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Abstract

The applicationof cumulative damage behavits crucial foraccuracy ofseismicanalysis and risk
evaluationon stuctural membersHowever, the simulation performance ieagly influenced by the
selection, the calibration and the application ways of cumulativeade modelsThe existingstudies
in thisfield are mainly about the delopment of newralytical models, butave paid limited gention
on the simulationdifferenceof various modelsin this paper, atotal of 4 cumulative damage models
were calibratedundera sries of differentcalibrationcriterion, and then incorporated into a trilinear
hysteretic modebn steel beantolumn The irfluencinglawsof modeltypeandcalibration criterioron
the simulation accuracy diystereticrelation with considerable cyclic deterioratids thoroughly
studied It is found that thelamage index solely includa deformatiorrenhanceccumulative energy
dissipation ternctanprovide the bessimulation resultsmorg the models considerelloreover,the
hysteretic curve up to strength deteriorates taalmost zero should beselectedwhen performing
calibration of model constantsThe consideration ofcumuative damage in hysteretic model is
significantlynecessary
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1. Introduction

The considerable amplitude and duration egaated arthquakeactionscan produce aseverecyclic
deteriorationin the load-bearing performance aftructuralsteelsandsteelmemberfl-3]. This plastic
cumulative deterioratiofbehaviour should beincorporated into theseismic numerical analysis to
increase theimulationaccuracyespeciallyfor the casewith long-duration and largamplitudeactions
Duringthepast decadethe seismicumulativedeterioratiorbehaviothas atractedincreasingattention
when performingtructuralanalysis under seveearthquiies and aftershockg-6]. Themost mportant
part within this fieldrefers to the developmeaf a ®ries ofcumulative damage modgICDMSs). This
values evaluated bguchanalytical moded usually ranggrom 0 to 1.Q illustrating aprocessfrom
undamaged sicture to a completely damaged structuféerefter, the CDM is neededto be
incorporatel into theperformance evaluation models, suctsaiengthdeformatiorhystergic mode[6],
to refect thecyclic deterioration of stictural component§ hedescripion performancés considerably
influencedby the selection of CDMSA inappropriate choice may cauaeunfawurable simulatio
accuray even thogh thedamage behaviours hasesdybeen considergd, 8]. Besidestheway how
CDM is incorporated intohysteretic modl can also produceemakably differert simulation
performancelt is needed tdlustrate the ifluendng lawson selection calibrationand incorporation
way of CDMs on the hysteretic simation performance
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This paper is aiming to studlye influence of several representatCDMs on thdaysteretic performance

of structural membeA total of four CDMs were selected and incorporated into laé@r hysteretic
model. The modekonstantsvere calibrated through a FEA hysteretic curve under different calibration
criteriors. The influence of cdibration criteriors, model selection on thdrilinear hystergic
performance were thoroughlyatlified.

2. Damagebased hysteretianodel

2.1.Theoretical models

Thehysteretic curves of structural members can be normalized by characteristic jrstekeas yield
strength and yield deformatioRor instance, thenomentcurvaturehysteretic curvegM-() of steel
beamcdumns can be normalized by the yield momé&ftand yield curvaturediy. To relieve the
influenceof structural detailsall hysteretic curves studied in thiapermefer to theones normalized by
the yield points The damagebased hysteretic modelonsiss of two main parts,including the
undamage hysteretic model and tl@DM. As shownin Figurel, the undamaged hysteretic model is
taken as darilinear form herein to ease tmaimericalcomputation. During the loading pase the
hystereticstrengthdeformation curveonsists of a lineaglasticstage atransition plastic stagand a
linearplastichardeningstage The stiffnes®sof the threestages are respectivelgescribed by, E: and
En. The breakpoirgbetween the three stages are definetinysets of contlling linesPQ(P&9 and
XY(X6Y9. Specifically, theintersectios of linear elasticlines and thePQ(P&Q9 lines describehe
breakpointbetween thdinear elastic stagand transitionplastic stage whilst the intersetions of
transitionlinesandXY(X8Y9 linesrepresenthe breakpoint between the transition plastic stagdirzeat
plastichardenng stageNote that theslopes of these controlling lines aal equal to E, whenCDM is
not consideredThe inteceptionsof these lines are described ypyand wy. As for unloading phase,
thehysteretiaelation is mloaded with the linear elastic stiffndsswhen CDM is not considered

