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ABSTRACT

It is importantto characterizehe performanceof bridgesduring earthquaks becausdhey are
integral componentf transportatiometworks. Loss of bridge function can have severe eco-
nomicconsequencegnhdconsequences life safetywhenbridgesarecritical links in lifelines to
emepeng facilities,which areparticularlyimportantaftera disasters Although damageo other
elementscan have economicand life-safety impacts,reinforcedconcretecolumnsare often the
mostvulnerableelementsn abridge,andcolumnfailure canhave catastrophiconsequences.

Theobjective of this projectwasto develop column-modelingstrategiesto accuratelymodel
columnbehaior underseismidoading,includingglobalandlocalforcesanddeformationsaswell
asprogressioof damageThemodelswverecalibratedusingtheobsenedcyclic force-deformation
responseanddamageprogressiorobsenationsof 37 testsof spiral-reinforceccolumnsrepresen-
tative of modernbridge construction. This researchresultedin (1) a standardizedliscretization
schemefor bbercrosssections;(2) a calibrateddistributed-plasticitycolumn modeling strategy
includingdeformationcomponents$or bond-slipandsheardeformations(3) a calibratedumped-
plasticitycolumnmodelingstrategyy with recommendation®r effective elastic-stifnessproperties
andplastc-hinge lengths;(4) theidentibcatiorof inaccuracie®f standarctyclic materialmodels;
(5) the implementatiorand evaluationof improved cyclic materialmodels;(6) a seriesof dam-
ageequationgo predicttwo Bexural damagestateswith threeengineeringdemandparameters;
(7) the evaluationof the proposednodelingstratgieswhenappliedto complec structuralmodels
(two-columnbent,andbiaxial shale-tablespecimen).

This effort is an importantsteptoward implementingperformance-baseearthquak engi-

neeringfor modernreinforcedconcretebridges.
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1 Introduction

1.1 CONTEXT

Currentbuilding codesandmodernengineeringpracticeaddresgheissuesof collapseprevention
andlife safetyby conseratively predictingnominaldemandsndstrengthof structuraimembers,
but provide little indicationof the actualstateof a structureafter an earthquak. After anearth-
quale, abuilding or bridgemaystill be standing put structuralandnonstructuramembersnaybe
damagedresultingin costlyrepairs.Theeconomidossesdueto dovntime mayevenbelarger.

In contrastto currentcodes,performance-basedarthquak engineering(PBEE) attempts
to explicitly predictdamagestatesandassesshe probability of reachingmultiple levels of dam-
age. PBEE hasthe potentialto improve structuralengineeringpracticeby providing engineers
the capability of designingstructureso achiese a variety of performancdevels. The impactof
implementingPBEE goesbeyondimproving engineeringoracticeandextendsto a wide rangeof
decisionmaking. The potentialimpactof PBEEis summarizedn PacibPcEarthquak Engineering

ResearclCenter€§(PEER)missionstatement.

This approad is aimedat improving decision-makingaboutseismicrisk by making
the choiceof performancegoalsandthetradeofs that they entail appaentto facility
ownes and societyat large. The appmoad has gainedworldwide attentionin the
pastten years with the realizationthat urban earthqualesin developedcountries-
LomaPrieta, Northridge, and Kobe- imposesubstantialeconomicand societalrisks
aboveandbeyondpotentiallossof life andinjuries. By providing quantitativetoolsfor
characterizingand manaying theserisks, performance-baseedarthquale engineering

servedo addressdiverseeconomicand safetyneeds (http://peerberkeley.edu)



Reinforcedconcretestructuresareparticularly vulnerableto earthquaks. Excessre defor
mationscanresultin spallingof cover concrete puckling of longitudinalreinforcementreduction
of Rexural capacity barfracture,andeventually structuralcollapse Althoughdamageo otherele-
mentscanhave economicandlife-safetyimpacts,columnsareoftenthe mostvulnerableelements
in astructure andcolumnfailure canhave catastrophiconsequences.

To quantitatvely implementPBEEfor reinforcedconcretecolumnsit is necessaryo predict
deformationdemandson columnsat the onsetof particulardamagestates. Berry and Eberhard
(2003) developedpracticalempiricalmodelsthat predictthe drift ratiosat which cover concrete
spallsand longitudinal bars buckle in reinforcedconcretecolumns,given a column geometry
trans\ersereinforcementandaxial load. The modelswere calibratedwith existing experimental
resultsfrom the UW-PEERreinforcedconcretecolumnperformancelatabasewhich documents
the performanceof over 400columns(Berry etal. 2004).

Thedrift-ratio approactprovidesasimplemeanof estimatingdamagelisplacementévhich
is essentiato engineeringoractice),but it hassignibcantimitations. This approachmeglectsthe
effects of cycling on damageandit is difbPcult to implementfor columnswith biaxial bending,
variable axial loadsor variable shearspans. More versatileand detailedmodelsare neededo
overcometheseimitations.

Theavailability of increasinglypowerful computergprovidesresearcherandengineersvith
the opportunty to implementnumericallyintensve modelingstratgiesthat could not have been
consideredintil recently In particular enhancedbberbeam-columrelementhave beendeveloped
to modelthe nonlinearbehaior of reinforcedconcretestructuresundercyclic loads. Previousre-
searchertave usedthesesimulationmodelsto predictthe responsef ductile reinforcedconcrete
columns but noneof thesemodelingstrat@ieshave beencalibratedwith alarge databaséo repro-
duceforce-deformatiorbehaior anddamageprogression.The absencef modelcalibrationhas

madeit difPcultto evaluatetheimpactof proposedmprovementsn modelingmethodologies.

1.2 OBJECTIVE

Theobjectve of this projectis to develop, calibrate andevaluatecolumn-modelingstrategiesthat
arecapableof accuratelymodelingcolumnbehaior underseismicloading,including global and

local deformationsaswell asprogressiorof damageThefocusof thisresearctwill beonductile

2



spiral-reinforcedridgecolumns for which sheaffailureis nota consideration.

1.3 BRIDGE COLUMN DATA

The UW-PEERTreinforcedconcretecolumntestdatabaséBerry et al. 2004) providesa unique
opportunityto evaluateand calibratecolumn-modelingstratgyies. The databaselocumentscol-
umn geometry materialproperties,andreinforcemendetails. It alsoincludesthe digital force-
displacemenhistories,andthe obsereddisplacementat the onsetof multiple damagestates.
For this study on ductile spiral-reinforcedcolumns,the columnsfrom the databasevere

screenedo eliminate columnsthat are not representatie of modernbridge construction. The
databasevasscreenedisingthefollowing criteria.

- PIAgf{<0.30

- pett = psfyd o >0.05

- p1 <0.04

- 9dp, <6

- cover/ D <0.10

- Availability of obsened displacementat onsetof cover spalling,barbuckling, or bar frac-

ture

where: P is the axial load, Aq is the grosscross-sectionadirea, f{ is the concretecompressie
strength ps is thetrans\ersereinforcementatio, fys is theyield stressof the spiralreinforcement,
p is the longitudinal-reinforcementatio, S is the spacingof the spiral reinforcementd, is the
diameteiof thelongitudinalreinforcementcoveris thedistancdrom columnfaceto thetrans\erse
reinforcementandD is thediameterof the column.

The 37 columntestsconsideredn this studyarelistedin Tablel.1. Thereporteddrift ratios
atthe onsetof cover spalling (Asp/ L), barbuckling (Apy/ L), barfracture(Aps/ L) areincludedin

thetablealongwith key propertiesof the columns.



Table 1.1 Bridge column dataset

Reference Designation L L/D Peff P/ Ag fé Pl Sdy Asp/ L App/ L Apg/L
(mm) (%) (%) (%)
Munroetal. (1976) No. 1 2730 55 0.13 0.00 0.026 1.85 1.39 - -
Gheeetal. (198]) No. 1 1600 4.0 0.09 0.20 0.024 2.50 0.94 3.75 3.75
Pontangroaetal. (1979) No. 1 1200 2.0 0.08 0.23 0.024 3.13 0.83 - -
Wongetal. (1990 No. 1 800 2.0 0.11 0.19  0.032 3.75 0.75 5.18 -
StoneandCheok(1989) Flexure 9140 6.0 0.09 0.07  0.020 2.07 1.96 5.89 5.89
StoneandCheok(1989) Shear 4570 3.0 0.19 0.07  0.020 1.26 - 6.24 7.79
CheokandStone(1986) N1 750 3.0 0.26 0.10 0.020 1.27 2.57 11.00 10.29
CheokandStone(1986) N2 750 3.0 0.27 0.21  0.020 1.27 - 6.21 7.45
CheokandStone(1986) N3 1500 6.0 0.13 0.10 0.020 2.07 3.41 7.38 6.83
CheokandStone(1986) N4 750 3.0 0.26 0.10 0.020 1.27 2.84 711 711
CheokandStone(1986) N5 750 3.0 0.26 0.20 0.020 1.27 2.58 6.96 6.44
CheokandStone(1986) N6 1500 6.0 0.14 0.10  0.020 2.07 2.24 4.77 6.72
Kunnathetal. (1997) No. A2 1372 45 0.14 0.09 0.020 2.00 - 4.70 -
Kunnathetal. (1997) No. A3 1372 45 0.14 0.09 0.020 2.00 1.97 -
Kunnathetal. (1997) No. A7 1372 4.5 0.13 0.09 0.020 2.00 1.46 5.83
Kunnathetal. (1997) No. A8 1372 4.5 0.13 0.09 0.020 2.00 2.33 5.83
Kunnathetal. (1997) No. A9 1372 4.5 0.13 0.09 0.020 2.00 - 4.59
Kunnathetal. (1997) No.A10 1372 4.5 0.15 0.10 0.020 2.00 2.33 6.61 -
Kunnathetal. (1997) No. A1l 1372 4.5 0.15 0.10 0.020 2.00 3.64 - 7.65
Kunnathetal. (1997) No.Al2 1372 4.5 0.15 0.10 0.020 2.00 3.64 5.90 -
Hoseetal. (1997 No. SRPH13660 6.0 0.09 0.15 0.027 2.56 1.64 8.74 8.74
Vuetal. (1998) No.NH3 910 2.0 0.13 0.15 0.024 3.78 2.06 5.49 -
Kowalsky etal. (1999) No.FL3 3656 8.0 0.12 0.30 0.036 4.79 - 9.08 9.08
LehmanandMoehle (2000) No.415 2438 4.0 0.14 0.07 0.015 2.00 1.56 5.29 7.30
LehmanandMoehle (2000) No.815 4877 8.0 0.14 0.07 0.015 2.00 2.73 9.12 9.12
LehmanandMoehle (2000) No.1015 6096  10.0 0.14 0.07 0.015 2.00 3.13 10.42 10.42
LehmanandMoehle (2000) No.407 2438 4.0 0.14 0.07  0.008 2.00 1.56 521 521
LehmanandMoehle (2000) No.430 2438 4.0 0.14 0.07  0.030 2.00 1.56 7.30 -
LehmanandMoehle (2000) No.328 1829 3.0 0.16 0.09 0.027 1.33 1.64 7.27 7.22
LehmanandMoehle (2000) No.828 4877 8.0 0.16 0.09 0.027 1.33 3.65 12.30 -
LehmanandMoehle (2000) No.1028 6096  10.0 0.16 0.09 0.027 1.33 4.17 14.58 -
HenryandMahin (1999) No.415p 2438 4.0 0.12 0.12 0.015 2.00 - 5.21 5.54
HenryandMahin (1999) No. 415s 2438 4.0 0.06 0.06 0.015 4.00 - 5.21 -
MoyerandKowalsky (2001) No.1 2438 5.3 0.12 0.04 0.020 4.00 3.02 6.15 7.66
Moyer andKowalsky (2001) No.2 2438 5.3 0.11 0.04 0.020 4.00 2.29 10.73 12.29
Moyer andKowalsky (2001) No.3 2438 5.3 0.12 0.04 0.020 4.00 3.02 10.74 -
Moyer andKowalsky (2001) No.4 2438 5.3 0.11 0.04 0.020 4.00 3.02 13.14
Statistics n 37 37 37 37 37 37 31 33 31
Mean 2458 4.8 0.14 0.11  0.021 2.35 2.33 7.39 7.62
cov 0.75 0.4 0.35 0.57 0.25 0.42 0.39 0.37 0.26
Min 750 2.0 0.06 0.00 0.008 1.26 0.75 3.75 3.75
Max 9140 10.0 0.27 0.30 0.036 4.79 4.17 14.58 12.29

1.4 SCOPEOF PROJECT

Two column-modelingstratgies are developed, calibrated,and evaluatedin this report. One
methodutilizes the combinationof a force-basedeam-columrelement(3exural deformations)
with elasticsheardeformationsand a zero-lengthbond-slipsection. A secondmethodutilizes
lumped-plasticitytheoryin which nonlineardeformationsareconcentratedh a plastichinge. The
following describeshe key aspectsof the sectionmodelling stratgy, the distributed-plasticity

modelingstratgy, andthelumped-plasticitynodelingstratgy addresseh this research.

1.4.1 Discretization Strategiesfor Fiber CrossSections

Both column-modelingstratgies use bbersectionsto model sectionresponse.Two aspectsof

Pbersectionmodelingarediscussedn Chapter2.



Material Models. Numerousmaterial constitutve modelsare available to model the monotonic
andcyclic responsesf the concreteandsteelcomponent®f a reinforcedconcretecolumn.
In this study key modelingparametersire calibratedfor the Giuffre-Meneyotto-Pintosteel
model (Tauceret al. 1991), the Manderet al. (1988) concretemodel, and a newv steel
modelproposedy Mohle andKunnath(2006),whichincludessofteningdueto fractureand
cycling.

Fiber-SectionDiscretization. Column crosssectionscan be discretizedinto small Pbersusing a
variety of schemege.g.,unilateraldiscretizationradialdiscretization}o varyingdegreesof
meshdensity Two discretizationstratgies are evaluated,and recommendationare made

onthe numberof Pbersneededo accuratelynodelcolumnsectionbehaior.

1.4.2 Distrib uted-Plasticity Modeling Strategy

Thedistributed-plasticitymodelingstratgy is describedandcalibratedn chapters3 and4, respec-
tively. Thefollowing arekey aspectof the proposedspread-plasticitgolumn-modelingstratey

addressetdy this study

Number of integration points. The spread-plasticitgolumn-modelingstratgy requiresthe userto
selectthe numberof integration pointsto usein the analysis. The effect of the numberof
integrationpointson columnmodelaccuray is studiedanddocumentedandrecommenda-
tionsaremadethatbalancemodelaccurag andefPcieng.

Bond Slip Deformations and ShearDeformations. A standard>berbeam-columrelementormula-
tion assumegperfectbondbetweenconcreteandsteel. To addresghis issuesa new zero-
lengthbond-slipmodelis developedfor usewith the spread-plasticitynodelingstrateyy.

ShearDeformations. Sheadeformationsrenegglectedwith astandardberbeam-columrelement
formulation. Additional Bexibility wasaddedo the crosssectionsof the Pberbeam-column
elemento addresghisissue.

Strain Localization. The distributed-plasticityformulation is susceptibleto strain localizations,
which leadto modelinaccuraciesvhenthe columnbeing modeledhasa perfectly-plastic
or softeningbehaior. Thelimitations of this modelingstratgy arehighlighted,andrecom-

mendationgremadeto assistin overcomingthem.
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1.4.3 Lumped-Plasticity Modeling Strategy

The lumped-plasticitycolumn modelis consideredn chapterss and6. The following are key

aspect®of thelumped-plasticitycolumn-modelingstratg)y addressedy this study

Elastic Propertiesof Lumped-Plasticity Model. The use of lumped-plasticitymodelsrequiresthe
selectionof effective sectionpropertiesfor the elasticportionof the column(e.g.,El). Rec-
ommendationaremadefor estimatingtheseelasticpropertiespasedntheaccurag of the
calculatedcolumnstiffness.

Plastic-Hinge Length of Lumped-Plasticity Model. Lumped-plasticitytheory assumesthat nonlin-
eardeformationsare concentratedn plastic hinges. With this methodologythe length of
the plastic hinge is assumedo accountfor bondslip and sheardeformations. A plastic-
hingelengththataccuratelypredictscolumnforce-deformatiomesponseswell asdamage

progressions developedandevaluated.

1.4.4 Evaluation of Cyclic Response

The calculatedcyclic responseof the modeling stratgies dependon the cyclic responseof the
concreteand steel material constitutve models. The cyclic responseof the proposedcolumn-
modelingstrategjies,utilizing standarc€oncreteandsteelmaterialmodels areevaluatedn Chapter
7. Thecyclic respons@f the concretevasmodeledaccordingto a modelproposedy Karsanand

Jirsa,whereaghe steelwasmodeledaccordingio a modelproposedy Giuffre-Meneaotto-Pinto.

1.4.5 Improved Cyclic Material Models

The cyclic modelinginaccuracieddentibPedin Chapter7 are addressedn Chapter8. A steel
materialmodel proposedby Mohle and Kunnath(2006), which accountsor degradationdueto
cycling, is presentedcalibrated,and evaluated. A concretemodel that accountsfor imperfect

crackclosureis alsodevelopedandevaluatedn this chapter

1.4.6 Column Flexural Damage

A necessangtepin implementingperformance-basedesignin bridge columnsis relatingengi-

neeringdemandparameterge.g.,drift ratio, plasticrotation,longitudinalstrain)to damagemea-
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sures(e.g.,cover spalling, longitudinal bar buckling, and bar fracture). Several methodsfor es-
timating the progressiorof damagean 3exural columnsare developed,evaluated,and compared
in Chapter9. This chapterpresentaccurag statisticsandfragility curvesfor the variousdamage

statesandengineeringlemandoarameters.

1.4.7 Application of Column-Modeling Strategyto Mor e Complex Structur es

In chapters4 and 6, the proposedcolumn-modelingstratgies were calibratedand evaluatedby
comparingmeasurednd calculatedresponse®f single cantilever columnssubjectedo pseudo-
static,unidirectionalloads.In Chapterl0, the propcsed modelingstratgjiesareimplementedand

evaluatedn thefollowing situations.

Bridge-Bent. Theproposedaolumn-modelingtratgiesareusedo modeltheresponsef apseudo-
static,unidirectionalbridgebenttest(Makido 2006).

Shake-Table Tests. The proposedcolumn-modelingstratgiesare utilized to modelfour columns
subjectedo unidirectonal and bidirectionaldynamicloading (Hachemet al. 2003). The
modelingstratgieswill be evaluatedbasedon their ability to model,amongotherthings,
maximumdisplacementmaximumshearforce, maximummoment,andresidualdisplace-

ment.

1.4.8 Summary and Conclusions

Chapterl1l summarizeshereportandprovideskey conclusions.



