoun

g’srmodulus,rYE (MPa) 

11 

Dielectricrlossrfactor,rδ 

Mechanicalrlossrfactor,rη 

7800 

33r2.124r×r10−8 

−2.1r×r10−10 

6.667r×r1010 

0.015 

0.001 

 

TherRCrframeronrwhichrexperimentalrstudyrwasrcarriedroutrisrshownrinrfig4.3 
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Figr4.3rDetailsrofrthertestrframer(Allrdimensionsrarerinrmm)r(BhallarandrSohr2004). 

 

 

Asr partr ofr ther projectr finiter elementr modelr ofr ther framer wasr developedr usingrplanersolidr42relementrofr1

0rmmrsizerusingrAnsysr9rsoftrware.rArpairrofrselfrequilibriumrharmonicrforcesrofr100rkNrarerappliedratrtherLocatio

nrofrPZTrpatchr2rtorsimulatertherpiezoceramicrloadronrtherframe.rForrsimplicityrPZTrpatchrwasrlocatedratrthercentre

rofrtherbeam.rBoundaryrconditionsrarersimulatedrasritrisronrtherexperimentalrframe.rFig.4.4rshowsrther2Drfiniterelem

entrmodelrofrthersymmetricrleftrhalfrofrtherexperimentalr frame. 
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3mm 

5mm 

10mm 

 

. Figr4.4rFiniterelementrmodelrofrlabrsizedrRCrframe. 

 

Harmonicr analysisr ofr ther framer wasr carriedr outr byr applyingr selfr equilibratingrconstantraxialrharmonicrforc

esratrtherPZTrpatchrinrtherfrequencyrrangerofr100rtor150rKHz.rTranslationalrdisplacementsrinrx-

directionratrtherlocationrofrPZTrpatchrwererobtainedr atr frequencyr intervalrrrofrrr1rrrkHzrrrinrrrbetweenrrr100rrrtorrr1

50rrrkHz.rStructuralrimpedancerandrelectricalradmittancerwerercalculatedratr1rkHzrfrequencyrintervalr usingr ther equati

onsr 4.5r andr 3.3r respectively.Ther processr wasr initiallyr carriedrwithr10mmrelementrsize.rTherentirerprocedurerwasrrep

eatedrwithr5mm,r4mm,r3mmrelementrsizes.r Itrwasrobservedrthatrconvergencerofr therconductancersignaturerattainedatr

anrelementrsizerofr3mm.rThereforerconductancersignaturerwithr3mmrelementrsizerisrconsideredrasrhealthyrsignaturerofrt

hernumericalrstudy.rFigurer4.5rtherconductancersignaturercorrespondingrtortheserthreersizes. 

NowrarflexuralrdamagerinrtherformrofrverticalrcrackrwasrintroducedratrPZTrlocationrandragainrHarmonicranaly

sisrisrcarriedroutrforrthernumericalrmodelrtorobtainrconductancersignatureratrtherdamagedrstate.rItrisrassumedrthatrvertic

alrcrackroccurredratrther PZTr location.r Forr introducingr damager Young’sr modulusr ofr ther elementsr atr therlocationr

ofrdamagerisrreducedrtor2×105rN/M2.rDeviationrofrthisrsignaturerwithrhealthyrsignaturerindicatedrtherpresencerofrdamag

e.rNumericalranalysisrresultsrarercomparedrwithrexperimentalrresults.rTherRMSDrindexrwithrrespectrtortherpristinerstater

signaturercanrdeterminedrbyrequationr(3.4) 

 

 RESULTS 

Ther followingr resultsr werer obtainedr fromr numericalr Analysisr ofr Finiter elementrmodelrofrRCrLabrsizedrframer

asrpart-1rofrtherproject. 

 

Fig.4.5rshowsrtherresultsrofrthernumericalrprocessrwhenrapproachedrwithr10mm,r5mmrandr3rmm.rsizesrofrtherelements. 
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Figr4.5rConductancersignaturesrusingr10mm,r5mmrandr3mmrsizerofrtherelements. 

 

Fromrtherfigurer4.5ritrisrobservedrthatrpristinersignaturerusingr3mmrelementsrconvergedrwithrpristinersignaturercorrespo

ndingrtorther5mmrelements.rThisrisrjustifiedrbyrtherfactrthatrmostrofrthercurverpatternsrarersimilarrforrthesermeshrsizes.

rHencerconductancersignaturerobtainedrusingr3mmrelementrisrconsideredrasrconductancersignaturerofrtherRCrmodelrfra

mer.ThisrcanrbercomparedrwithrtheexperimentalrsignaturershownrinrFigr4.7(Bhalla&rSoh,r2004) 
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Figr4.6r Numericalrconductancersignaturerofrtherpristinerframermodel. 

 

ExperimentalrHealthyrconductancersignature 

 

SignaturerobtainedrbyrBhallar(2003)r isrshownrinrfig.r4.7. 
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Figr4.7rExperimentalrconductancersignaturerofrtherpristinerframermodel.(BhallarandrSohr2003). 