Once thecumulative damage behaviosrdonsideredhecrucial desdption parameters ithehysteetic
modelare correlated with thdamagendexD. In this pger,the three stiffness parametéis E: andEn
arelinearly deterioratedasD increasesThe correlations between the detierated stiffness parameters
Enp, E;p andEnp arerespectivelyexpressed a@som Eq.(1) to Eq(3). Onthe dher hand, the inteepton
parameteryrq and wy can influence thetrength amplitude of hysteretic curve. To reflect the cyclic
deterioration in strengtisuch twoparametersre also coslated with the CDMas indcatedin Eq.(4)
andEq.(5). Among these equations, tiparametr ¢ denotes theltimate deterioration proportion when
D reachedl.O. Clealy, different CDMsmust yield different evolionary laws on these stiffness and
strength parameters.
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Currertly, there exists a series of difflentCDMs. The mosrepresentativenesncludethe deformation
based CDMs, the enerdpased CDMs and the comled debrmationenegy-based CDMsTheexisting
CDMs may possessonsideraly complex mathematicalexpressios, lealing to a consideralel
inconvenience in calibration of model constahtsthis study several simified CDMs were adopted
to describe theyclic deterioration behaviour of hysteretedations.The exad expressionsire shown
from Eq.(6) to Eq.(9).
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Among the aforementioned equatiotis, denoteghe maximum plastideformationever experieced
underthe cyclic loading Uy, describesa standed maximum plasticdeformation Ui, representshe
plastic debrmationaccumulated in thé&h cyclic reversal Wi, denotesthe plastic work (hysteretic
energydissipation accumulated in thh cyclic reversal The first damage inde® spcp is expressed
as dinear suprpostion of a deformation term and a cumulative deformation t&®DCD), thesecond
damage indeDspce refers to dinear superposibn of a deformation term and a cumulative energy
dissipation term (LSDCE}he third damage indeX.spoce is alinear superposition of a deformation
term and adeformationenhanced cumulative enekrdissipation term(LSDDCE), while the final
damage indepce sdely possesssa deformatiorenhanced cumulative energissipation terniDCE).
Theparameter®.soco, BLspce, bLsooce andbpce arerespectivelythemodel constants of the four damage
indexesand needo be calibratedhy using experimental and numerical hysteretic curves
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Figurel: Trilinear hysteretic model withougxistence of cumulativeatnage

2.2. Calibration of model constants

The fird task is to define thalescription parameters bf/steretic curveSince experimental hysteretic
curves are usually terminatedwhen strength dereases to 85% of ultimate strength, gwpe of
deteforated curve is quite liredandhence insufficient to yield a wider range of calibratiorultsson
mode constantdn this study, anormalizedhysteretic curvén FEA steel beantolumnis adoptedas
the real curvéo peform the subsquentconstant calibration and influencing analyklalike thatsafety
issuesmay occur wherexperimental structural member is severely damadbedr,EA hysteetic cuve
canevenbeallowed todevelop sstrength deterioration up to 100%inate strengthThus,

The calibratio of model constants can Iperformed by setting the damage indexes asOu@. to a
relatively simple mathematical expressiolhitze model constants in E@)(to Eq.Q) can becalculated
explicitly. However the values oinfluencingparametersuch astimp, U U andU W, depend on the
scopeof hysteretic curvesWhen performing experimental and numerical hysieranalysis,the
evolutionof hysteretic arvesis usually terminatesvhenstrength detéorates toa certain proportioof
ultimate strengthEor instance, the cyclic loading test® usualljterminatedvhenstrength decreases
to 85%ultimate strengthf the cyclic loading is continuously applied, the strerigtids to continously
deterioratdo almost zeroSuchhystereticcurveup to zero strengtrefers to aso-calledfull-range curve
herein Thereafterdifferent target curves can betracted from the fultange curvéy taking different
termination criterior of hysteretic curveThedifference in target curves certainly leads to a difference
in calibration results on model constants of CDMs.
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In this study,the termination criterion ofyisteretic curvesefers to a sength detdoration proprtion

criterion, which isevaluatedby a reductiorfactor compared to the ultimate strendfR). By setting

differentRs values a series ofargethystereticcurvescan be extracteftom the fultrange curveOne

representative targrirve is compared to the futhngecurve and peak poiniis Figure2 (a). Themodel

constants of CDMsverethencalibratedby usingdifferent target curves who$® valueranges from 0
to 1.0 with anincrement of 0.05.The relatiorship betwen Rs value and model constant® are

schematicallydepictedn Figure2 (b). It can be ackowledged thatheincrease ifRslead toa continuous
decrease ib. This is becausagreatelRs indicate agreaterallowale reductionof strengthin hysteretic
curve leading to avider scopeof target hysteretic curvend aargerenergy accumulation amoufite

increase in accumulative terrands to dcrease the calibration value of modehstané. Among the
four damage indexeshe model constants of DC&fe apparently greater th#éimat of otherdamage
indexes within the fulfange.
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Figure2; Calibration of model constanfs
3. Parametrical analysis