2 Discretization Strategies for Fiber Sections

In orderto accuratelymodelthe behaior of areinforcedconcretecolumn,theresponsef the col-
umncrosssectionmustbecapturedln this chapterthe Pbermodelandmaterialmodelsemployed
in this reportare presentedanda sectiondiscretizaton schemes calibrated. Recommendations

arethenmadeto accuratelyandefPcientlymodelmoment-curaturebehaior.

2.1 FIBER MODEL

For this report,columncrosssectionsverediscretizednto small Pbersin which eachbPberhada
prescribeduniaxial stress-straimelationship.For example,atypical circularcolumncross-section
discretizations shavn in Figure2.1. This crosssectionis discretizedwith aradial discretization
schemewith 7 radial coredivisions(n. = 7), 18 trans\ersecoredivisions(n} = 18), 2 radial un-
conbnectover divisions(n], = 2), and18trans\ersecover divisions(n!, = 18). The coreconcrete,
cover concrete,and longitudinal steelPberseachhave a uniaxial stress-straimodel associated

with themcorrespondingo the materialthey represent.

2.2 MATERIAL CONSTITUTIVE RELATIONSHIPS

Accuratematerialmodelsareneededo predictreinforcedconcretecolumnbehaior. The follow-
ing sectionsdiscussthe materialmodelsusedin this studyto modelthe longitudinalreinforcing

steel theconbnedoncreteandtheunconbneaoncrete.



Longitudinal Steel

Fibers Unconfined Cover

Concrete Fibers

Confined Core
Concrete Fibers

Fig. 2.1 Typical bberdiscretization, n, = 7,nt = 18 n{,= 2,n{, = 18

2.2.1 Reinforcing Steel

The reinforcing steelis modeledusing the Giufre-Mengotto-Pintoconstitutve model (Taucer
etal. 1991)availablein OpenSeefOpenSeeBevelopmenfTeam2002). Themodelhasabilinear
backbonecurve with a post-yieldstiffnessproportionalto the modulusof elasticity of the steel,
Esh= b- E, and accountdor the Bauschingegeffectin the cyclic responsef the material. Figure
2.2acompareshe monotonicanalyticalmodel(for b = 0.01andb = 0.001)to themeasuredtress-
strainresponseof a typical reinforcing bar (Lehmanand Moehle 2000). The calculatedcyclic

responsef thesteelis shavn in Figure2.2h

Despitethe simplicity of the model, the bilinear model predictsthe measurednaterialre-
sponseaccuratelyover mostof the strainrange,but it doesnot accountfor the yield plateauof
the reinforcing steelor the degradationof the steelstrengthdueto bar buckling or rupture. The
post-yieldslopefactor0.001underestimatethe amountof strainhardening.The slopefactor of

0.0l1overestimateshe stressat strainsbelowv 0.03.

Thestrain-hardeningatio (b) affectstheaccurag of thecolumn-modelingstrateyy proposed

in thisreport. This parameters calibratedn Chapter.
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Fig. 2.2 Reinforcing steelmaterial model

2.2.2 Concrete

The Popwics curve with modelparameterproposedy Manderet al. (1988)wasusedto model
theresponsesf boththe conbPnedandunconbneatoncretein compressionManderet. al. pro-
posedthat the maximumcompressie stressof the concrete(f;.,) andthe strainat the maximum

compressie stresgecc) shouldbe calculatedasfollows.

I - #
f f
fio= fl 2254 1+7.04-5 —2-5 ~1254 (2.1)
C C
$ $ %%
ee= 0002 1+5 —°—1 (2.2)
C
where:
1
b8
=1_ c 2.4
1-pic 24
g= S— Grans (2.5)
$ %
b= 4 Db (2.6)
dcs



wheref{ is the compressie strengthof the concreted is the diameterof the core,andAs, Girans
sand fy; aretheareadiameteyspacingandyield stresof thespiralreinforcementThecalculated
stress-straimesponsesf the conbPnedandunconbnedoncretefor atypical columnareshowvn in
Figure2.3.

Theconcretevasassumedo have strengthin tensionup to the crackingstrengthf;. Beyond
this, the strengthof the concretewasassumedo decayexponentiallyto 0.1f; ate,. A detailed
view of theresponsef theconcretdn tensionis shovn in Figure2.3b,andtheequationgoverning

theresponses asfollows.

&  Ecg €< g
_ 1 (e—#t)
(5(8) = ftm(ﬁtu*st) &< e<gy (27)
0.0 €> gy

whereg; = % Thisresponsevasdevelopedaspartof this projectwith collaboratiorwith Nilanjan
Mitra.

For thepurposeof thedevelopmenbf across-sectiodiscretizatiorschemetheconcretevas
assumedo crackat a tensilestressof 0.0. For the calibrationof the proposeobolumn-moc!eling
stratgjies(sectionst and6), the concretevasassumedo crackatatensilestresof fy = 0.625 f/
(f{in MPa).

1.1
1k
0.9

102 FH--- Uncqnﬁned 1 1 0.8-
Confined !

b ] 07t ]E,
.06
0.5
0.4f
0.3}
0.2}
0.1

"

11.6 : : ] i i i 0 i i
i0.03 10025 1002 10015 !0.01 0005 O  0.005 0 0.5 , 1 15
! H
‘e c

(a) MonotonicRespons®&lormalizedby  (b) TensileRespons®etail Normalizedby
Cylinder Strength TensileStrength

Fig. 2.3 Concretematerial models
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2.3 UNIFORM RADIAL SECTION-DISCRETIZA TION STRATEGY

The accurag andefbcieny of moment-curatureanalysedependheaily on the discretization
of the coreandcover concrete.A parametricstudywasperformedin orderto selectthe optimal
numberof radial and tangentialsubdvisions of both the conPnedcore concrete(n}, andnt) and
unconbnedover concretgnf, andn!). In this study themoment-curaturerelationshipgenerated
with the bbermodelwerecomparedo theresultsof atypical moment-curatureanalysisprogram
developedat the University of Washington(Parish2001). The UW moment-curature program
usesa unidirectionalstrip discretizationschemen which the concreteis divided into numerous
unidirectionalstrips, as seenin Figure 2.4. The resultsof the UW program(utilizing a highly

rePnedmesh,100strips)wasusedto representhe optimalsolution.

Longitudinal Steel ~——e & —_ Cover-Concrete
Fibers % LAN Fibers
N
v LN
y) S0\
[7 Core-Concrete
/ II. '\/\/\‘ Fibers
[ s 1)
[® § |
i H
0 H
Te o/
T\ L
/
') (4
e P4
AN P
e Y
—~8 & —

Fig. 2.4 Unidir ectional sectiondiscretization

Increasinghe numberof Pbersncreasesheaccurag of the moment-curatureanalysisbut
increaseshecomputationatiemandA discretizatiorschemen which accurag andefbcieny are
balanceds needed.Becausehereis not a uniquesolutionto this problem,typical optimization
methodscannotbe appliedwithout assigningan arbitrarycostto computationatime. In orderto
Pnda balancedliscretizationschemea highly rebneduniform radial discretizationschemewas
comparedto the highly rePnedunidirectionaldiscretizationscheme thenthe numberof radial
sectiondivisions(i.e. ni, nt, ni,, n!) weredecreasedntil abalancedschemeavasdetermined.

The uniform radial discretizationschemewas comparedto the unidirectionalschemeby
comparingthe calculatednoment-curatureresponsesf 75 columnsfrom the UW-PEERcolumn

databaséBerry et al. 2004). The 75 circular columnswereall the columnsin the database¢hat
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failedin shearor Rexure-shegrandhad circular spiral reinforcement.This studyuseda bilinear
steelmodel (b = 0.01, Section2.2.1)andthe Manderconcretemodelfor both the conPnedand
unconbnedoncretgSection2.2.2). Themoment-curatureresponsevasevaluatedbasenthree

parameters.

¢y Ratio, Theratio of curvatureat brstyielding of the tensionsteelcalculatedwith the unidirec-
q)unld

tional schemeo thosecalculatedwith the uniform radialschemew

Mse, Ratio, Theratio of calculatedmomentat a tensilestrainof 5 timesey calculatedwith the

unld

unidirectionalschemeo the momentcalculatedwith theuniform radlalschemew

|V|10ey Ratio, Theratio of calculatednomentat a tensilestrainof 20 timesgy calculateleth the

unid
unidirectionalschemeéo the momentcalculatedwith the uniform radlalschemeM—rﬁ%r

20y

Basedon the resultsof this analysis,the following recommendationare madein orderto
efbcientlyandaccuratelynodelthe moment-curatureresponsef a columncrosssectionusinga

uniformly distributedradialdiscretizatiorscheme,

- 20 coretrans\ersesubdvisions,n. = 20
- 10 coreradialsubdvisions,n. = 10
- 20 covertrans\ersesubdvisions,nt, = 20

- 1 coverradialsubdvisionn], = 1

The meandy ratio using this schemeis 1.000 with a coebcientof variation (c.0.v) of
0.110%. The meanMs, ratio is 0.996 with a coebcientof variationof 0.128%andthe mean
Mage, ratio is 0.996 with a coebcientof variation of 0.233%. This conbgurationis shovn in
Figure2.5.

A parametricstudywasperformedo verify thattherecommendediscretizatiorschemeac-
curatelyandefbcientlymodelsmoment-curatureresponseThe parametricstudyuseda bilinear
steelmodel(b = 0.01) andthe Manderconcretemodelfor boththe conPnedcandunconbnedaon-
crete. The recommendedchemevasusedasthe basediscretizationschemeandthe numberof
radial divisionswere systematicallyariedto demonstratéhe analyseslependeng on the varied

parameter
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Recommended Configuration
200 Core Fibers

Fig. 2.5 Recommendedconbguration,nt. = 20, nf, = 10, n!, = 20and n{, =

Figures2.6 and2.7 shav the effectsof varying the numberof conbPnedconcreteradialand
tangentialsubdvisions. The meanvaluesof the ¢y, Mse, , andMi e, ratiosareplottedversusn;, in
Figure2.6andnt in Figure2.7. Also shavn in the Pguresarethe maximumandminimum values
andthe coebcientof variation of the ratios. Figure 2.6 shawvs that an unbiasedresultscan be
obtainedby usingatleast10 radialsubdvisionsandthatusingmorethan10 doesnotsignibPcantly
improve results.It canbe seenin Figure2.7 thatalthoughthe meanvaluesvary slightly between
20 and 40 tangentialsubdvisions, the coefrcientsof variationof the ratiosarethe same. Using
morethan20 subdvisionsis unnecessargincethe meanvalueof theratiosusing20 subdvisions
is 0.996andthe coebcientof variationdoesnotimprove by usingmoredivisions.

Similarly, theeffectsof varyingthenumberof unconbPnedoncretaadialandtangentiakub-
divisionson moment-curatureaccuray is illustratedin Pgure2.8and2.9. Figure2.8 shavs that
varyingthe numberof radialunconbPnedubdvisionsdoesnot affect theaccurag of the moment-
curvatureanalysissignibcantly In Figure 2.9, it can be seenthat the solutionscorverge when
n', = 20 andthatusinga Pnermeshdoesnot signiPcantlyimprove the accuray of the moment-

cunaturean alyses.
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2.4 NONUNIFORM RADIAL DISCRETIZATION STRATEGY

Becauseéhe areanearesthe column-neutrabxis doesnot signibcantlyaffect moment-curature
responseit may sometimede efbcientto usea coarserrbermeshin this region. Utilizing this
schemewould reducethe numberof Pbersectionsrequiredto modelthe moment-curaturere-
sponsesignibcantly thus reducingthe computaional demandof the analysis.It shouldbe noted
thattheamountof axialloadwill affectthelocationof theneutralaxis,andthelocationwill notal-
waysbeatthe centerof the column. Thedatasetisedin thefollowing analysiscontaineccolumns
with awide rangeof axial-loadratios(m = 0to 70%). In this sectiontheeffectof usinga coarser
meshnearthecenterof thecrosssectionis studiedandrecommendationareproposedor utilizing
thismethodology

A parametricstudywasperformedn which the diameterof a coarsameshin the centerof a
crosssectionwasvariedfrom 50%- 70% of the corediametelr(i.e., dgg—;'ze = 0.5,0.6and0.7)and
thenumberof coarsemeshbPbergngparse) Wasvariedbetweernl0 and20 bPbers.Thedensityof the
Pnemeshnearthe exterior of the coreremainedhe sameregardessof the coarsemeshdiameter;
thereforean increasein the diameterof coarsemeshresultedin a decreasen the total number
of corebPbers(nta). The nonuniformconbgurationsvere alsocomparedo the recommended
uniform conbguratiorfrom the previous section(Figure 2.5). Table 2.1 describeghe parameter
study matrix and Figure 2.10illustratesthe variousconbgurations As seenin the tableandthe
Pguresthetotal numberof corebberswasvariedfrom 200to 70.

Theaccuray of the moment-curatureanalysiswasevaluatedusingthe ¢y, Mse, andMage,
ratiosasdebnedn the previous section,andthe same75 columnsfrom the UW-PEERdatabase.
Thestudyuseda bilinearsteelmodel(b = 0.01, Section2.2.1)andthe Manderconcretemodelfor
boththe conPnedandunconbnedoncretgSection2.2.2).

As expected,the accurag of the moment-curature analysisdecreasess the size of the
coarsemeshincreasesDecreasinghe numberof coarsebbershasa similar effect. Utilizing any
of theseschemegseduceghe numberof Pbers,but someaccuray is lost. The accurag lost by
utilizing conbguratiori is within acceptabldounds.With conbguratiorl, the mean,minimum,
andmaximumvaluesof thedy, Ms,, , andMaqe, ratiosareall within 0.010f 1.00andthecoefcients
of variationareall lessthan0.25%. Thelossin accurag from conbguration2-6 are signibcant

enoughto outweightheresultinggainsin efbcieng.
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Table 2.1 Discretization study matrix

Conbguration Unif. 1 2 3 4 5 6

d

coarse 0O 05 05 0.6 06 0.7 0.7
dcore

o 20 20 20 20 20 20 20
e 10 5 5 4 4 3 3
N oarse 0O 10 10 10 10 10 10
nE:oarse 0 2 1 2 1 2 1
MNotal 200 120 110 100 90 80 70

2.5 SUMMARY

The constitutve materialmodelsusedin this reportwere presented.The reinforcing steelwas
modeledusingthe Giufre-Mengjotto-Pintoconstitutve model,andthe conbPnedand unconbned
concretewas modeledusing a model proposedby Mander Priestlg, and Park. The following

parametewasidentibedfor calibrationwith experimentaresults.

Strain-Hardening Ratio (b). Theratio of post-yieldstiffnessof thereinforcingsteelto the mod-

ulusof elasticityof thesteel,b = E?S“

This parameters calibratedin Chapterd. A secondharametewasidentibed put will not be part

of the optimizationstudy The effect of the following parameters studiedin 4.6.

TransverseReinforcementEffectivenessRatio (n). Theratio of theeffective coretrans\ersere-
inforcementatioto thecalculatedrans\ersereinforcementatioto beusedn thecalculation

ef f

of ficandece, n = B

A parametricstudywasperformedo determinghebestuniformradialdiscretizatiorscheme
to usefor modelingcolumn cross-sectiomesponse.Basedon the resultsof theseanalysesthe
following recommendationare madein orderto efbciently and accuratelymodelthe moment-
cunvatureresponsef a columncrosssectionusinga Pbermodel: n, = 20,nf, = 10,n}, = 20and
n{, = 1. Thisconbgurations shovn in Figure2.5.

Becausdhe areanearesthe centerof the columninf3uenceghe columnsectionresponse

little, a coarsermeshmay be usednearthe centerof the column. The effect of usinga coarser

19



Configuration 1 Configuration 3 Configuration 5
120 Core Fibers 100 Core Fibers 80 Core Fibers

Configuration 2 Configuration 4 Configuration 6
110 Core Fibers 90 Core Fibers 70 Core Fibers

Fig. 2.10 Conbgurationtypes

meshnearthe centerof the crosssectionwasalsostudiedin this chapter Sincesomeaccurag is
lost by utilizing this methodologyit is recommendethata uniform discretizationwith 200 core
Pbers(Fig. 2.5) beusedwhenaccurag is thetop priority. In casesvhereefbcieng is aconcern,

conbguratiorl (120corebbers)couldbeusedalso.
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3 Development of Distributed-Plasticity
Column Model

In this chapteya column-modelingstratgy is presentedandkey modelingparameterareidenti-
Pedfor calibration.In the proposednodelingstrateyy, aforce-basedrberbeam-columrelement,
a zero-lengthbond section,and an elasticshearcomponentare comkined to modelthe Rexural,
bondslip, andshearcomponent®f thetotal columndel3ection.A graphicalinterpretationof the

modelis shavn in Figure3.1. Thefollowing sectionglescribesachof thesecomponentsn detail.

Force-Based Fiber
Beam Column Element

(Flexure) \

Fiber Section at each
integration point with
Aggregated Elastic
Shear

Zero Length Section
(Bond Slip)

Fig. 3.1 Distrib uted-plasticity modelwith bond slip and shearcomponents



3.1 NONLINEAR FORCE-BASED BEAM-COLUMN ELEMENT (FLEXURE)

TheRRexuralcomponenbf thecolumndel3ectiorwasmodeledwith adistributed-plasticityRexibility-
based pberbeam-columrelement.A Pberbeam-columrelements a line elementin which the
moment-curatureresponsat eachintegrationpointis determinedrom the bbersectionassigned
to thatintegrationpoint.

A Rexibility-basedformulationassumes moment-distriition alongthe length of the col-
umn, andthe curvaturesat eachintegration point are subsequentlgstimatedor the momentat
that section. The columnresporse is thenobtainedthrough weightedintegration of the section
response¢Tauceret al. 1991). Becausamostinelasticbhehaior occursnearthe baseof the col-
umn, the elementusedin this reportutilizes the Gauss-Labottantegrationschemejn which the
integrationpointsareplacedat the endsof the elementaswell asalongthe columnlength.

A force-basedbberbeam-columrelementutilizing a Gauwss-Lalotto integrationschemevas
implementedn MATLAB (2005)to evaluatethe effectsof strainlocalization(Section3.1.1)and
to verify the implementationof the force-basedeam-columrelementin OpenSeegOpenSees
DevelopmentTeam2002) (Section3.4). The MATLAB implementatiorutilized the sectiondis-
cretizationschemeand material constitutve modelsdiscussedn sections2.1 and 2.2, in which

eachbPberwasassigned particularstress-straimesponse.

3.1.1 Concentration of Local Deformations

The force-basedormulationis attractve becausdat canmodelthe spreadof plasticity alongthe
lengthof the columnusingonly oneelementanda numberof integrationpoints(Np). However,
force-basecklementsose objectiity at the local and/orglobal level dependingon the section
hardeningbehaior (ColemanandSpacon&€001).