 

 

 COMPARATIVErSTUDY 

Discussions: 

ItrisrobservedrfromrtherFigr4.6&r4.7rthatrsimulatedr andr experimentalrsignaturesrarermorerarerlessrsimilarri

nrnature.rPeakrconductancerinrtherbothrsignaturesroccursratrquitercloseratrsamerfrequenciesr(117randr127kHz).rAlthoug

hrthermagnitudesrarerdifferent,rtherresultsrshowrmuchrimprovementrthanrTseng(2004)randrGiurgiutiur&rZagrair(2002)rre

sults.rInrcaserofrTsengr(2004),rpeakrconductancerinrexperimentalrandrsimulationrcurvesrdidrnotrcoincideratrsamerfrequen

cy.rInrthercaserofrGiurgiutiur&rZagrai(2002),rtherconductancervariedrbyrnearlyr100rtimes.rButrinrtherpresentrstudy,rcon

ductancervariedrbyr65rtimesronly.rThervariationrisrduertorhighrfrequencyreffectsrwhichrcouldrnotrberincludedrinrtherana

lysisrandrvariationrofrdampingrofrconcrete.rFromrdynamicranalysisrpointrofrview,rtherdampingrofrconcretermightrvaried

rfromr2%rtor6%. 

 DEVIATION IN CONDUCTANCE SIGNATURE WITH FLEXURALrDAMAGE 

Healthyrconductancersignaturerhasrbeenrcomparedrwithrsignaturerobtainedr byrintroducingrsmallrverticalrflexuralrcrackr

atrPZTrlocation.rThisrisrshownrinrFigr4.8.rFromritrcanrberobservedrthatrtherconductancersignaturercorrespondingrtorda

magedrstatershiftedrverticallyrandrlaterallyrfromrtherhealthyrconductancersignature.rInrthisrwayrstructuralrhealthrmonitor

ingrcanrberdonerusingrpiezoceramicractuator/sensorrpatches. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figr4.8rsimulatedrconductancersignaturerofrhealthyrandrdamagedrstate. 
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CONCLUSIONSrANDrRECOMMENDATIOS. 

 

CONCLUSIONS 

(1)Onrthisrproject,rFiniterelementrmodelrforranrRCrlabrsizedrframerwasrdevelopedrusingrANSYSr9rsoftware,rforrwhich

rexperimentalrresultsrarerobtainedrbyrBhallarandrSohr(2004).rSelfrequilibriumrharmonicrforcesrofr100rkNrwererappliedr

atrPZTrlocationrandrHarmonicranalysisrwasrcarriedroutratrarfrequencyrrangerofr100rkHzrtor150rkHz.rTranslationalrdispl

acementsrwererobtainedratrPZTrpatchesrinrtherdirectionr ofrappliedrforcesratranrintervalrofr1rkHz.rElectricalradmittancer

wasrobtainedratreachr1rkHzrinterval.rConductancersignaturerforrtherPZTrpatchrwasrdrawnrandrcomparedrwithrexperime

ntalrsignature.rTherpatternsrofrbothrsignaturesrwasrobservedrasrsamermanner.rBothrsignaturesrobtainedrtherpeakrconduct

anceratrtheridenticalrfrequencies.rButrthererisrarvariationrinrmagnitude.rTheservariationsrarerduertorhighrfrequencyranaly

sis,rboundaryreffectsr andruncertaintyrofrconcreterdamping. 

(2)Byrreducingrtheryoung’srmodulusrofrelementsrinrsomerlocationsrthereffectrofr differentr typesr ofr cracksr wasr introd

uced.r Andr againr procedurer wasr repeatedr andrconductancersignaturerofrdamagedrstaterwasrobtained.rEffectrofrdiffere

ntrtypesrofrdamagesrwasrclearlyrdemarcatedrbyrtherconductancersignatures.rNumericallyrobtainedrhealthyrandr damaged

rsignaturesrfollowedrther samerpatternrasrthatrofrexperimentalrresults.rBothrexperimentalrandrnumericalrconductancersig

naturesrshowedrtherpeakrconductanceratridenticalrfrequencies.rItrisrfoundrthatrPZTrpatchesrcanreasilyrdetectrdamagesras

rfarrasr150mm.TherresultsrobtainedrbyrGiurgiutiurandrZagarir (2002)rarershownrarvariationrofr100rtimesrwithrtherexperi

mentals.rButrinrtherpresentrresearch,rtherdeviationrtrwasraroundr20rtimesronly.rHence,rthisrisrtherbetterrsimulationrcomp

aredrtorearlierrresearchs. 

(3)Thisrnumericalrsimulationrisrusefulrinrfuturerresearchesrinrsmartrstructuresrconcept.rUsingrthesersimulationsrtediousr

experimentalrworksrcanrberavoided.rItrleadsrtorsavingrofrtimerandreconomicrresourcse.rAccordingrtorTsengrandrWang

r(2004)rdetectionrofrdamagerbyrarPZTrpatchr limitedr tor500rmmrfromrtherPZTrpatch.rThereforer forr largercivilrengin

eeringrstructuresrrequirermorernumberrofrPZTrpatchesrandr impedanceranalyzersrarerrequiredr.Thisrdifficultyrcanrberove

rcomerbyrusingrnumericalrsimulationrmethod.r Usingr simulationr method,r conductancer signaturer forr variousr damager

patternsrcanrberstudiedr withroutrsubjectingrtherstructurertoranyrcracks. 
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