3.1. Influence of target hysteretic curve

With regard to differen® values thehysterdic curves between th@ormalzedstrength and normalized
deformation therelationship between thr®@rmalized cumulative defmationandnormalized hysteretic
energy, theormalized skeleton curves, ttedationship between the noatizedcumulative deformation
andnormalized strength, are schematically depicteBigure 3. It is found that thénysteretic curves
continuouslyapproach to the real hysteretic cuags valueincrease Correpondingly, theotherthree
types of curvegxhibit alargermagnitudein Y-axis Overall, theevoluionary curveswith greaterRs
value are more closed to the real curves (FEWhenRs reaches a ngmitude of 95%the calibraion
model constants cgroduce a accuratasimulation cirvecompared to the FEA curvEheevolutionary
curves ofhysteretic energyexhibit an initial increasingstage and a subsequent decreasiages
respectivly demonstratinga consideralgl strainhardening behaviour and eyclic deterioration
behaviair.

3.2. Influence of CDM type

The aforementioned four types of CDMs consist of different influencing factors and possess different
mathematicagxpressiongdence, thelamagevaluatednay exhibit considerable differenesenunder
identical cyclic loading historyfurther leading to ra obvious alteration ilamagebased hysteretic
curves.In order to clarify the influencing lawsa seies of evolutionary curvesvere numerically
simulatedbased upothe four different CDMsindcompared irFigure4. According to the conclusion
obtained in section 3.2JI model constants of CDMs were calibrated by talagsno less tha®5%

Among all CDMs, the DCE model exhibg the bet ageement with the real curves (FEAJhe



Proceedings of the IASS Symposiur2£0
Redefining the & of Structural Design

simulationcurvesof theother three maels are quite closed to each otfiéhis is because tHest three
CDMs all exhibit a lirear supgyosition of deformation term dnaccumulation termBy taking he
identical target curveshe calibration results of model constatetsd to makeimilar evaluation results
on damage indexeslowever, the deformation term cg@noduce aelatively largedamage value and
henceresult in & excessivecyclic deteriordéion in the very irst revessals.This is the reason why the
hystereticcurveof DCE, whichincludes nodeformation termareplumper than that othe other three
CDMswhich possess a deformation term.
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Figure3: Compaisonof evolutionarycurvesproduced byCDM consantsof different strength reduction factors

3.3. Influence of CDM existence

Based uporsection 3.1and section 3.2 the lest way to yield & accuratecyclic behaviour is to
incorporatethe DCE modeinto the hysteretic modelMoreover,the model constanof DCE model
should becalibrated byusing the targeturvewhosestrength decreasdoat least95% of the ultimate
strength (R 95%). In order to tarify the influencing mgnitude ofCDM, the hysteretic model with
and witout CDM are respectively generated numerically eamehparedto the real curve (FEAN
Figure5. It can be seen thabth the damaged curve and amthged curvexhibit promising agrgement
with the real curve. Howevethe undamaged curve tends tonsiderably overestimate the hysteretic
performance ashenergydisspation abilityonce the normalizedeformatiorexceed£.0.The difference
betwesn the undamaged curve and damaged cusseontinuouslyincreasd as cycle number and
deformation anplitudeaccumulateAs cyclic loadingorocess iserminatedthe W, valueof undamaged
curveexceeds 10,0nvhilstthe W, valueof damagecdturveand real curvés closed to 1.0Qindicatinga
unaceptale simulationgap.Even though the first cycle aindamagedurve isclosed to the damaged
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curve when deformation amplitudéghtly exeeds 2.0the differencebetweerthe two curvess still
increased as cycleumber accumulates with identical deformation atagk.Sincethe cyclic loading
protocol studied hereisolely possesse3 cycles for eachdeformationlevel, the gap between the
undamaged and damagead\eis not obviousTo further clarify the influencefeumulative damage,
cydic loading protocolwhose defamation leve$ include 20cycles,wasapplied to thecomputation
code to obtairihe hysteretic curves amhergydissipation curvesTo mainly reflect the influence of
cycle accumulationthe deformatioramplitudeis within 2.0. According toFigure 6, a distinct gap
between the damaged and undamaged cucagsbefound demonstratinghat theconsiderablecycle
numbercan produce a severe deterioratevenunder relatively smaltleformationamplitude The
incorporationof proper CDMinto hysteretic model is necessary.

(a) Hysteretic curves (b) Hysteretic energgvolutionary curves

(c) Skeleton curves (d) Cumulative evolutionary curves

Figure4: Compaisonof evolutionarycurvessimulated by differenEDMs