For example,bgures3.2 and 3.3 shav the calculatedforce-deformatiorresponsesandthe
calculatedstraindistribution alongthe heightof the columnfor a columnwith a hardeningsection
behaior (b= 0.015). Theincludedplot shawvs the straindistribution at variouslevels of deforma-
tion. For thesebgurespushweranalysesvereperformedon atypical columnfrom the UW-PEER
databas€¢lLehmanet. al. 2000,No. 415). Oneforce-basedbberelementvasused.andthenumber

of integration pointsandthe strain-hardeningatios were varied systematically Both the force-
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deformatiorernvelope(Fig. 3.2) andthe averagestrains(Fig. 3.3) areinsensitve to the numberof
integrationpointsusedin theanalysis.Theinelasticstrainsspreadup the heightof the columnas
thedeformations increased.

In contrast,Pgures3.4 and 3.5 shav the calculatedforce-deformatiorresponsesnd the
calculatedstraindistributions along the heightof the columnfor a columnwith nearlya plastic
sectionresponsé€b = 0.001). The force-deformatiorrespons€Fig. 3.4) doesnot vary with the
numberof integration points, but the local strains(Fig. 3.5) vary drastically Inelasticstrains
localizedat the baseof the columnanddid not spreado ary of the otherintegrationpoints. This
occurshecaus¢hecolumnreachedts loadcarryingcapacitywhenthewhentheintegrationpointat
the basereachegheyield moment.As thetotal defR3ectionncreasesthe basecurvatureincreases
with constantmoment,while the otherintegration points do not seeary changein momentor
cunvature(ColemanandSpacon&001).As seenin Figure3.5,asthenumberof integrationpoints
increasesthe lengthof the plastichingedecreaseggesultingin larger basecurvaturesfor a given
tip displacement.

Figures3.6and3.7shav similar plotsfor acolumnwith softeningpropertiegb= — 0.002).
Both the global andlocal responsesgre sensitve to the numberof integration pointsusedin the
analysis. As in the columnwith the plastic secton responsestrainslocalize at the baseof the
column and increasingthe numberof integration points decreaseshe length over which these
straindocalize. Thisdecrease lengthincreaseshecurvatureandstrainsfor agiventip def3ection.
For the softeningsection,the increasdn straincauseghe columnforce-deformatiormresponseo

degradequickly (ColemamandSpacone€001).
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Fig. 3.3 Strain distrib utions for varying n, (hardening)
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Fig. 3.4 Force-debrmation envelopewith varying n, (plateau)
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Fig. 3.6 Force-debrmation ervelopewith varying np (softening)
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Fig. 3.7 Strain distrib utions for varying n, (softening)
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For elementswith perfectlyplasticsectionbehaior, thecalculateccurvaturesandstrainsare
sensitve to the numberof integration points. For elementswith softeningsectionbehaior, the
local andglobalresponsesf the elementaresensitve to the numberof integrationpoints. Figure
3.8summarizeshesebndings.For thisbgure pushaeranalysesvereperformedonthe8 columns
testedby LehmanandMoehle (2000). Oneforce-basedrberelementwasusedfor eachcolumn,
andthe numberof integrationpointsandthe strain-hardeningatioswerevariedsystematicallyln

this bgure the averagevaluesof thefollowing parametersvereplottedversusNp.

Moment at Amax Ratio. Themomematmaximumdisplacemen((Am@a for varyingNp normalized
. Np

by the momentat maximumdisplacementor Np = 5, %ﬁx

Amax

Max Strain at Amax Ratio. Themaximumtensilesteelstrainat maximumdisplacemeptor vagy-
"N

€
ing Np normalizedby the maximumstrainat maximumdisplacementor N, = 5, émax
€

Amax

As seenin Figure 3.8, the global and local response®f the column with the hardening
sectionsare insensitve to N, if at leastfour integration points are used. For the columnwith
the plasticsection,the global responsas insensitve to Np, but the local responsas not. As the
numberof integrationpointsis increasedthe strainat maximumdisplacemenélsoincreaseskFor
the columnwith asofteningsection boththeglobalandlocal responsearesensitve to Np. As Ny
is increasedthe momentsat maximumdisplacementlecreas@andthe strainsincrease.

Similarly, Figure3.9 illustratesthe effect of N on columnsunderdoublecurvaturefor the
threesectionbehaiors. In this bgure,the maximummomentsandstrainsare normalizedby the
resultsat 6 Np. As seenin the bgure,atleast6 integrationpointsareneededor unbiasedylobal

andlocal resultsfor columnswith hardeningsectionsunderdoublecurvature.
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The issueof the concentratiorof local deformationsn distributed-plasticityelementsvas
addresselly ColemarandSpacong2001). Theresearcherdevelopedamethodof post-processing
plastic curvaturesto obtain nonbiasedcurvaturesbasedon assumedplastic-hingelengths(Lp).
The post-processinghethodwasdevelopedby equatingequationdor tip displacementfrom tra-
ditional plastic-hingeanalysis(8p" ™) to the tip displacementsalculatedfrom the distributed-
plasticity element(33trPued) - and then adjustingthe distributed-plasticityplastic curvaturesto
matchthe cunaturesfrom the lumped-plasticityformulation. This processs describedn more

detailin thefollowing discussion.

Theplastictip displacementor a cantilever columncalculatedrom traditionalplastic-hinge
analysigs asfollows. $ %
L

8= gplp L= (3.1)

whereo, is theplasticcurnvaturein thehinge,andL is thecolumnlength. Theplastic-displacement
for a cantilerer columncalculatedwith the distributed-plasticityelementcanbe simplibedto the
following equation.

$ % $ %

SgiStribUted = OpiLipr L— % + OpoLip2 L—Lijp1— % + .. (3.2)
wheredp1 anddp, arethe plasticcunvaturescalculatecat the Prstandsecondntegrationpointsin
theelementL,; andL;p, aretheequivalentplastic-hingdengthsof thePrstandsecondntegration
points. In this formulation, the plastic-hingelengthsfor the integration points are calculatedas
Lipr = Wip1L andLipz = wip2L. wipl andwip2 aretheweightsof therespectre integrationpoints
accordingto the integrationscheme. The traditionalimplementatiorof the force-basedlement

usesGauss-Labottintegration.

Equation3.2 canbe carriedout to includethe otherintegration points; however the plastic
deformationgarelyspreado theotherintegrationpoints. In fact,in the caseof a softeningsection
responsethe plastic deformationswill not spreadto the secondintegration point, and will be

concentrationn the brstintegrationpoint at the baseof the column,asillustratedin Figure3.7.

Thepost-processingiethoddevelopedby ColemanandSpacong2001)wasformulatedfor
asofteningsection andthereforehesecondntegrationpointtermsin Equation3.2areignored.By

equatingheprstintegrationpointtermsof Equation3.2to Equation3.1,thefollowing relationship
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is obtainedfor the nonbiasedadjustednlasticcurvature(¢%dj1) asafunction of the weightof the

integrationpoint, plastic-hingdength,andcalculateccurvature.

Wip1L? (2 — Wip1)
Lp(2L—Ly)

95"t = opr (3.3)
Thisformulationis correctfor softeningsectionshowever if thereis ary hardeningn the section,
andplasticdeformationsspreado the secondntegrationpoint, it will no longerbevalid. In the
caseof a hardeningsection,the calculatedcurvaturesfrom the distributed-plasticityelementwill
be nonbiasedput will not matchthe curvaturescalculatedwith the traditionallumped-plasticity
formulation.

A similar relationshipfor the nonbiaseddjustedlasticcurvaturecanbe obtainedfor hard-
eningsectionsby including the higherintegrationpoints. The following relationshipis obtained
by includingthe secondntegrationpointin 3.2.

62012 = ¢, 1WiplL2(2_Wip1) 0 2Wip2|—2(2_2Wip1—Wip2)
P P L2l —Lyp) P Lp(2L —Lp)

(3.4)

Thisrelationshipwill bevalid aslongasplasticdeformationsio notspreado thethird integration

point. Thefollowing PguregPgures3.10-3.12)demonstratéhe conceptsliscusse@bove.
In Figure3.10the post-yieldstrain-hardeningatio (b) of thesteelin thedistributed-plasticity

elements variedbetween1.0% and5.0%for atypical columnin thedatabas@sing5 integration
pointsand negglectingbar slip andsheardeformations.The brstaxesin this bgureillustratesthe
recordedcunvaturesat the brstintegrationpoint. The secondaxesis a plot of the adjustedplastic
curvaturescalculatedwith oneintegrationpoint (Equation3.3) versusdisplacementluctility. The
third axesis a plot of the adjusted-plasticurvaturecalculatedwith two integrationpoints(Equa-
tion 3.4) versusdisplacemenductility. The fourth axesis a plot of the ratio of plastic curvature
calculatedatthe secondntegrationpointto the curvaturesatthe prstintegrationpoint. This axesis
includedto demonstratéheamountof plasticdeformatiorthathasspreado thesecondntegration
point.

As seenin the bgure,the recordedcurvatureat the prstintegration point is dependentn
the amountof hardeningor softeningin the column,andthe curvaturesdo not matchthe curva-

turescalculatedwith plastic-hingeanalysis.In the caseof the softeningsectionresponseutilizing

33



oneintegrationpointin the calculationof the adjustedplasticcurvatureis sufbcient,however the
methodis inaccuratdor the hardeningsectionresponsesasexpected.As seenin the third axes,
the adjustedcurvaturesusing two integration points matchthe target curvaturesof the lumped-
plasticity formulationfor boththe hardeningandsofteningsectionresponses.

Similarly, in Figure 3.11 the numberof integration pointsis varied between5 and 8 for
a typical columnin the databasevith a softeningsectionresponsgb = —1.00%). As seenin
the brstaxes, the curvaturesrecordedat the baseof the columnare dependenbn the numberof
integrationpointsusedin the calculation.As shavn in the secondandthird axes,both nonbiased
curvaturescalculatedwith both methodsare identicalto the target curvaturesfrom the lumped-
plasticityformulation.

In Figure3.12,the numberof integrationpointsis variedbetweerb and8 for a typical col-
umnin the databaseavith a hardeningsectionresponségb = 5.00%). As seenin the brstaxes,the
cunaturesat the baseof the columnarenot dependendn the numberof integrationpointsusedin
thecalculation;however, thesecurvaturesdo not match thosecalculatedvith thelumped-plasticity
formulation. The secondaxesillustratestheinability of Equation3.3to calculatedunbiasedurva-
turesfor hardeningsections.Thethird axesdemonstratethatEquation3.4is accuratgin particu-
lar case)or 5, 6, and7 integrationpoints,but beginsto strayat higherductilitiesfor 8 integration

points. Thisis becausé¢he plasticcunaturesbegin to spreado thethird integrationpoint.
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3.2 BOND SLIP DISPLACEMENT MODEL

ThePbberbasedeam-colummrelemenis basedntheassumptiothatplanesectiongemainplane,
which implies perfectbondbetweenthe longitudinalreinforcementndthe surroundingconcrete
(Hachemetal. 2003). Theforce-basedeam-columrelementdoesnot includethe componenbf
deformationdueto bondslip, andthe columnappearsstiffer thanit actuallyis. In the proposed
modelingstratey, a zero-lengthsectionat the baseof the columnis usedto modelthe bondslip
of the anchorageeinforcement.The zero-lengthsectionis a Pbersectionin which eachbberis
assigned stress-displacemerglationshipnsteadof a stress-strainelationship.This formulation

is benebciabecausét allows for biaxial, cyclic lateralloadingandvariableaxial loads.

3.2.1 TensileStress-DisplacemenRelationship of Reinforcement

Thesteelstress-displacemenglationshipwvasbasedn a two-componenbond-stressnodel
(LehmanandMoehle2000). The modelwasmodibedby Ranf(2006)to accountfor development

of bondstressat low bar strains. An illustration of the model is presentedn Fig. 3.13. In this

')
Le(")

La(")

(")

Fig. 3.13 Bond modelillustration

Pgure,c is the axial stressin the longitudinal reinforcementg;(o) is the bond stressabore the
yield stressof thereinforcementy, 1e¢(c) is the bondstressabove the bar stresghatis neededo
fully developthe bond(cg) but belov theyield stress.tq(o) is the bond stressfor stressin the
reinforcemenbelow thedevelopmentstress For this model,the elasticandinelasticbondstresses

wereassumedo be constantwith stresswhile the developmentbond stresswasassumedo be
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linearly relatedto the stressn the reinforcement.The component®f the modelaredescribedn

Equation 3.5, .
&n °-a% ¥ o<o
—=a— <oy
6y ©d4 °©
T=MAN fL oy<o

wherele and); arethe elasticandinelasticbond-stresgoebcientsrespectiely. Usingthe bond
stressdePnedn Eg. 3.5, the changen strain(changen stressllongthe lengthof the reinforce-

mentis describedy the differentialequation Equation.3.6.

d2
d_F = ud_s = T(G)Ttdb
do _ 41(o) '
dx  dp

By integratingthe strainsalongthe developmentiength,the tensilestres-displacemengn-
velopeof ananchoragéarcanbe calculatedor a column. The stress-displacementvelopefor a
typical columnis shavn in Figure3.14. For this study the nonlinearstress-displacemenglation-
shipscalculatedwith this methodweresimplipedby assuminga linearrelationshipfrom o = 0to

c = fy andasecondinearrelationshipbetweenfy and f, asseenin the bgure.

1.5

Lehman Model
- — — Simplified Model | |

0.5

0 5 10 15 20
! (mm)

Fig. 3.14 Stress-displacemenénvelopefor typical anchor bar
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The three parameter®f the bond model (64, Ae, and ;) are calibratedby comparingthe
strainsmeasuredn the columnsat the anchorage-colummterfacewith the strainsmeasured

incheswithin theanchoragéen Section4.3.

3.2.2 Compressve Stress-DisplacemenRelationships

The compressie stress-displacemenglationshipof the concretewas calculatedfrom the stress-
strainrelationshipby assumingan effective depthover which the compressie strainsact (dcon),
andmultiplying the strainsby this assumedepthto obtaina displacementThe assumedlepthis

illustratedin Figure4.11.

Fig. 3.15 Assumedcompressve depth

3.2.3 Calibration Parameters

Becausef the compleity of bondslip, the proposedondslip modelneeddo be calibratedwith
experimentalresults. The key modelparametershat needto be calibratedare the bond-strength
ratiosAe andA;, andthe depthof the compressie strainsdconp. Theseparameterarecalibratedn

Chapter.

3.3 SHEAR-DISPLACEMENT MODEL

The shearcompment(A,) of the total def3ectionof the columnwasmodeledin accordancevith

elastictheory:
k-V-L

G-Ac
40
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wherek is a shapefactorto accountor the shapeof the crosssection(k = % for circularsections),
V isthetrans\erseshearforce,andAg is thegrosscross-sectionarea.G is themodulusof rigidity

of the concreteandcanbe estimatedasthe concrcletemodulusof elasticitymultiplied by a scalar
G = yE., whereE. canbecalculatedasE; = 4730 f/, (ACI 3182002). Park andPaulay(1975)

recommendvalueof y= 0.4 (MPa).

3.4 OPENSEESIMPLEMENT ATION

The MATLAB implementatiorof theforce-basedheam-columrelementwasdevelopedfor mono-
tonic loading. Sinceboth the monotonicand cyclic behaior of a columnareimportantin seis-
mic regions,OpenSeeg$which is capableof modelingcyclic loading)wasusedto implementthe
proposedlistributed-plasticitynmodelingstrateyy for theremaindeof thisreport. This sectiondis-

cussesheimplementatiorof thethreemajorcomponent®f columndeformationinto OpenSees.

3.4.1 Flexural Component

Theforce-basedeam-columrelementin OpenSeesvasimplementedisingthe nonlinearBeam
Columncommand.TheOpenSeeanplementatiorwasveribPedoy comparinghecalculatedorce-
deformationresponse$rom OpenSeesvith the calculatedforce-deformatiorresponsefrom the
MATLAB implementatiorfor 8 columns(LehmanandMoehle 2000) (Figure 3.16). As seenin
the bgure,the force-deformatiorenvelopescalculatedwith OpenSeesre indistinguishablewith

theforce-deformatiorervelopescalculatedwith the stand-alonédATLAB implementation.

3.4.2 Bond Slip Deformation

Thebondslip deformationmodeldescribedn Section3.2 wasimplementedn OpenSeesisinga
zero-lengthsection(zeoLengthSectionplacedat the baseof the column. The zero-lengthsection
consistedf a Pbersection(Section2.1) in which the stress-deformatiorespons@f the steelwas
determinedn accordancevith Section3.2.1,andthecompressie stress-displacemergsponsef
the concretewasdeterminedn accordancevith Section3.2.2. The stress-displacemeng¢sponse
of the steelwas modeledwith steel02materialmodelin OpenSeesandthe stress-displacement

responsef the concretewvasmodeledwith concete04
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3.4.3 ShearDeformation

Thesheardeformatiormodelwasimplementedn OpenSeeby aggraatinglateral
force-deformatiorsectionsinto the Pbersectionsof the beam-columrelement,asseenin Figure
3.1. Thepropertiesof the lateralforce-deformatiomesponseveredeterminedn accordanceavith

elastictheory asdescribedn Section3.3.

3.4.4 Calculation of AverageStrains

The calculatedaveragetensilestrainvaluesat two levels of columnheightareusedin the calibra-
tion of the proposedmodelingstratgy (Section4.4). Specibcallythe measurednd calculated
averagetensilesteelstrainsarecomparedrom the baseof the columnto a quarterof the column
depth(0-D/4) anda quarterof the columndepthto the total columndepth(D/4-D/2). In a Pber
beam-columrelementthe stresseandstrainsof ary Pberin a sectioncanberecorded However,
the sectionsare only locatedat integration points, and the location of the integration pointsare
determinedrom the Gauss-Labottintegrationschemeln orderto obtainthe averagestrainsfrom
0-D/4andD/4-D/2,zero-weighintegrationpointswereaddedo theelementsatD/4 andD/2. The
addedntegrationpointsdo not affect theresultsof the analysesbut provide a meansof recording
sectionand bberbehaior at their locations. The averagef3exural tensilesteelstrainvaluesfrom
0-D/4 wereobtainedby averagingthe strainvaluesrecorded at the baseof the columnandat D/4.
Theaveragestrainvalueswereobtainedfor the D/4-D/2 segmentin a similar manner
Themeasure@veragestrainsfrom 0-D/4 alsoincludethestrainsassociateavith bondslip of
theanchorageeinforcementin orderto comparethesestrainvalueswith calculatedstrainvalues,
a calculatedoondslip componenwasincludedin the calculatedstrains. The calculatedvertical
displacemenbf the anchoragesteelwasrecordedrom the zero-lengthbondslip section(Section
3.2). Thisverticaldisplacemenivasthendivided by thelengthD/4 to obtainanaveragestrain,and

thenaddedontothe calculated3exural steelstrain.

3.5 SUMMARY

In the proposedmodelingstratgy, a nonlinearforce-based>berbeam-columrelement,a zero-

lengthbondsection,andan aggregatedelasticshearsecton are combinedto modelthe Rexural,
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bondslip, andshearcomponent®f thetotal tip delR3ectiorof a column. Thefollowing key model-

ing parametersvereidentibed:

Number of Integration Points (Np). Thenumberof integrationpointsusedn theRexibility-based,
Pberbeam-columnelement.

Bond-Strength Ratios (Ae and A;). Theratio of bondstrengthto the squareroot of the compres-
sive strengthof theconcretele = -2 andj; = -

Vi 7

DevelopmentBar Stress(cy). Thebarstresgequiredto fully developthebond.

Bond-Model CompressionDepth (dcomp). Theeffective depthof thecompressiorstrainsfor the
concreten thezero-lengthbond-slipelement.
ShearStiffnessRatio (y). Theratio of the modulusof rigidity of the concreteto the modulusof

elasticityof theconcretey = %
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4 Calibration of Distributed-Plasticity
Column Model

To accuratelymodelreinforcedconcretecolumnbehaior, thedistributed-plasticitynodelingstrat-
egy proposedn Chapter3 was calibratedwith experimentalresults. The modelingparameters

identibedfor calibrationin chapter2 and3 are:

Strain-Hardening Ratio (b). Theratio of post-yieldstiffnessof the reinforcingsteelto the mod-
ulusof elasticityof thesteel,b= 5 (Section2.2.1).

Bond-Strength Ratios (Ae and A;). Theratio of bondstrengthto the squareroot of the compres-
sive strengthof theconcretele = 22 andj; =

Vi i

DevelopmentBar Stress(cy). Thebarstressequiredto fully developthebond.

Number of Integration Points (Np). Thenumberof integrationpointsusedn the3exibility-based,
Pberbeam-columrelement(Section3.1).

Bond-Model CompressionDepth (dcomp). Theeffective depthof thecompressiorstrainsfor the
concreten the zero-lengthbond-slipelement(Section3.2).

ShearStiffnessRatio (y). Theratio of the modulusof rigidity of the concreteto the modulusof

elasticityof theconcretey = E (Section3.3).

This chapterdiscussedhe calibrationstratgy usedin this reportand presentghe results
of this analysis. The resultsof a sensitvity analysisarethenpresentedo identify the effects of

varyingkey parameters.



4.1 COLUMN DATA

A subsef eight columnsfrom the bridge columndatasetdesignatedn Sectionl.3 wasusedto
calibratethe distributed-plasticitycolumn-modelingstratgy. The eightcolumnswerethe experi-
mentsdocumentedn LehmanandMoehle(2000),andareincludedin Tablel.1. Thesecolumns
wereselectedbecausehey met Caltrans/AASH™D detailingrequirementandthe following data

wereavailable.

- Force-displacemeritistories
- Strain-gagehistories
- Relatve-rotationhistories(averagecurvature)

- Obsenationsof damage

This datawerenot availablefor all columnsin the databasespecibcallythe strain-gagedataand
averagerotations.

Becausestimatingoothglobalandlocal deformationsreimportant theforce-displacement
envelopesandthe averagestrainsin the tensilereinforcementvereusedin the calibrationof the
distributed-plasticitymodel. The force-displacemengnvelopesand averagestrain-displacement
ervelopeswvereextractedfrom therecordedligital force-displacemerttistoriesof thecolumnwith
the algorithmdescribedn Parish (2001). The averagestrainswere calculatedfrom the average
rotationsmeasuredvith the potentiometerasdescribedn AppendixC of LehmanandMoehle
(2000).

The averagestrainsat two differentlevels of the columnheigh wereusedin the calibration
of the distributed-plasticitymodel,the averagestrainsfrom the baseof the columnto onequarter
of the columndepth,0 — D/ 4, andthe strainsfrom one quarterof the columndepthto half the
columndepth,D/ 4 — D/ 2. 1t shouldbe notedthatthe averagestrainsat the baseof the column
includedeformationgrom barslip sincethepotentiometeratthe baseof thecolumnmeasurdooth
the Rexural displacemenandthe displacementiueto bondslip of theanchorageeinforcement.

The averagestrainswereusedin this studyinsteadof the straingages becausgotentiome-
tersareableto accuratef measuraleformationat higherlevelsof deformation.Theaveragestrain
measurementaereveripedwith the straingagesattachedo thereinforcementandat low levels

of deformationthe measurementweresimilar.
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4.2 STEEL STRAIN-HARDENING RATIO CALIBRA TION

The strain-hardeningatio wascalibratedoy minimizing the squareroot of the sumof the squares
of the differencebetweenthe calculatedresponseof the steelundermonotonicloadingto the
measuredesponsdrom coupontestsup to a strainof 0.1. The measuredtress-straimesponse
usedfor this calibrationwasthe averageresponsef the coupm testsperformedby Lehmanand
Moehle (2000). A valueof b = 0.0097 minimizedthe normalizederror with a value of 3.91%.
However, for simplicity, b = 0.01 wasselectedasthe optimal value, (normalizederror = 3.93%).

Themeasure@ndcalculatedmaterialresponseareshowvn in Figure4.1.

700
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E 400
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100 — Calculated (b = 0.01)| |

0 0.02 0.04 0.06 0.08 0.1

€s

Fig. 4.1 Measured and calculatedstress-strainresponseof steel

4.3 BOND-STRENGTH MODEL CALIBRA TION

Threeparameter®f the bond model (oq4, Ae, andA;, dePnedn Figure 3.13) were calibratedby
comparingthe strainsmeasuredn the columntestsat the anchorage-columimterfacewith the
strainsmeasuredix incheswithin the anchorage Of the 16 possiblestrain-gagesets(north and
southlocationsfor the 8 columns),measurementom both of the straingageswerereliableup
to aninterfacestrainof 0.015for 8 sets. The envelopesof the interfacegagestrainsversusthe
anchorag@agestrainsfor the 8 strain-gagesetsareshowvn in Figure4.2.

The bestbt of the ervelopesfrom the 8 strain-gagesetsshowvn in Figure4.2 wasrealized

usingelasticandinelasticbond-stresgoebcientsof A = 0.9 and; = 0.45, anda development
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stressof 64 = 0.250y. Thesevalueswould vary if the steelwere modibedfrom the bilinear ap-

proximation,b = 0.01.

2
Measured
Calculated
1.5¢
'R
o
—
x 1
5
0.5F
0 ‘
0 1 2 3 4 5

Fig. 4.2 Bond-strength calibration

4.4 OPTIMIZA TION STRATEGY FOR REMAINING MODEL PARAMETERS

4.4.1 Measuresof Accuracy

In orderto successfullyredicttherespons@ef a columnunderseismidoading(includingdamage
prediction)both the global force-deformatiorresponseandthe local curvaturesand strainsmust
bepredictedaccurately Thecalibrationof the proposednodelingstratey consideredheaccurag

of boththeglobalandlocalresponsesThe parametersisedin this chapteto measureheaccurayg

of themodelingstratgy areasfollows.

Pushover Error (Epusy. Theaccurag of theforce-displacemergnvelopewasaccountedor with

the pushwer error, which is debPnecas

i n o i 2
Z4i:1 Fmeas_ Fcalc (41)

E 2
(max(Fmead)“n

push:
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whereFneasandFqc arethemeasuredndcalculatedorcesatcorrespondinglisplacements
up to adrift ratio of 4%, andn is the numberof datapointsn the envelope(n = 100for this
study).

Strain Error (Egrain). Theaccurag of themodelsability to predictaveragestrainswvasaccounted

for with the strainerror, which is debnedas

= R
E = i Zln: 1 E}neas_ SICa|C (4 2)
srain (max(gmeas))2 n

whereemeasandeqgc arethe measuredndcalculatedaveragestrainsat correspondinglis-

placementap to a drift ratio of 4%. The strainerror wasaccountedor at two rangesof

columnheight, from the baseof the columnto a quarterof the columndepth Eg;ﬁ/ o
andfrom a quarterof the columndepthto half thecolumndepth Eé?éﬁfm 2 Themethod

usedto calculatethe averagestrainsover thetwo heightsis describedn Section3.4.4.
StiffnessRatio (S.R.) istheratioof measuredtiffnessto calculatedstiffness%ﬁ whereKmeas=
Ar'%s andKgge = A—fgﬁ. Fy is the smallerof the calculatedateralforce at Prstyield of the
y y
tensilereinforcementandthelateral,effective force calculatedat a concretestrainof 0.002.
AJeasand A2 arethe measuredndcalculatecdisplacementassociateavith Fy.
Moment Ratio (M.R) is theratio of the maximummeasureagnomentat or before4% drift to the
Mmae>
MRS

Degradation Err or Ratio (D.R.) is a parametethat captureshe effectivenessof the modelin

calculatednomentat or before4% drift,

predictingcolumndegradation.

|
Doy +
F4% F3%' F4% _F3% !

D.R = Ca'lczg% e (4.3)
calc meas

A degradatiorerrorratio closeto zeromeanghatthe modelaccuratelynodelsdegradation.

4.4.2 Optimization Procedure

The MATLAB function, fmincon was originally usedto performthe constrainechonlinearop-
timization. The function fminconbndsthe constrainedminimum of a scalarfunction of several

variablesstartingat an initial estimateby using the SequentialQuadraticProgramming(SQP)
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method(MATLAB 2000).However, this methodwasabandonetbecauséhe presencef multiple

local minimumshinderedthe methodsability to obtainthe globalminimum.

The optimizationwas performedby runninga pushaer analysisfor a broadrangeof mod-
eling parameterandthenselectinghe schemen which the meantotal error (E:qta1, Equation4.4)
wasminimizedandthe additionalmodeling accurag terms(e.g.,stiffnessratio) werereasonable.
Therangeof valuesusedfor eachcalibrationparameteareshavnin Table4.1,alongwith thestep
sizebetweernconsecutie valueswithin therange.The analysisconsistedf every combinationof

the optimizationparametersWherec is equalto the column®neutralaxis depthat a maximum

Table4.1 Calibration parameter rangesfor initial run

parameter Ny deomp Y

min 4 0.1c 0.10
max 7 2.0c 0.80
stepsize 1 0.1c 0.10

compressie strainof 0.002(c). In additionto theparametevaluesindicatedn thetable ,themodel

without sheardeformationwasalsoconsideredn the optimization(i.e.,y = oo).

Theobjectve functionfor the optimizationwasa combinationof theaveragepushwer error

andaveragestrainerrorsat the two rangesof the columnheight. Thetotal error, E;ta, is debPned

as
Etotal = :—2Lmean+Epush’ + %mean EQ.DD 4 %mean S (4.4)

where: o+ + N
= i mean Epusn (4.5)

min mean Egﬁ;ﬁ""

. + + 1
Ko = min mean Epush (4.6)

(D/4-DI2)"

min mean Eg i,

wheremeanentailsthe averagevalueover the eightLehmanandMoehle(2000)columrs, andmin
entailsthe minimum value out of the total numberof combinations.The o termsareincludedto

ensurehatthe errortermsareof similar magnitude.
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4.5 OPTIMIZA TION RESULTS

The optimizationstudy describedn the previous sectionwas performedfor the eight columns
describedoy LehmanandMoehle (2000). The top 20 combinationdrom the optimizationstudy
arereportedin Table4.2. The accurag measureseportedin this table(e.g.,E;qtal andS.R.)are

averagevaluesfor the eightcolumns.

Table 4.2 Distrib uted-plasticity optimization results

l1c 03| 712 6.75 6.80 17.29 0.90 1.03 0.94
11c 05| 712 6.75 6.80 17.29 090 1.03 0.94

Parameteivalues Measure®f Accuray
Rank | Np  deorp ¥ | Eiwa  Epush  Eor’  ES2 P2 SR, MR. DR
1 6 0.8c 01| 7.02 6.62 6.83 16.94 091 1.03 0.87
2 6 0.7c 01| 7.02 6.60 6.95 16.77 0.90 1.03 0.86
3 6 lc 0.1 | 7.03 6.63 6.78 17.07 0.92 1.03 0.92
4 6 09c 01| 7.04 6.63 6.82 17.06 091 1.03 0.90
5 6 11c 01| 7.05 6.65 6.70 17.32 092 1.04 094
6 6 12c 01| 7.05 6.65 6.59 17.58 0.93 1.04 0.93
7 6 0.6c 01| 7.06 6.62 7.15 16.51 0.89 1.03 0.78
8 6 13c 01| 7.07 6.67 6.50 17.87 0.93 1.04 1.02
9 6 l4c 01| 707 6.67 6.47 17.98 094 1.04 1.06
10 6 16c 01| 7.08 6.69 6.43 18.08 094 1.04 1.10
11 6 15¢ 01| 7.08 6.68 6.45 18.07 094 1.04 111
12 6 09c 02| 711 6.72 6.97 16.94 0.89 1.03 091
13 6 09c 03| 711 6.72 6.97 16.94 0.89 1.03 091
14 6 09c 05| 711 6.72 6.97 16.94 0.89 1.03 091
15 6 09c 06| 711 6.72 6.97 16.94 0.89 1.03 091
16 6 09c 07| 711 6.72 6.97 16.94 0.89 1.03 091
17 6 17¢ 01| 711 6.70 6.43 18.33 095 1.04 1.12
18 6 l11lc 02| 712 6.75 6.80 17.29 0.90 1.03 094
6
6

It was difpcult to objectively selectan optimal solution from this analysisbecausemary
combinationsof parametersesultedin nearlyidenticalvaluesof E;q5. The proposedmodeling
stratgy wasnot sensitve to several of the optimizationparametersandthe optimizationresults
weredominatedoy severalcombinationghatdifferedonly by thoseparametersFor example,the
only parametethatdiffers betweerthetop 11 ranked combinationss the bord penetratiordepth
(deormp)-

The effect of Np on the optimizationsurfacecanbe obsered by sortin_g the optimizaton
resultsPrstby Np andthenby E;qta, andthen plotting the normalizederror E%t,g-: — 1' versus
the normalizedrank order (i.e., the rankingdivided by the total numberof combis;tionsXFigure
4.3). Thenormalizederrorvariedfrom 0 (Egta = 7.02) t0 0.92 (Etgta) = 13.46). As seenin the
Pgure the bestresultsareobtainedfor N, = 6. Nonethelessaslong asbve integrationpointsare

used,similar minimum valuesof E;q5 canbe obtained. This resultcanbe explainedby noting
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that the columnsbeing studiedare well-conbPnedcolumnswith hardeningsectionbehaior. For
suchsectionghe numberof integrationpointsshouldnot signibPcantlyaffect the calculatedylobal

or localresponse¢Section3.1.1). For modelingefPcieng, the comhkinations with pve integration

0.2

0.3 0.4 0.5

Relative Rank Order

pointswill beusedto selectthe optimalsolution.

Table 4.3 provides the top 20 combinationsin which N, = 5. As seenin the table, the
combinationthatminimizesthe total error (E¢gta) = 7.13) is deonp = 0.4c andy = 0.1. As seenin
Table4.3,y doesnot signibcantlyaffect the accurag of the model. The combinatiorwith y= 0.4

(# 16, dcomp = 0.5C, Ettal = 7.21) will bechoserasthe optimalsolutionto remainconsistentvith

previousresearchPark andPaulay(1975).
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Table 4.3 Distrib uted-plasticity optimization results(np = 5, y= 0.4 and deonp = )

ParameteValues Measure®f Accuray
Rank | Np  deorp 7 | Bt Epush  Eormn’ EmraP? SR, MR. DR
1 5 04c 01| 7.13 6.85 6.57 17.52 0.87 1.04 0.35
2 5 0.5¢c 0.1 ] 7.15 6.83 6.52 17.87 0.88 1.04 042
3 5 0.3c 01| 7.16 6.91 6.78 17.02 0.86 1.04 031
4 5 0.6c 0.1 | 7.17 6.82 6.49 18.22 089 1.04 044
5 5 04c 02| 719 6.96 6.62 17.37 0.85 1.04 0.36
6 5 04c 03| 719 6.96 6.62 17.37 0.85 1.04 0.36
7 5 04c 05| 7.19 6.96 6.62 17.37 085 1.04 0.36
8 5 04c 06| 719 6.96 6.62 17.37 0.85 1.04 0.36
9 5 04c 0.7 ] 7.19 6.96 6.62 17.37 085 1.04 0.36
10 5 0.5c 02| 7.20 6.96 6.52 17.73 0.86 1.04 0.40
11 5 0.5¢c 03| 7.20 6.96 6.52 17.73 086 1.04 0.40
12 5 05c 05| 720 6.96 6.52 17.73 0.86 1.04 0.40
13 5 0.5c 06| 7.20 6.96 6.52 17.73 0.86 1.04 0.40
14 5 0.5¢c 0.7 | 7.20 6.96 6.52 17.73 0.86 1.04 0.40
15 5 0.7c 01| 7.20 6.84 6.46 18.47 0.90 1.04 0.48
16 5 05c 04| 7.21 7.02 6.51 17.61 085 1.04 0.38
17 5 06c 02| 7.21 6.94 6.44 18.14 087 1.04 043
18 5 06c 03] 7.21 6.94 6.44 18.14 087 1.04 043
19 5 0.6c 05| 7.21 6.94 6.44 18.14 0.87 1.04 0.43
20 5 0.6c 06| 7.21 6.94 6.44 18.14 0.87 1.04 0.43

The selectedptimalsolutionis asfollows.

Strain-Hardening Ratio, b= 0.01

Bond-Strength Ratios, Ae = 0.9 and A; = 0.45.

DevelopmentBar Stress,cq = 0.25cy .

Number of Integration Points, N, = 5.

Bond-Model CompressionDepth, deomp = 0.5¢ (Half theN.A. Depthatec = 0.002).
ShearStiffnessRatio, y= 0.4.

Thiscombinatiorof parametersesultedn thefollowing meammeasuresf accurag: Eiga =
7.22, Epusn= 7.02,EL.D'Y = 6,51, E/ P2 = 17.73, stiffnessratio = 0.85, momentratio =
1.04anddegradationerrorratio = 0.38. The correspondingoebcientsof variation (%) for these
measuresvere20,43,44,44,11,8, and-.

In a pilot study a similar optimizationwasrun without including the tensilestrengthof the
concrete andusingthe bond-strengthratios proposedoy Lehmanand Moehle (2000) (Ae = 1.0,
Ai = 0.5). This optimizationresultedin dcomp = 1.0c, Y= 0.4, andNp = 5. This combination
of parametersesultedin the following meanmeasure®f accurag: Eigtal = 7.45, Epysh= 6.73,
Eg;i?]/ Y =778, Eé[r)éﬁfm ?) = 14.40, stiffnessratio = 1.02, momentratio = 1.03,anddegradation

errorratio= 2.04.
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4.6 MODEL EVALUATION

Theselectedptimal solutionfrom the previous sectionwill beevaluatedn this section.First, the
measure@ndcalculatedorce-displacemerdgnvelopesarecomparedandthevariouscomponents
of thetotal calculateddeRectiorarestudied.Then,themeasure@ndcalculatedensilesteelstrain-

displacemengrvelopesarecompared.

4.6.1 Force-DisplacemenEnvelopes

Themeasure@ndcalculatedusingthe optimalsolution)force-displacemergnvelopesareshavn
in Figure4.4. The proposednodelingstratey accuratelypredictsthe stiffnessratio for all eight
columns. However, the proposednodelingstraegy overestimateshe stiffnessof all eightof the
columnsbeyond 3% drift. It is difbcultto obsene trendsin modelaccurag with only theseplots.
Trendsin the accurag of the proposedmodelingstrateyy is studiedin greaterdetail laterin this
report.

The percentagef total de3ectiondue to Rexure, bond slip, and shearare plotted versus
displacemendluctility in Figure4.5. As seenn Figure4.5,the calculatedshearcomponenbf total
delRections negligible, rangingfrom 2.5%to 0.3%o0f thetotal columndeRection Additionally, as
expectedthe componentf total del3ectiordueto bondslip decreasewith increasingaspectatio,

andincreaseslightly with the level of columndeformation.

4.6.2 Strain-DisplacementEnvelopes

The measuredand averagecalculatedstrainsfor two rangesof column heightare comparedup
to a displacementuctility (AAy) of 8 in Figure 4.6, and up to a displacementuctility of 3 in
Figure4.7. The vertical lines in bgures4.6 and 4.7 representhe ductility level at which the
researcherseportedthe onsetof cover spalling. As seenin the bguresthe proposedmodeling
stratgy accuratelypredictsthe strainsat low levels of columndeformation put is lessaccurateat
higherlevels. In general,shortly after the onsetof spalling,the measuredtrainvaluesat D/ 4 —
D/ 2 increaserapidly andthe measuredstrainvaluesat 0 — D/ 4 dip below the calculatedvalues
andbegin approachinghe strainsat D/ 4 — D/ 2. This pattern,which was obsened for 6 of the
8 columns,suggestshat the discrepanciesn measurednd calculatedstrainsat higherlevels of

columndeformationmay be dueto the debondingof thelongitudinalreinforcemenup the height
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of thecolumn.
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4.7 SENSITIVITY ANALYSES

A parametricstudywasperformedo verify theresultsof the optimizationanalysisandto demon-
stratethe effect of the key modelingparameter®n modelaccurag. In this study the measures
of accurag were plotted versusthe bve modelingparameterso demonstratehe effect of each
paramete(Pgures4.8through4.12). The optimalsolution(b = 0.01,Np = 5, dcomp = ¢, A= 1.0,
andy = 0.4) wasusedasa basis,andeachparametewasvariedindividually.

In Figure 4.8 the effect of the strain hardeningratio is studiedby plotting the maximum,
minimum, and meanvaluesof E;qa, SR., M.R., andD.R. versusthe strain-hardeningatio (b).
As seenin the bPgure,a b valuenear1% minimizesthe meanE;qg . This resultis consistentvith
theresultsof the previous section.As expectedjncreasingo doesnot affect the stiffnessratio, but
decreasetheM.R. andincreasesheD.R.

Similarly, theeffect of thenumberof integrationpointsis shavn in Figure4.9. As seerhere,
slightly bettervaluesof E;qa1, M.R., andD.R canbe obtainedby using6 or 7 integrationpoints,
but the increasein accurag doesnot outweighthe lossof efbcieny. As expected,the stiffness
ratiois not affectedby Np.

The effect of the bond-strengthiatio (A) on pushoer accurag is shavn in Figure4.10. As
expectedas increasesthe stiffnessratiosandmomentratiosdecreasendthe degradationerror
ratiosincrease A nggligibly bettervalueof E;q5 canbeobtainedby usingA = 0.5 thanA = 1.0;
however, the stiffnessratio andmomentratio arebetterusingA = 1.0. The bestmomentratio is
obtainedby usingA = oo, which representsio barslip.

The effect of the bondcompressionlepth(d.onp) 0N pushaer accuray is shavn in Figure
4.11. Thestiffnessratios,momentratios,anddegradationerror ratiosincreaseasdgony increases.
ThebestEa Valuewasobtainedfor deonp = ¢, but similar valueswereobtainedfor deonp = 0.1
and0.2.

Finally, the effect of the sheardeformationratio (y) is shavn in Figure4.12. As discussed

earlier theshearatio inRuencesheaccurag little.
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4.8 EVALUATION WITH DATABASE OF BRIDGE COLUMNS

The proposedmodelingstratgly was usedto modelthe 37 bridge columnsidentibedin Section
1.3. Key accurag statisticsof this evaluationare provided in Table4.4. The meanvalue of the
pushaer error Epysh Wwas7.4%. The meanvaluesof the stiffnessratios(SR.) andmomentratios
(M.R.) were0.85and1.03,with corresponding.o.v.@ of 15.6%and7.9%. Themeanvalueof the
degradatiorratios(D.R. ) was-0.51.

Table 4.4 Accuracy statisticsfor enveloperesponseof distrib uted-plasticity model

Statisc ~ Epusi%) SR M.R DR

Mean 7.4 0.84 1.03 -0.51
c.0.V. (%) - 156 7.9

The measure®f modelingaccurayg areplottedversuskey columnpropertiesto determine
if theaccurayg of themodelis sensitve to thesepropertiesIn Figure4.13,Epshis plottedversus,
aspectatio (L/ D), longitudinal-reinforcementatio (p;), axial-loadratio (P/ f{Aq), effective con-
Pnementatio, concretecompressie strength,andthe ratio of spiral spacingto longitudinal bar
diameter(s/ dp). Includedin the Pgurearethe R? values,which indicatethe magnitudeof corre-
lation betweenEp,sh andthe property As seenin the Pgure thereareno signiPcantrendsin the
data.

Similarly, thestiffnessratiois plottedversushekey columnpropertiesn Figure4.14. Slight
trendscanbeobsenedin SR. versusL/ D and f/, with R? valuesof 0.11and0.12.

The maximummomentratio (M.R.) is plottedversusthe key propertiesn Figure4.15. As
seenin thebgure only onetrendcanbeobsered. Themomentratio decreasewith abincreasen
effective conbnementatio.

Thedegradatiorratio (D.R.) is plottedversushekey propertiesn Figure4.16. Thereareno

signibcantrendsin thedata.
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4.9 SUMMARY

The measure®f accurag andoptimizationschemaeutilized to calibratethe distributed-plasticity
column model were presentedn this chapter The resultsof the optimizationstudy were then

presenteéndanoptimalsolutionwasselectedThe optimalmodelparametersvereasfollows.

- Strain-Hardenindratio,b = 0.01.

- Bond-StrengtiRatios,Ae = 0.9 andA; = 0.45.

- DevelopmentBar Stressgg = 0.250y.

- Numberof IntegrationPoints,N, = 5.

- Bond-ModelCompressiorepth,dcomp = 1/2 neutralaxisdepthatec = 0.002.
- ShearStiffnessRatio,y= 0.4.

This combinationof parametersesultedin the following meanmeasure®f accurag when
appliedto thedataseof 8 columntestsby LehmanandMoehle(2000): Eita) = 7.22,Epush= 7.02,
E;?;iﬁ’ Y = 651, E;?;;_D/ 2 = 17.73, stiffnessratio = 0.85, momentratio = 1.04anddegradation
errorratio = 0.38. The correspondingoefcientsof variaion for the stiffnessratio andmoment
ratio were 11% and8%. Whenappliedto the bridge datasetthe meanvalue of Epysh Was7.4%.
The meanvaluesof the stiffnessratiosandmomentratioswere0.85and1.03with corresponding

c.0.v.8 of 15.6%and7.9%. The meanvalueof the degradatiorratios(D.R. ) was-0.51.
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5 Development of Lumped-Plasticity
Column Model

The spread-plasticityforce-basedcber beam-columrelementis susceptibleto strain localiza-
tion andlossof objectvity in degradingmemberqSection3.1.1). A lumped-plasticitycolumn-
modelingstratgy is developedto overcomethis limitation, andto provide alesscomplex model-
ing stratgy. In this chapteralumped-plasticitynodelformulationis presentedandkey modeling

parameterareidentibedfor calibration.

5.1 MODEL FORMULATIONS

The widespreadmplementationof nonlinearanalysismethodsin software to supportanalysis
anddesignhasled to the developmentof a variety of plastic-hingemodelformulations. In this
chaptey two modelformulationsare presentedpnethatis commonlyemplo/edin design,anda
more complicatedformulationthat can be implementedn a standarddisplacement-basednite
elementframework (e.g.,OpenSees)Figure5.1 shavs atypical cantilever columnsubjectedo a
lateralload. The bpgurealsoshavs themomentandactualcurvaturedistributions,andtheidealized
cunvaturedistributions that are the basisfor the two lumped-plasticitymodelspresentedn this

chapter

Theformulationof theplastic-hingemodelemployedin designusegheidealizeddistribution
showvn in Figure 5.1(d) to develop an expressionfor the post-yield displacementt the top of
the column, A. The cunatureis assumedo be linear above the plastic hinge, and the plastic

cunvatureis assumedo be constaniver the heightof the plastichinge. The resultingpost-yield
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total displacementanbe expressedasfollows.

$ R
A= Ayt (Pase—Oy)Lp L—= (5.1)

where:¢y is thecolumncurvatureat Prstyield, ¢paseis thecurvatureassociategvith themomentat
the baseof thecolumn,L is thedistancerom the baseof the columnto the point of contralR3eure,
Lp is theplastic-hingdength,andAy is theyield displacemenof the column.

ScottandFerves(2006)developeda lumped-plasticityformulation suitablefor implemen-
tationin a standarddisplacement-basdanite-elemenervironment. The formulationutilizes the
force-basedbberbeam-columrelemenformulation,andintroducesa modibPedntegrationscheme
in whichinelasticdeformationsareconbnedo anassigneglastic-hingdength. This formulation,
which is availablein OpenSeesiesultsin the curvaturedistribution shovn in Figure5.1(e). The
cunaturedistributionis linearabove the plastichinge,andwithin the plastichingethe curvatureis
calculatedvith moment-curatureanalysis.Implementatiorof this methodfor a cantilever column
resultsin thefollowing expressiorfor the post-yieldtip displacement.

$ %

M base |-2

where: Mpase and Opase arethe momentand associateaturvatureat the baseof the column,and

72



(EDest Is the effective sectionstiffnessof the elasticportion of the column. If (El)eff = My is

dy
substitutednto Equation5.2, the following equationcanbe obtained.
$ %$ %
—_ Mbase |—2
A= ¢y M E - I—I—p + q)basé—l—p (5-3)
y

whereMy is themomentat brstyield.

The OpenSee®rnvironmentwas usedin this reportto model column behaior becausat
is capableof modelingcyclic and bidirectionalloading, and variableaxial loads. The lumped-
plasticitymodelformulationproposedy ScottandFerves(2006)wasusedwithin OpenSeesThe
OpenSeesnplementations discussedn greaterdetailin Section5.5.

Computingthetip displacementith eitherof thesemethodsrequiresestimatingthe yield
displacementcomputingthe moment-curatureresponsef the columncrosssection(i.e., Opase
and ¢y), andan expressionfor the plastic-hingelength. The following sectionsdiscusseachof

theseparametergdividually.
5.2 YIELD DISPLACEMENT

Thecalculatedyield displacemen(A§a'°) is typically computedn accordanceo elastictheoryas

FL3
calc — y
Ay

~ 3(El)ert 54)

where(El)es ¢ is the effective stiffnessof the crosssection,which canbe calculatedwith several

methods.Two methodsarediscussedhn thefollowing subsections.

5.2.1 GrossSectionProperties

A simpleapproacHor calculating(El)et ¢ is to usethe gross-sectiostiffnessasfollows.

(EDeft = Eclg (5.5)

whereE. is the modulusof elasticityof the concreteandlg is the secondnomentof inertiaof the
grosscross-sectionarea(lg = “6—'?44 .

Equationss.4 and5.5 provide a corvenientmeansof predictingtheyield displacementhut
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they ngglectthe effectsof sheardeformation,anchorageslip, andaxial load (cracking). A factor
canbeintroducedo accountfor theseshortcoming®f this methodology

calc — iFyLB

Y og3Elg 56)

whereoy is the stiffnessmodibcatiorratio thatis to be calibratedwith experimentakresults. This

parameters studiedandcalibratedn Section6.2.

5.2.2 SectionSecantStiffness

Alternatively, (El)ef s canalsobetakenasthesecanstiffness((El)seq of thecolumncrosssection.

Thesecanstiffnessis the slopeof the moment-curatureplot up to theyield moment,My.

(EDett = (El)sec= My (5.7)
Py

This methodaccountdor the crackingof the columncrosssection but assumeshatthe columnis
cracledovertheentireheightof the column.

Equationss.4 and5.7 provide a corvenientmeansof predictingthe yield displacementhut
they ngglectthe effectsof sheardeformationandanchoragelip. A factoris introducedo account

for theseshortcoming®f this methodology

calc — 1 FVL3

_— 5.8
y Osec3(El)sec (5-8)

whereasecis a stiffnessmodibcatiorratio thatis calibratedwith the experimentaldatadescribed

in Section6.2.

5.2.3 ExpectedTrendsin ogand dsec

The componenbf total deformationdueto shearis dependenbn the aspectratio of the column,
%. Therefore oy andosec areexpectedio dependon the aspecratio. The following calculations

arecarriedoutto demonstratéow sheardeformationvarieswith aspectatio.
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TheRexural componenbf theyield displacemen(Af;) for acircularcantilever column(lg =
“6—'3;1) canbecalculatedas
f_0LP_ MLZ o ML 64LAMy

A = = = 5.9
Y7 3 T Ely g 3D (5-9)

whereL is thelengthof thecolumnandgy is theyield curvatureof the section.The componenbf

theyield displacementlueto shear(Ay) canbecalculatedas

AV = 4FyL 4My B 4My
Y7 3GAs 3GA; 3G

(5.10)

whereG is themodulusof rigidity of theconcreteF is thelateralshearforce,andAg is thegross

areaof thesection.Theratio of Ay to A)f, canbesimplibedto thefollowing expression.

AY E

= —+— (5.11)

Ay 4G 5
Theratio decreasewith increasingaspectatio, indicatingthatthe fraction of deformationdueto
sheardecreasewiith increasingaspectratio. Therefore the stiffnessmodibcationratios (c,g and

Oseg areexpectedo increasewith increasingaspectatio.

Thefollowing calculationsarecarriedout to studythe comporent of total deformationdue

to bondslip. Thecomponentf deRectiordueto bondslip canbe approximatedasfollows.
AD= OpL (5.12)

where: 0y, is baserotationof the columndueto bondslip, which canbe calculatedas

b (Ue+ Ug)

0

(5.13)

wherey is theratio of the corediameter(D’) to total columndiameter(D), y = %’. Ue andu; are
the vertical displacement®sf the tensilesteeland compressie steel,which canbe calculatedas
follows (Section3.2.1).

U= —2 (5.14)



L€l
u,= 4 (5.15)
2
where: L, and L’ID arethe developmentiengthsfor the compressie andtersile steel,respectiely.
gy is thetensilestrainof the reinforcementandey is the strainin the compressiomeinforcement

whenthetensilereinforcemenyields, thatis
ey = 0yYD — ¢y (5.16)

Thedevelopmentengths(Lq andL}) of equations.14and5.15canbe calculatedasfollows.

_ Gofy

dp f

I — y
La= 5 (5.18)

where:tisthebondstresgt~ 1.0 f/, f/in MPa),andd, andfy arethediameterandyield stress
of thelongitudinalreinforcementrespectiely. Theyield strainey in acolumncanbeapproximated

asafunctionof yield curvatureandcolumndepthasfollows (Priestley etal. 1996).
gy = — (5.19)

where: A = 2.45 for spiral-reinforcedcolumnsand 2.14 for rectangulareinforcedcolumns. If
equations.13-5.1%resubstitutednto Equation5.12with theidentitiesfy = Esey and f{, = Eseg,,

thefollowing expressioris obtainedfor displacementlueto bondslip.

\bo (MR —2)+ 2) DEsLdp03
y 8y 2t

(5.20)

Theratio of thecomponenbf yield displacementlueto bondslip to thatfrom Rexural deformation

(Equation5.9) canbe calculatedasfollows.

A) _ 30— 2) + 2) dfy

A; ayh L (5.21a)
_ 3(YMYA—2)+ 2) Lg
= 0 = (5.21b)
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This ratio increasesvith an increasen fZ—ﬁb; thereforethe fraction of total deformationdue to

anchoragalip shouldincreasewith this parameterog andosecarethereforeexpectedo decrease
with increasing%.

In additionto theexpectedrendsdiscusse@bove, o is expectedo vary with varyingaxial-
loadratio (A&) andlongitudinal-reinforcementatio (p;). Eclg assumeshatthereis no cracking
in the section,andoverestimateshe sectionstiffness.Therefore pg will belessthan1.0to reduce
this stiffness. At higheraxial loads,ag would not needto reduceEclg asmuch becauseat high
axial loads,the neutralaxis depthwill be large, andtherewill be lesscracking. Thereforeoy is
expectedto increasewith anincreasein axial load. Similarly, therewill be lesscrackingwith
higherlongitudinal-reinforcememnatios,thereforeal pha, is expectedto increasewith increasen
pr-

Table5.1summarizeshe expectedrendsin the stiffnessmodibcatiorratios.

Table5.1 Expectedtrendsin o

fyd
Ag)f = P
T |
-

O~

1 —>

5.3 MOMENT -CURVATURE RESPONSE

For this study, the crosssectionsof the columnswere modeledwith bbersectiong(Section2.1).
With a bbersection,the columncrosssectionis divided into small Pbersin which eachbberis
assigneda particularstress-straimesponsedependingon the materialthe Pberrepresents.The
Pbersectiondiscretizationstratgiesdevelopedin Section2.3 andthe materialmodelsdescribed

in Section2.2wereusedio modelthemoment-curatureresponsef thelumped-plasticitymodels.

5.4 PLASTIC-HINGE LENGTHS

Many modelshave beenproposedo estimatethe plastic-hingdengthbasedon the columnprop-
erties. Previousresearcherge.g.,Priestlg etal. (1996); Mattock (1967)) have proposedhatthe

plastic-hingdengthis proportionalto the columnlength,L, columndepth,D, andthelongitudinal
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reinforcemenpropertiesasin thefollowing equation:
Lp= &1L+ &D+ &sfydp (5.22)

wherefy andd, aretheyield stressandbardiameteof thetensiornreinforcementrespectrely. The
columnlengthis includedin Equation5.22to accountfor the momentgradientalongthelengthof
the cantilever, andthe columndepthis included to accountfor the inlBuenceof shearon the size
of the pladic region. The propertiesof the longitudinal barsareincludedto accountfor additional
rotationatthe plastichingeresultingfrom anchoragdondslip.

Priestlg etal. (1996)proposedanequationto calculatethe plastic-hingdengthin columns,
in which&; = 0.08,&, = 0, and&z = 0.022(fy in MPa) with anupperlimit on L, of 0.044 fyd,.
Mattock (1967) proposedan equationto calculatethe plastic-hingelengthin beams,in which
1= 55,82 = 3, and&z = 0.0.

Equation5.23providesareasonablestimateof columnplastic-hingdength;howeverit can

be shavn thatthe amountof deformationdueto bondslip is expectedto vary with 3‘1_? andnot
just fydy. Thereforethefollowing modibcatiorto Equation5.22is proposed.
fyd
Lp= EiL+ ED+ £z (5.23)

E3]

Cc
Equation5.23 is usedin this researcho representhe length of plastic hinges. The unknovn
parameter¢iy, £, and&s) arecalibratedwith experimentaresultsin Chapte6. Uponcompletion

of thecalibration theeffectof usingthegeneraform of plastic-hingdengthproposedy Equation

5.22will beevaluated.
5.5 OPENSEESIMPLEMENT ATION

The OpenSeesmplementationof the lumped-plasticitymodel was usedin this report because
OpenSeess capableof modelingcyclic andbidirectionalloading, andvariableaxial loads. For
this researchthe lumped-plasticityintegration schemeproposedby Scottand Ferves (2006) is
usedwithin OpenSeesThe currentversionof OpenSeegversionl.6.2.f) hasthreeformulations
of lumped-plasticitymodels. The formulationdiscussedn Section5.1 (Scottand Ferves2006)

is usedwith the beamVithHinges3commandin OpenSees.This commandtakes as input the
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column®&Pbersection plastic-hingdength,andthe propertiesof the elasticportionof the column
(i.,e.,E, I, andA).

The applicationof the stiffnessmodibPcationratios (0,g and aiseq to the Scottand Ferves
(2006) formulation of the lumped-plasticitymodelis complex. With this formulation, the pre-
yield lateralstiffnessof the columnvariesdiscretelyalongthe lengthof the column.In the elastic
portion of the column, the stiffnessis debPnedby the userassignedsectionstiffnessvalue (i.e.,
(EDesf). In the plastic hinge, the pre-yield stiffnessis determinedrom the moment-curature
responseof the Pberelementassignedo the plastichinge. In this region, the pre-yield section
stiffnesswill becloseto (El)sec Becausef thetwo stiffnessesandbecauséhe pre-yieldstiffness
of the plastichingeis a productof moment-curature analysis,the stiffnessmodibcationratios
cannotbe applieddirectly to modify the pre-yieldrespons@f the column. However, it is possible
to modify theelasticpropertiesof thecolumn((El)ef¢) in suchaway thattheyield displacements
calculatedwith this methodareidenticalto theyield displacementsalculatedwith equationss.6

and5.8. Thefollowing discusseshis procedure.

Stiffnessmodibcatiorratioswereintroducedn equation$.6 and5.8to accountfor several
shortcomingf elasticbendingtheory. For corveniencea similar equationis given here. a in

this equationcouldbe o or asecdependingpn which (El)es ¢ valueis used.

1 RL® 1 myL2

AOC:_—__—
YT a3(Elefr 0 3(EDefs

(5.24)
Theyield displacementalculatedvith the ScottandFerves(2006)formulationcanbe calculated

with Equation5.2 asin thefollowing equation:

M, L2 "

OoS_ y
= —— ——LL, +o¢yLL 5.25
y (El)eff 3 p (l)y p ( )

In this equation,(El)et+ is suppliedby the userand ¢y is a productof the moment-curature

analysisof the crosssectionassignedo the plastichinge. A new stiffnessmodibcatiorratio, (@)

is proposedo modify the usersuppliedsectionstiffnesspropertiesasin the following equation.
$ %

aose- My L—Z—LL + dyLL (5.26)
Y @El)err 3 PR
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An expressionfor @ canbe obtainedby settingequationss.24 and5.26 equalto eachotherand

simplifying. Theresultingequationis asfollows.

_ a(L—3Lp)M,

(5.27)

This expressiorcanbeusedfor o = og and(El)es = Eclg, aswell asfor o = osecand(El)eft =

(El)sec Theexpressiorfor @seccanbe simplibedfurtherby substitutingtheidentitiesoy = %
(seeEquation5.7)and(El)ef s = (El)secinto Equation5.27.
_o(L—-3Lp)
sec= T(Xl_p (5.28)

5.6 SUMMARY

In this chapter two formulationsof the lumped-plasticitycolumn-modelingstratgy were pre-
sentedandkey modelingparametersvereidentibedor calibrationwith experimentaresults.The

following parametersvereidentibedfor calibrationandarecalibratedn Chapter6.

StiffnessModibcation Ratios, og, tisec The parametershataccountfor severalshortcoming®f
elagic
elastictheoryat predictingyield displacememz&)‘}""'C = % (Section5.2).
Plastic-Hinge-Length Parameters,&1, &2, and &3. Theparameterssedn theplastic-hinge-length

equationLp= &L+ D+ &37 (Section5.4).
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6 Calibration of Lumped-Plasticity
Column Model

To accuratelynodeltheforce-deformatiomesponsef reinforcedconcretecolumnswith thelumped-
plasticity modelingstrategy, the modelingparametergentibedn Chapter5 werecalibratedwith
experimentakesults.Themodelingparametergdentibpedfor calibrationwere:

StiffnessModibcation Ratios, ag, 0sec The parametershataccountfor severalshortcomingsf

elagic

elastictheoryat predictingyield displa tA)C,a'C = % (Section5.2).
Plastic-Hinge-Length Parameters,&1, &2, and £3. Theparameterssedn theplastic-hinge-length
equation:Lp = &1L+ &D+ ig\f/y—ci_"/ (Section5.4).

This chapterdiscusseshe calibrationof the stiffnessmodibcationratios and presentghe
resultsof this study The optimizationstratgy usedto calibratethe plastic-hinge-lengtequation
is then presentedandthe resultsof the calibrationare summarized.The resultsof a sensitvity

analysisarethenpresentedo identify the effectsof varyingkey parameters.
6.1 MEASURES OF ACCURACY

The parametersisedin this chapterto measurehe accurayg of the lumped-plasticitymodeling
stratgyy areidenticalto the measuresisedfor the distributed-plasticitymodel, with the exception
that the distributed-plasticitymodel accountedor the strain error Egrain. The measuresre as

follows:



Pushover Error (Epusn. Theaccurag of theforce-displacemerenvelopewasaccountedor with

the pushaer error, which is debnedas

i n o i 12
Zizl Fmeas_ I:calc (61)

E 2
(max(Fmead)“n

push™

whereFneasandF4c arethemeasuredndcalculatedorcesatcorrespondinglisplacements
up to adrift ratio of 4%, andn is the numberof datapointsn the envelope(n = 100for this
study).

StiffnessRatio (S.R.) istheratioof measuredtiffnessto calculatedstiffness%% whereKmeas=
A{,“%S andKggic = A_;ZE' Fy is thesmallerof the calculatedateralforceat Prstprstyield of the
tensilereinforcementindthe lateral, effective force calculatedat a concretestrainof 0.002.
A®3sandASA arethe measuredndcalculateddisplacementassociatedvith Fy.

Moment Ratio (M.R) is theratio of the maximummeasureanomentat or before4% drift to the
calculatedmomentat or before4% drift, ':\"A—En‘qg:%ﬁ

Degradation Err or Ratio (D.R.) is a parametethat captureshe effectivenessof the modelin

predictingcolumndegradation.

|
I+ +
F4%_F3%’ F4% _F3% !

D.R = Ca';; e — mei“:sg% MeE %100 (6.2)
calc meas

A degradatiorerrorratio closeto zeromeanghatthe modelaccuratelymodelsdegradation.

6.2 COLUMN STIFFNESS

Theaccurag of Equations.4atestimatingcolumnstiffnesswasstudiedby calculatingthestiffness
ratio for 37 well-conPnectolumnsfrom the UW-PEERdatabas€Sectionl.3). Table6.1 presents
the means minimums, maximums,and coebcientsof variationof the stiffnessratios calculated
usingelastictheory(Equation5.4)in combinationwith Eclg and(El)seo

Using Eclg in Equation5.4 signibcantlyoverestimateshe stiffnessof the column, as ex-
pected.This methodneglectsthe effectsof axial-loadratio, sheardeformationandanchoragslip
onyield displacement.The meanvalue of the SR. equals0.39with a coebcientof variation of

0.30. (El)sec providesa betterestimateof yield displacemenbecaseit accountdor the effects
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Table 6.1 Statisticsof s.r.

mean cov min max

Kmeas 040 0.26 0.24 0.68

Kg

Kmeas 080 0.22 0.51 1.14

KSGC

of axial-loadratio andlongitudinal-reinforcementatio, but still overestimateshe stiffnessof the

column.Themeanvalueof the SR. equals0.85andthe coebcientof variationis 0.20.

BecauseEquation5.4 inaccuratelypredictscolumnstiffnessusing either effective stiffness
method,stiffnessmodibcationratios (c.g and aised Wereintroducedto accountfor the effects of
axial-loadratio, longitudinal-reinforcemematio, sheardeformationandanchorageslip. Expres-
sionsfor ag andosec canbe derived by settingequations.6 and5.8 equalto the measuregield

displacement7"*% andsolvingfor o asfollows.

1 RLY A Kmeas
AeAs3E|y — AMeas K
= 1 RL® AP Kmeas
0 APea3(El)sec AP Ksec

g

(6.3a)

(6.3b)

As seenin Equation 6.3, aig and osec are equivalentto the stiffnessratios. The key statisticsof

theseparametersrereportedn Table6.1.

The meanvaluesof oy andosec could be usedwith equationss.6 and5.8to calculateyield
displacement.This approachwould adjustthe meanvaluesof the stiffnessratios, but would not
decreas¢he coebcientsof variationof the stiffnessratios. In orderto provide a betterestimateof
yield displacementthe expectedrendsin og andasecWith respecto aspectatio, axial-loadratio,

and% areconsideredTable5.1).

To verify theexpectedrends oy is plottedversusaxial-loadratio, aspectatio, longitudinal-
reinforcementatio, andf{—gb in Figure6.1. Theleast-squares-best-lrtesareshavn in thebgures,
andthe R? valuesarereported.As expected o increasesvith increasingaxial-loadratio, aspect

ratio, andlongitudinal-reinforcementatio, anddecreasewith mcreasmg{—‘:b.

Similarly, asecis plottedversusthe key propertiedo verify the parametersensitvity to the

properties(Figure 6.2). As expected,asec is not signibcantlyaffectedby increasingaxial load
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Fig. 6.1 og versuskey column properties

andlongitudinal-reinforcementatio becaus€El ) sec alreadyaccountdor the effectsof cracking.

However, asexpected,osec increasesvith increasingaspectratio and decreasesvith increasing

Lt -

aspectratio, axial-loadratio, longitudinal-reinforcementatio, and

expressionsvereasfollows:

calc —
g/ sec™

M+ 7\,2— + A3

A

7»4

d +7\,5p|<10

Basedon thesetrends,simple expressionsvere developedfor oy and asec asfunctionsof

fydb. The generalform of the

(6.4)

The parameterd.;-As werecalibratedfor both cross-gctionstiffnessmethodsusingthe 37
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columnsfrom the UW-PEERdatabaseThe parametersverecalibratedoy minimizing the coep-

cientsof variationof the stiffnessratioscalculatedwvith equations.6,5.8,and6.4. Additionally,

themeanvalueof thestiffnessratioswereconstrainedo 1.0. For dseg A3 andAs werebxedto 0.0

becausesecis not affectedby axial-loadratio andlongitudinal-reinforcememnatio. Theresulting

equationsfor ag® and aga®

sec

follow (equations.5and6.6), andthe key statisticsof the stiffness

ratioscalculatedusingtheseexpressionsarereportedn Table6.2.

L
calc —
Oy = 0.35+ 0.015+ 1.05

calc —
Osec =

P

Agf¢

L

0.85+ 0.03=— —-0.3
D Lt

85

o

<1.0

f,dy
— 0202+ 0.1p, < 1.0
OL’C p <

(6.5)

(6.6)



Table 6.2 Statisticsof s.r. using o expressions

Egn# mean cov min max

Kpeas 6.5 1.00 0.17 0.65 1.43
K= 67 1.00 0.19 0.70 1.49

Kmeas 0.6 1.00 0.14 0.77 1.30
Kee 6.8 1.00 0.16 0.76 1.38

As seenin Table6.2, equations®.5and6.6 increasehe accurayg of theyield displacementalcu-
lation. The meanvaluesof the stiffnessratiosareadjustedo 1.0,andthe coebcientsof variation
have beenreducedrom 0.26t0 0.17for KQ—;‘%, andfrom 0.22to 0.14for ‘e,
Simplerequationscanbe obtainedby consideringthe correlation betweenaspectatio and
fydb. In Figure6.2, & 5 is plottedversusfy— to demonstratéhe correlation.Sincetheseparameters
have sucha strongcorrelatlon,llttle is gainedby including both effectsin equations5.5and6.6.
The optimizationsof o and oS3 werererunusingequation6.4 with 14 = 0.0. Theresulting
equationgollow (6.7and6.8),andthekey statisticsof usingthesesimplibPedequationsrereported

in Table6.2.

agd®= 0.15+ 003—+ 0.95 P
Agfé

calc - .35+ 0.1% <10 (6.8)

a‘SGC

+0.08p <1.0 (6.7)

Equations.7 and6.8 aresimplerthanequations$.5and6.6,andlittle accuray is lostusingthese
equations. Using the simpliPedequationsresultsin only a 0.02 increasein the coebcientsof

variationof Kmeas gnd Kmeas
Kg Ksec
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6.3 CALIBRATION OF PLASTIC-HINGE LENGTH

The generalform of an expressionto estimateplastic-hingelengthwas proposedn Section5.4
(Equation5.23). Theexpressions givenagain herewith alimit of %1. Thelimit ontheplastic-hinge
lengthis from thelumped-plasticitynodelformulationproposedy ScottandFernves(2006).

fydo _ _

L
-7 4

C

Lp= &L+ &D+ &3 (6.9)

Theparameterg, &2, and&s arecalibratedwith experimentakesultsin this section.

6.3.1 Optimization Scheme

The optimizationwas performedby running pushaoer analysedor a broadrangeof calibration
parameter§s, &, £3) andthenselectingheschemen whichthetotal error (E¢qta, EQuation6.10)
wasminimizedandthe additionalmodelingaccurag terms(e.g.,stiffnessratio) werereasonable.
Therangeof valuesusedfor eachcalibrationparameteareshavnin Table6.3,alongwith thestep
sizebetweerconsecutie valueswithin therange.The analysisconsistedf every combinationof
the optimizationparametersyhichamountedo ~5,000combinations.

The optimization schemeusedfor this modeling strateggy couplesthe accurag of force-

deformationpredictionswith the accurag damageprogressiormpredictions.Thetotal error, E;gtal,
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Table 6.3 Calibration parameter rangesfor plastic-hingelength

parameter &; &2 &3
min 0 0 0
max 0.2 0.8 0.15

stepsize 0.0125 0.0500 0.01

is debPnedas + , I # I #
Erra = mean Epysh LK AR + X2cq AT

total = 2 calc 2 calc

2 4 App 4 Asp

(6.10)

where:Ag*®is theobsereddisplacemenat theonsetof co\/erspalling,andAgg'C isthecalculated
displacemenassociateavith the meanvalueof the maximumcompressie strainin the concrete
at cover spalling, eg"  Af*@is the obsered displacemenat the onsetof bar buckling, and
AS3¢ is the calculateddisplacemenassociateavith the calculatedensilestrainin thelongitudinal
reinforcementat the onsetof bar buckling, egg'c. This buckling strainis to be calculatedas a
function of the effective conbPnementatio (pef ) to account for the effect of spiral reinforcement

on barbuckling, asin thefollowing equation(Berry andEberhard2005).
efC = 31 + yopert < 0.15 (6.11)

where:peff = psf—f,ys andy; andy areto be calibratedby minimizing the coebcientof variation
C
of :Tg% €pp IS the calculatedensilestrainat the onsetof barbuckling associatedvith the obsered
bb

displacemenof barbuckling.

Thex termsin Equation6.10areincludedto ensurethatthe errortermsareof similar mag-

nitude. + +

min mean Eg <h
K1= - = Am'i’if-h (6.12)

min cov 22—
App

. + + 1
min mean E
_ push
K2 = = ~Ameas " (6 13)

: AT
min CovV ¢
Asp

In equations.10,6.12,and6.13meanentailsthe averagevaluefor the 37 bridgecolumns,cov is
thecoebcientof variationof for the columnsin whichtheparticulardamagestateis available(i.e.,

33 columnsfor barbuckling and31 columnsfor spalling),andmin entailsthe minimumvalueout
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of thetotal numberof combinations.

This optimizaton schemedid not accountfor the accurag of the local deformationsn the
samemannermastheoptimizationschemeusedfor thedistributed-plasticitynodelingstratey. This
is becausehe local deformationsin the plastic hinge are averagevaluesover the heightof the
plastichinge. Theseaveragevaluesdo not correlateto available measuredtrainandrotationdata.

OpenSeesvasusedto modelthe the columnsusingthe lumped-plasticityformulationpro-
posedby Scottand Ferves (2006) (Section5.1). The plastichingesin this studywere assigned
Pbersectionswith the uniform-radialsectiondiscretizatiorschemelescribedn Section2.3. The
steelwasmodeledwith the Giufre-Menegotto-Pintomodeldescribedn Section2.2.1. The strain-
hardeningatio, b wassetto 0.01. ThePopwics curve with modelparameterproposedy Mander
etal. (1988)wasusedto modelboththe conbnedandunconbnedoncretgSection2.2.2). Addi-
tionally, the sectionstiffnesse®f the elasticportion of the columnswere calculatedasthe secant
stiffnessesnultiplied by the stiffnessmodibcatiorratios(i.e., (El)eff = @sed El)sec Section6.2).

asecWascalculatedvith Equation6.8, and@sec wasthencalculatedwvith Equation5.28.

6.3.2 Optimization Results

The optimization study describedin the previous sectionwas performedfor 37 columnsfrom
the UW-PEERdatabasé€Section4.1). Thetop 20 combinationdrom the optimizationstudyare
reportedin Table6.4. It shouldbe notedthatthe stiffnessratiosfor all plastic-hingdengthswere
1.0becausehe stiffnessmodibcatiorratio @secwasusedin this studyto adjustthe elasticstiffness
propertiesof thecolumn((El)ef ).

The combinationthat minimized E;gta) Was&; = 0.0375,5, = 0, and&z = 0.12 (Eigta =
8.05). However, for simplicity, thecombinationin which&; = 0.05,&, = 0,and&z = 0.1 (Eigtal =
8.09) was chosenas the optimal solution (combination#13). In Table 6.5, the chosenoptimal
solutionis comparedo the overall optimal solution, and the plastic-hingemodelsproposedoy
Priestley etal. (1996),Mattock (1967),andCorley (1966).
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As seenin the table,the measure®f accurayg of the selectedoptimal solutionare nearly
identicalto thoseof the overall optimal solution. Additionally, the selectedoptimal solutionis
moreaccurateghanthatof Priestlg etal. (1996)andCorley (1966)for all measure®f modeling
accurag, andis moreaccuratehanMattock (1967)for all measuresf modelingaccurag except

cover-spallingpredictions.
6.4 MODEL EVALUATION

The proposedumped-plasticitycolumn-modelingstratgy (includingthe selectedptimalplastic-
hingelength)is evaluatedin this section. The measure®f modelingaccurag are plottedversus
key columnpropertiedo determinaf theaccurag of themodelis sensitve to thesepropertiesin
Pgure6.4, Epyshis plottedversusaspectatio (L/ D), longitudinal-reinforcementatio (p ), axial-
load ratio (P/ f{Aq), effective conPnementatio, concretecompressie strength,and the ratio of
spiral spacingto longitudinalbar diameter(s dp). Includedin the bgurearethe R? valueswhich
indicatethe magnitudeof correlationbetweerE, s, andthe property As seenin the Pgure there
areno signibcantrendsin thedata.

Similarly, thestiffnessratiois plottedversusthe key columnpropertiesn Figure6.5. Slight
trendscan be obseredin SR. versusp, f, and¢ d,, with R? valuesof 0.12,0.11,and0.15
respectrely.

The maximummomentratio (M.R.) is plotted versusthe key propertiesin Figure6.6. As
seenin the bPgure,only onetrendcanbe obsened. The momentratio decreasewith anincrease
in effective-conbnementatio. The deggradationratio (D.R.) is plottedversusthe key propertiesn
Figure6.7. Thereareno signibPcantrendsin the data.

The damagepredictionsfrom this modeling stratgly will be studiedlater in this report.
Trendsin the predictionswill be studiedandthe estimateswill be comparedo the predictions

of othermethods.
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6.5 SUMMARY

Elasticbheambendingtheory(Equations.4)with Eclg or (El)secaloneinaccuratelyredictscolumn
stiffness.Themeanvaluesof thestiffnessratiosfor 37 columnsfrom the UW-PEERdatabasevere
0.39usingEquation5.4 with Eclg, and0.85with (El)sec The coebcientsof variationwere0.30
and0.20,respectrely. Elastictheoryneglectsthe effectsof sheardeformationandbondslip, and
the useof Eclg will neglectthe effectsof axialload. A modiPcatiorto traditionalelastictheoryis
proposedn which stiffnessmodibcatiorratios(o andosegd areincludedin the calculationgequa-
tions 5.6 and5.8). Using the meanvaluesof og (0.39)andasec (0.85)in theseequationsadjusts
themeanvaluesof thestiffnessratiosto 1.0, but doesnotreducethe coebcientsof variationof the
stiffnessratios. By accountingfor the expectedtrendsin oy andoses moreaccuratepredictions
of column stiffnesscan be obtained(equations6.7 and6.8). The coebcientof variationof the
stiffnessratioscanbe reducedrom 0.30to 0.19usingaS?'°, andfrom 0.20to 0.16usingagar.
Theplastic-hinge-lengtiproposedn Section5.4 wascalibratedn this chapter Thecalibra-
tion consideredhe accurag of the pushaer analysesaswell asthe accurag of damagepredic-

tions,namelybarbuckling andcover spalling. Theresultingplastic-hinge-lengtlequationwas

Lp= 0.05L+ 01v% L (6.14)
1= 4

The meancompressie strainin the cover atthe onsetof cover spallingwas0.008.
esp = 0.008 (6.15)
Thesstrainat the onsetof barbuckling canbe predictedwith thefollowing equation.

€S2 = 0.046+ 0.25pe¢ < 0.15 (6.16)

where:L is the columnlength, fy andd, aretheyield stressandbar diameterof the longitudinal
reinforcementf;. is the concretecompressie strengthpes s = psf—‘:,:ys ps is the spiral-reinforcement

ratio, and fys is theyield stresof the spiralreinforcement.
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7 Evaluation of Cyclic Response

Thecalibrationof theproposednodelingstratgies(chaptergl and6) considereanly theervelope
responsef the columns.Thefull cyclic responsenustbe consideredor earthquak engineering
applicationsin this chapteythecyclic respons®f the proposednodelingstrakgiesareevaluated

with experimentakesultsfrom the UW-PEERdatabase.

7.1 CYCLIC RESPONSEOF MATERIALS

The cyclic responseof the proposedrbermodelingstratgies dependon the cyclic responseof
the materialconstitutve models.In this section the cyclic responsesf the concreteandsteelare
presented.

The cyclic responseof the steelwas debPnedby the Giuffre-Meneaotto-Pintosteelmodel
(Tauceretal. 1991),which accaintsfor the Bauschingeeffect, but doesnot accountfor strength
and stiffnessdegradationdue to bar buckling and cycling. The cyclic responseof the steelis
illustratedin Figure7.1.

The concretemodel®stress-strairervelopeis discussedn Section2.2. As discussedn
that section,the erveloperesponsef the concreteincludesthe Popavic@ curve in compression
anda linear stress-g8ain responsén tensionuntil rupture. The cyclic responseof the concrete
in compressiowasdebPnedy a modelproposedy KarsanandJirsaandmodibedby Professor
Filippou at UC Berkeley (Mazzonietal. 2006). As partof this report, this modelwas modibed
to incorporatetension.Uponunloadingfrom tension the stress-straimelationshippasseshrough
theorigin. Thecyclic responsesf the concretan bothtensionandcompressiorareillustratedin

Figure7.2(a). A detailedview of the cyclic responsef the concretein tensionis shovn in Fig-



Fig. 7.1 Cyclic responseof longitudinal reinforcing steel
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Fig. 7.2 Cyclic responseof concrete

7.2 MEASURES OF ACCURACY

Thecyclic responsef the proposednodelingstratgieswill be evaluatedwith thefollowing mea-

suresof modelaccurag.

Normalized Hysteretic ForceErr or, Efqrce. The error betweenmeasuredand calculatedforces
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atcorrespondinglisplacementsasin the following equation.

i n o i 12

_ Zi= 1 Frlneas_ Fcalc

force — 2 (7- 1)
(max(Fmead) N

whereFneasand Feqc arethe measuredand calculatedateralforcesat correspondinglis-
placementsandn is the numberof datapointsn the history.

Normalized Hysteretic Energy Err or, Eenegy. The error betweenmeasurednd calculatechys-
tereticenegies,QmeasaNdQcqjc.

_ -Qmeas— Qcalc (7.2)

Eenegy - Qmeas

Hystereticenengy is theareawithin the hysteresidoopsandis calculatedwith thetrapezoid

numericalintegrationschemeasfollows.
v Fe1—F
Q=) T(AHl—Ai) (7.3)
i=1

where: i andA; arethe lateralforce and displacemenassociatedavith theith step,andn
is the total numberof datapointsn the history The closerto 0, the betterthe bt. The sign
of Eenegy is important. If Eenegy < 0O, the calculatedresponseverestimateshe amountof
enepy dissipatedn thetest,andin turn, if Eenegy > 0 the amountof dissipatecenepy is

underestimated.

7.3 EVALUATION OF DISTRIBUTED-PLASTICITY
COLUMN-MODELING STRATEGY

7.3.1 Model Description

The total hystereticresponsef the distributed-plasticitymodelingstratgly dependson the hys-
tereticresponsesf its variouscomponentg3exural, bondslip, shear). For this study the shear
componenbf thetotal deformationvasassumedo remainelastic(linear). Thehystereticesponse
of the Rexural componentforce-basedbeam-columrelementyeliedonthecyclic responsef the

Pbersectionwhichin turn dependedn the materialconstitutve models(Section7.1).

101



Thehysteretiaesponsef thezero-lengttbond-slipsectionalsoreliedonthecyclic response
of its materialcomponentsThecyclic responsesf theconcreteandanchoragsteelwerethesame
asthoseusedin the Rexural componenbf the model,with the exceptionthatthe relationshipgor
the bond sectionwere stress-displacememglationshipsand not stress-strainelationships. The
detailsof the stress-displacememrnvelopesusedfor the cyclic responsef the bond sectionare

discussedh Section3.2.

7.3.2 Evaluation with Lehman and Moehle (2000)Dataset

Theability of the proposedlistributed-plasticitymodelingstratgy (Chapter) to modelthecyclic
responsef columnswaspPrstevaluatedoy comparinghemeasure@ndcalculatedesponsesf the
well-conbnedtolumntestsperformedby LehmanandMoehle(2000)(Section4.1). Key statistics

of this evaluationareprovidedin Table7.1.

Table 7.1 Cyclic responsestatisticsfor distrib uted-plasticity model

LehmanSubset Bridge Columns
Eforce  abYEenegy) Eenegy | Eforce  abgEeneqy) Eenegy
mean(%) | 13.44 22.23 -19.09 | 16.13 2602 -23.69
min (%) 7.69 3.11 -57.63 | 6.63 1.34 -109.97
max (%) 20.16 57.63 12.56 | 44.71 10997 13.36
n 8 8 8 37 37 37

The measuredand calculatedforce-deformatiorresponsegor the 8 columnstestsin this
datasefreshavn in Figure7.3. As seenin the bPgure the calculatedresponsexccuratelymodels
columnbehaior atlowerductilitiesandlow cycles.However, atlargerdeformation@andincreased
cycling, the calculatedresponsdails to capturethe effect of column softening. In the standard
implementatiorthereis no parameteto accountor this degradation.TheinfBuenceof degradation
is illustratedfurtherin Figure7.4. In this bgure,the percentagef the total force error (Etorce)
attributedto cyclesat variousductilities is plottedfor the eight columnsin the dataset.As seen
in the bgure,mostof the erroris attributedto the cyclesbeyond a ductility of 7. Thetotal error
couldbesignibcantlyreducedby addinga modelingcomponenthataccountdor degradationdue

to cycling at high levelsof ductility.
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7.3.3 Evaluation with Bridge Column Dataset

Theability of the proposedlistributed-plasticity Chapte) modelingstratgy to modelthecyclic
responsef columnswas evaluatedby comparingthe measuredand calculatedresponsesf the
bridgecolumnsdiscussedn Sectionl.3. The measuresf modelaccurag usedin this evaluation
are describedin Section7.2. Key dtatisticsof this evaluationare provided in Table 7.1. The
measuredind calculatedforce-deformatiorhistoriesfor the the columntestswith the minimum
andmaximumE; ce Valuesareprovidedin Figure7.5.

To evaluatethe effectivenesof the distributed-plastity modelingstratey further, theerror
values(Eforce andEenegy) Wereplottedversusmaximumdisplacementuctility in Figure7.6. Six
outlierscanbeobsenedin the Pgure andarehighlightedby usinga Plled-insymbol. Theoutliers
have Erqrce Valuesgreaterthan 25%, and are all from the sametest seriesconductedoy Cheok
and Stone(1986). The force-displacementesponsef oneof the outliersis presentedn Figure
7.5. Thesecolumntestsweresubjectedo cycling athigh levelsof ductility, resultingin signibpcant
strengthandstiffnessdegradation.As discusseckarlier the proposednodelingstrategy doesnot

capturethis effect.
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Fig. 7.5 Force-debrmation historiesfor column testswith minimum and maximum Ejgyce
valuesusing distrib uted-plasticity model

Theaccurag measuresvereplottedversuskey columnpropertiego determingheinf3uence
of theseparametersn modelaccurag (Pgures/.7and7.8). As seenn the PguresE;orce appears
to increasewith anincreasein peff and decreasewith anincreasein f.. The oppositetrends
are obsened in the Eenegy terms. However, thesetrendsare governedby the outliers and are

signibcantlylesspronouncedvhentheoutliersareremoved.

7.4 EVALUATION OF LUMPED-PLASTICITY COLUMN-MODELING STRATEGY

7.4.1 Model Description

Thetotal hystereic responsef thelumpedplasicity modelingstratgly (Chaptei6) depend®nthe
cyclic responsef the Pbersectionassignedo the plastichinge. Theresponsef the Pbersection
depend®nthecyclic respons®f thematerialmodels(i.e., Giuffre-Mengotto-Pintofor steel,and
KarsanandJirsafor concrete)describedn Section7.1. The proposedumped-plasticitycolumn-
modelingstratgy doesnotincludea zero-lengthbond-slipsectionor anaddedsheardeformation
componentthereforethe entirecyclic responsef the columndependsn the cyclic responsef

the materialconstitutve models.
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7.4.2 Evaluation with Lehman and Moehle (2000)Dataset

The ability of the proposedumped-plasticitymodelingstrategly to modelthe cyclic responseof

columnswas brst evaluatedby comparingthe measuredand calculatedresponse®f the well-

conPnedcolumntestsperformedby Lehmanand Moehle (2000) (Section4.1). Key statisticsof

this evaluationareprovidedin Table7.2.

Table 7.2 Cyclic responsestatisticsfor lumped-plasticity model

LehmanSubset Bridge Columns
Eforce abs( Eenegy) Eenegy Ef orce abs( Eenelgy) Eenegy
mean(%) | 13.17 21.36 -18.34 | 15.66 2434 -21.37
min (%) 7.52 3.40 -50.26 | 6.47 0.42 -114.85
max (%) 20.11 50.26 8.68 | 46.05 11485 20.14
n 8 8 8 37 37 37
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The measuredand calculatedforce-deformatiorresponsegor the 8 columnstestsin this
datasetareshavn in Figure7.9. Similar to the distributed-plasticitymodelingstratey, the calcu-
latedresponseccuratelymodelscolumnbehaior at lower ductilities andlow cycles. However,
at larger deformationsand increasecdcycling, the calculatedresponsdails to capturethe effect
of column softening. In the standardmplementationthereis no parameteto accountfor this
degradation.

The modelinaccuray is illustratedfurtherin Figure7.10. In this Pgure,the percentag®f
thetotalforceerror(Esorce) attributedto displacementyclesatvariousductilities is plottedfor the
eightcolumnsin the datasetAs seenin the bgure for all but oneof the columns mostof E;q4 IS
attributedto the cyclesbeyond a ductility of 7. This suggestshatthetotal error couldbereduced
if amodelingcomponenivasaddedthataccountdor degradationdueto cycling at high levels of
ductility. The outlying columntest(No. 407)did not degradesignibcantly sothe majority of the
errorwasassociateavith initial cyclesbecauseheinitial stiffnessof this columnis notaccurately

modeled.
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7.4.3 Evaluation with Bridge Column Dataset

The ability of the proposedumped-plasticitynodelingstratgly (Chapter6) to modelthe cyclic
responsef columnswas evaluatedby comparingthe measuredand calculatedresponsesf the
bridge columndatasediscussedn Sectionl.3. Key statisticsof this evaluationare provided in
Table7.2. Themeasuredndcalculatedorce-deformatiorhistoriesfor the the columnstestswith
theminimumandmaximumE;qrce Valuesareprovidedin Figure7.11.

To evaluatethe effectivenessof the lumped-plasticitymodelingstratgy further, the error
values(Eforce and Eenegy) Were plotted versusmaximumdisplacementluctility in Figure7.12.
Six outlierscanbe obsered in the bPgure,andare highlightedby usinga Plled-in symbol. The
outliershave E¢orce Valuesgreaterthan 25%, andareall from the sametestseriesconductecby
Cheokand Stone(1986). The force-displacementesponsef one of the outliersis presentedn
Figure7.11. Thesecolumntestswere subjectedo cycling at high levels of ductility, resultingin
signibcanstrengthandstiffnessdegradation.As discusse@arlier theproposednodelingstratey

doesnot capturethis effect.
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Fig. 7.11 Force-debrmation histories for column testswith min and max E¢qrce Valuesusing
lumped-plasticity model

Theaccurag measuresvereplottedversuskey columnpropertiego determinghein3uence
of thesgparametersnmodelaccuray (Pgures/.13and7.14).As seenn thebguresseveraltrends
canbeobsened. Esqrce appeardo increasavith anincreasen pest anddecreaseavith anincrease
in fZ. The oppositetrendsareobseredin the Eenegy terms. However, thesetrendsare governed

by the outliersandaresignibcantliylesspronouncedvhenthe outliersareremoved.

7.5 SUMMARY

The cyclic responsef the proposedcolumn-modelingstratgies was consideredn this chapter
Thecyclic responsesf the materialswerepresentedprstbecausehe cyclic responsesf the col-
umnmodelsaregovernedby the cyclic responsesf the materialconstitutve models. The cyclic
responsef the steelwasmodeledaccordingto Giuffre-Meneyotto-Pinto(Tauceretal. 1991),and
the cyclic responsef the compressie concretewasmodeledaccordingKarsanandJirsa. These
constitutve modelsdo not modeldegradationdueto repeatedieformationsat high ductility, and
thisis ref3ectedn the accurag of the column-modelingstrat@iesat larger deformations Modib-
cationsto the standaratyclic responsef the steelareconsideredn Chapter8.

The cyclic response®f the proposedcolumn-modelingstratgies were then evaluatedby

comparingthe measuredand calculatedresponse®f the columnsin the bridge column dataset

112



0.5 ; ; ; ; 0.5
2 _ [ J
L Fr=03 o 4 R%=0.23
0.4+ - 1 ©)
° P 0 8.0 ©
° . %8 i
s o - $ 0.5 oC
L P ] ° ~.
0.2+ 0] d) PRe ; T ® Sol
¢ [ ]
0.1 O,%g . [
.o o o
0 : : : -15 : : : ‘
0 5 10 15 20 25 0 5 10 15 20 25
!maX/!y !max/!y

Fig. 7.12 Effect of maximum ductility on cyclic accuracyfor lumped-plasticity model

(Sectionl.3). Similaraccurag canbeobtainedusingeitherof thedistributed-plasticityor lumped-
plasticity column-modelingstrategieswith standardcyclic materialmodels. The meanvaluesof
theforceerrors(E;qrce) Werel6.1%and15.7% for thedistributed-plasticityandlumped-plasticity
models respectrely. The meanvaluesof the enegy errors(Eenegy) Were-23.7%and-19.9%for

thedistributed-plasticityandlumped-plasticitymodels respectiely.
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8 Improved Cyclic Material Models

The cyclic responsesf the Pbermodelcolumn-modelingstratgies developedin this reportde-
pendon the cyclic responsesf the materialmodels.The proposednodelingstratgieswith stan-
dardcyclic materialmodels(KarsanandJirsaconcrete and Giuffre-Menegyotto-Pintosteel)were
evaluatedin Chapter7, andinsufocienciesvere identibPed. The cyclic responseof the Giuffre-
Menggotto-Pintosteeldoesnotmodeldegradatiordueto barfractureandcycling, while theKarsan

andJirsaconcretemodeldoesnot modelimperfectcrackclosure.

In this chapteranew steelmodelproposedy Mohle andKunnath(2006)will be calibrated
andevaluated. The Karsanand Jirsaconcretemodelwill be modibPedto modelimperfectcrack

closure,andaparametricstudywill becarriedoutto demonstratéhe effectsof this modibcation.

8.1 CALIBRATION OF MOHLE AND KUNNATH (2006)STEEL MODEL

To enhancehe calculatedcyclic responsef the proposedmodelingstratgies,a more comple
steelconstitutve modelthataccountgor cyclic degradation(Mohle and Kunnath2006) wasim-
plemented.In this section,the cyclic responsef the Mohle and Kunnath(2006) steelmodelis
demonstratedandkey cyclic modelingparametersreidentibedandcalibrated. The responsef
the Mohle andKunnath(2006) modeldependson the calculatedplastic-strainhistory of the bar,
andthe strainscalculatedwith the distributed-plasticitystratgy areinaccuratein columnswith
perfectly-plasticor degradingsectionbehaior (Section3.1.1). Thereforethecalibrationandeval-

uationof thismodelwasonly carriedout usingthe lumped-plasticitymodelingstrateyy.



8.1.1 Cyclic Responseof Model

The Mohle andKunnath(2006) steelconstitutve modelis basedon the steelmodel proposedby
ChangandMander(1994). Themodelcanbe usedto accountor isotropichardeningdiminishing
yield plateay the Bauschingeeffect, degradingstrengthand stiffnessdue to bar buckling, and
degradingstrengthand stiffnessdueto cycling. Within the model, bar buckling canbe modeled
accordingto modelsproposedyy Dhakaland Maekava (2002),or Gomesand Appleton (1997).
Thedegradationof strengthandstiffnessdueto cycling wascalculatedaccordingto the CofPnand

Mansonfatiguemodel.

Becauseof numericalerrorsin the currentimplementatiorof the steelmodelin OpenSees
(v.1.7.0),theisotropichardeningcomponentndbarbuckling componentsvereneglected. How-
ever, the Bauschingeeffect andthe degradationof the steeldueto cycling were modeled. The
Bauschingereffect was modeledusing the model parametersuggestedy Mohle and Kunnath
(2006).

The Mohle andKunnath(2006)steelmodelusesa cyclic fatiguemodelproposedy CofPn
andMansonto modelthe effectsof cycling on barfracture. Accordingto the CofenandManson
theory abaris assumedo fracturewhenthe damagédactorD reaches valueof 1.0. Thedamage

factorD is debnedelow. $

D= P (8.1)
where:the half-cycle plastic-strains debneds

€p= & — % (8.2)

€ ando; arethetotal changan half-cycle strainandstressasillustratedin Figure8.1(a).Cs ando
arefactorsusedto relatethenumberof half cyclestill fractureto ep. Thisrelationships illustrated
in Figure8.1(b).

In additionto fracturefatigue,the Mohle and Kunnath(2006) model accountsfor lossin
strengthdueto cumulatve damage.This degradationis controlledby the degradationparameter

OsR, asillustratedin Figure8.1(c). This parameters dePnedn the following equationwhereCygy
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Fig. 8.1 CofPnand Manson parameters(basedon Mohle and Kunnath, 2006)

is afactorthatis calibratedwith experimentakesults.

$ %

o

m=Y & (8.3)

Thekey modelingparametergdentibedn the previous discussiorarepresentedbelon, and

the effectsof theseparameteraredemonstratech Figure8.2.

DamageStrain RangeConstant, o is usedto relatedamagdrom onestrainrangeto an equv-
alentdamageat anotherstrainrange. This parameteis obtainedfrom the calibrationwith
materialtests andis usuallyconstanfor amaterialtype. For thisresearclithevalueproposed
by Mohle andKunnath(2006)is used,o. = 0.506.

Ductility Constant,C; adjuststhe numberof cyclesto bar failure. The effect of this parameter
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Fig. 8.2 Effect of CoflPnand Manson parameterson cyclic responseof steel

is demonstratedby comparingPgures3.2(a)with 8.2(c),and8.2(b)with 8.2(d). A higher
valuefor Cs resultsin alargernumberof cyclesto failure.

Strength Reduction Constant,Cqy controlsthe amountof degradationper cycle. The effect of
this parametelis demonstratedy comparing Pgures8.2(a) with 8.2(b), and 8.2(c) with

8.2(d). A higherCy valuewill resultin alower reductionof strengthfor eachcycle.

8.1.2 Optimization Strategy and Results

The Mohle and Kunnath(2006) steelmodel assumeghat bar fractureoccurswhenthe damage

index, D (Equation8.1) reachesa value of 1.0. The barfracturecomponentf the Mohle and
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Kunnath(2006) steelmodelwas calibratedwith a subsetof 20 columnsfrom the bridge column
datasetn which barfractureswerereported Cs wascalibratedwith this dataseby (1) calculating
thecyclic force-deformatiomesponsesf the 20 columnsin thedatasefor Cq = « andagivenCs
value, (2) calculatingthe meanvalue of the damagendicesat the obsened displacementat the
onsetof barfracture,(3) adjustingCs accordinglyandrepeatingorocedureauntil the meanvalueof
the damagandicesat the onsetof barfractureis 1.0. This procedureesultedin anoptimalvalue
of C; = 0.255. This valueis nearlyidenticalto the valuerecommendedby Mohle andKunnath
(2006),Ct = 0.26.

The strengthreductionconstant(Cy) was calibratedwith the 37 columntestsin the bridge
columndataseby minimizing the meanvalueof theforce errorterm Efqrce With Cs = 0.26. This
procedureesultedn anoptimalvalueof Cy = 0.45.

Key accuray statisticsof thelumped-plasticitymodelingstratey with theoptimizedMohle
andKunnath(2006)model,areprovidedin Table8.1for the8 columntestsperformedoy Lehman
andMoehle (2000),andfor the 37 bridge columns. For illustration, the measurednd calculated
cyclic force-deformatiomesponsesf the 8 columnsareshavn in Figure8.3. Theaccurag of the
lumped-plasticitycolumn-modelingstratgy usingthe Mohle and Kunnath(2006) steelmodelis
comparedo the accurag usingthe standardsteelmodelin the summaryof this chapter(Section

8.3).
Table 8.1 Cyclic responsestatistics (Kunnath steelwith lumped-plasticity model)

LehmanSubset Bridge Columns
Eforce abS(Eenelgy) Eenegy Eforce abf(Eenegy) Eenegy
mean(%) | 11.06 14.75 -7.42 11.98 12.88 -9.34
min (%) 7.37 0.32 -33.84 | 5.15 0.14 -69.68
max (%) 16.24 3384 24.75 | 29.45 69.68 24.75
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8.2 IMPERFECT CRACK CLOSURE

Tensioncracksin concretecanbecomepartially Plled with small particlesof concretesediments
andsheardeformationsn the columnmay resultin misalignedcracks,causingsomeloadto be
transferredacrossthe cracksbeforethey fully close. The standardconcretemodeldevelopedas
partof this project(Popwic@ curve with ManderconstantsandKarsanandJirsacyclic properties)
doesnot accountfor this phenomenonThe standardconcretemodelwasmodibedto accountfor
this increasen strengthand stiffness. The componenibf the model that accountsfor the early

increasen strengthis basedon the modelproposedy Stanton(1979).

8.2.1 Modibed Concrete Model

The stress-straimesponsef the modibPedconcretemodelis illustratedin Figure8.4, alongwith
the strain history usedfor the demonstrationandthe resultingstiffnesshistory This responses

debnedy thefollowing rules.

1. Thecyclic stress-straiurvesin compressiorare containedwithin an ernvelopedebnedy
the Popwic@® curve. The concreteis assumedo have tensionstrengthwith exponentially
decreasingstrengthbeyond ultimate tensilestress. This erveloperesponseas describedn
Section2.2.2.

2. The unloadingandreloadingresponsef the concretein tensionis not modipedfrom the
standardmplementationThis responsés dePnedn Section7.1.

3. The unloadingandreloadingresponsef the concretein compressions governedby stiff-
nesse, andE,, andstrainses, €2, €3, ande4. Eachof theses illustratedin Figure8.4(a),

anddescribedelow.

- Ey is theunloadingstiffnessdebnedy the KarsanandJirsaconcretanodel.
- E is the reloadingstiffness. This valueis calculatedsuchthat reloadingfollows a
straightline from the reloadingstrainto (e1, f1). This stiffnesscanbe calculatedas

follows.
f1
€1—&

E =

(8.4)
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- €1 and f1 arethe strainandstressat which the unloadingcurve departdrom the erve-
lopecune.

- go isthestrainatwhich the stresbecomezero.

- g3 isthemaximumstrainreacheduringthe unload-reloaatycle.

- g4 Isthestrainatwhich reloadingstarts.

Openingandclosingof cracksbothoccurat zerostress Whenstrainsexceede,, cracksare
assumedo open.With perfectcrackclosure they would closeagainwhenthestrainreturned
to 2. However, with imperfectcrackclosure,compressionvould begin to be transmittedat

alower strain,e4. Thisreloadingstresgs calculatedasfollows.

€4= €2+ (€3 —¢€2) (8.5)

where:r is the proportionof the crackpblledby sediment0Q <r < 1.0, (€3 — €2) < Cmax and
€3 <0.0.

If reloadingstopsbeforereachingthe envelope(Figure8.4(a),point F), unloadingoccursat
a stiffnessequalto the latestvalue of E,. If unloadingstopsbeforethe stresshasreached

zero(point G), thenreloadingfollows a straightline from thereversalpointto (1, f1).

The modelingparametershatcanbe variedto inBuencethe reloadingresponsef the con-
cretearer andcmax Theeffect of varyingr is illustratedin Figure8.6. In this bPgurer is varied
from 0.0to 1.0, while cmaxis heldconstant A valueof r = 0.0 assumegerfectcrackclosureand
resultsin a modelidenticalto the modeldescribedn Section7.1. An increasdn r assumeshat
crackswill begin closingsooneruponreversal. The crackis assumedo closeimmediatelyupon
reversalwhenr = 1.0. Similarly, the effectsof cnax aredemonstratedh Figure8.7. A value of

Cmax= 0.0 alsoassumegperfectcrackclosure.
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8.2.2 Parametric Study of Imperfect Crack Closure Parameters

For this project, a parametricstudy was carriedout to demonstrateéhe effectsof r and cpax On
modelaccurag. For this study thelumped-plasticitycolumn-modelingstratgly wasusedwith the
Mohle and Kunnath(2006) steelto modelthe 8 columntestsperformedby LehmanandMoehle
(2000). ThemodibPedconcretemodelwasused andthe parameters andcyax Weresystematically
varied to demonstrateheir infduence. The effect of r is demonstratedn Figure 8.8. For this
analysemax wassetto 0.005. In this Pgure,the meanvaluesof Eforce and Eenegy are plotted
versuamultiple valuesof r. As seenin thisbgurey doesnotsignibcantlyaffect Eorce. IN cOntrast,
r doesseemto affect Ecnegy. As r increasestenegy getsfurtheraway from 0.0. At r = 1.0, Eenegy

is nearlyl5%smaller(i.e.,lessaccuratethanwhenr = 0.0.
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In a similar fashion the meanvaluesof Eforce andEenegy areplottedversuscmax. For this
analysisr = 0.5. The parametercyax doesnot signibPcantlyinBuenceEsqce; however it slightly

affectsEenegy. AS Cmaxincreasegrom 0.0to 0.005,Eeneqy decreaseby 15%.

12.02 T T T T T T T T T

Fig. 8.8 Effect of r on overall model accuracy (lumped-plasticity, Kunnath steel)

This studyindicatesthat imperfectcrack closuredoesnot have a signibcanteffect on the
accurag of pseudo-staticeinforcedconcretecolumn models. However, this phenomenomay
affect the calculateddynamicrespons@f columnsmoresignibcantly Thiswill be studiedfurther

in alaterchapter(Chapterl0).

8.3 SUMMARY

The cyclic modelinginaccuraciesdentibpedin Chapter7 wereaddressedh this chapter A steel
materialmodel proposedby Mohle and Kunnath(2006), which accountsor degradationdueto
cycling, waspresentedcgalibrated andevaluated.The useof this morecomplex steelconstitutve
modelimprovedthe accurayg of the lumped-plasticitycolumn-maleling stratgy. The meanforce
error (Etorce) decreasedrom 15.7%with the standardsteelmodelto 12.6%with the Mohle and
Kunnath(2006) steelmodel and calibratedparametergCs = 0.26 andCyq = 0.45). The mean

enegy error (Eenegy) Wasimprovedfrom -19.9%to -4.5%.
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Fig. 8.9 Effect of chax0n overall modelaccuracy (lumped-plasticity, Kunnath steel)

A concretemodelthataccountdor imperfectcrackclosurewasalsodevelopedandevalu-
ated. The modibcationgo the standardKarsanand Jirsacyclic materialbehaior to accountfor
imperfectcrackclosuredid not signibcantlyaffect theaccuacy of thelumped-plasticitymodeling
stratgy. It is possiblethatthesemodibcationsill affectthe calculatedesidualdisplacementéor

shale-tabletests(Chapterl0).
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9 Column Flexural Damage

To implementperformance-basedarthquak engineeringfor reinforcedconcretebridges,it is
necessaryo accuratelypredictcolumndamageand assesshe probability of reachingparticular
levels of damage.This chapterdevelopsandevaluatesseveral methodgshat correlateengineering
demandparameterso damagemeasuresThe engineeringdemandparametergonsideredn this
chapteraredrift ratio, plasticrotation,andlongitudinalstrain.

Thedamagemeasuresonsideredn thisreportarecover spalling,longitudinalbarbuckling,
andlongitudinal bar fracture. This reportconsiderecconcretecover spalling (Figure 9.1(a)) be-
causet representshe Prstl3exural damagestatein which therearemaginal safetyimplications,
theremaybeapossibleshort-termossof function,andthecostto repairconcretespallingcouldbe
signibcantBuckling andfractureof thelongitudinalbars(Figure9.1(b))werealsoconsiderede-
causetheselevels of damageaepresentdamagestatesn which safetyimplicationsaresignibcant,

partialreplacemeninayberequired,andalongertermlossof functionmayoccur

9.1 ESTIMATES BASED ON DRIFT RATIO

BerryandEberhard2003)developedempiricalequationgo estimatedeformationsatbarbuckling
and cover concretespalling basedon theoreticallyexpectedtrendsin drift ratios, displacement
ductilities, plastic rotations,and longitudinal strains. Becausethe drift-ratio equationsare the
simplestto use (e.g., no estimateof yield displacement)and becausegheseequationswere as
accurateasthe morecomplex methodsthe drift-ratio equationsverechoserasthe mostsuitable
for mary practicalsituations. The barbuckling equationsvere modibedin Berry and Eberhard

(2005). The resultingequationgor the drift ratio at the onsetof cover spalling (%) andbar
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(b) Longitudiral barbuckling

B i

(c) Longitudnal barfracture

Fig. 9.1 Key Rexural damagestates(Ranf, 2006)

buckling (42) areprovidedbelow.

P0=16 1-pn 1+ 9.1)
$ %$ %$ %
_g%lc(%) =325 1+ kepeff% 1- —P 1+ L (9.2)
L D Agf 10D

whereke = 40 for rectangulacolumnsand 150 for spiral-reinforceccolumns,pef s = psffiés, psis
thevolumetrictrans\ersereinforcementatio, fysistheyield stresof thetrans\ersereinforcement,
f¢ is the concretecompressie strength dy, is the diameterof the longitudinalreinforcementD is

thecolumndepth,P is theaxialload, Ag is the grossareaof thecrosssectionandL is thedistance
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from the columnbaseto the point of contral3&ure.

Thedatasebriginally usedn thecalibrationof thespallingequatiorcontainedLO2rectangular
reinforcedcolumnsand40 spiral-reinforceccolumns.Theratiosof the measuredlisplacementat
cover spaling to thedisplacementsalculatedvith the proposednodel(Equation9.1) hadamean
of 0.97for rectangularcolumnswith a c.o.v of 43%, anda meanof 1.07with a c.0.v 35% for
spiral-reinforceccolumns(Berry andEberharcd2003).

Thedataseobriginally usedn thecalibrationof thebucklingequatiorcontainedb2 rectangular
reinforcedcolumnsand42 spiral-reinforceccolumns.Theratiosof themeasuredlisplacementat
bar buckling to the displacementsalculatedwith the proposednodel (Equation9.2) hada mean
of 1.01 anda coefbcientof variaion of 25% for recangularreinforcedconcretecolumns. The
correspondingneanandcoebcientof variationfor spiral-reinforceccolumnswere0.97and24%,
respectrely (Berry andEberhard2005).

The bridge column datasetusedin this reportis a subsetof the datasebriginally usedto
calibratethe drift-ratio equationsdescribedabove. The accurag statisticsof the drift-ratio equa-
tions (9.1 and 9.2) appliedto the bridge column datasetusedin this report (29 obsenations of
cover spallingand 33 obsenationsof barbuckling) are presentedn Table9.1. In this tableand
throughoutthis chaptey the subscriptdamis usedto indicatea generaldamagestate. For exam-

ple, Afha°would be AgF@sfor the cover-spallingdamagestate. For the bridge datasetthe ratios

Table 9.1 Key accuracystatisticsof drift-ratio equationswith bridge column dataset

Statisticsof AT€29 L% Statisticsof ATeay acalc

dam dam’ “'dam
Dataset DamageState  min max mean cov (%) min max mean cov (%)

CoverSpalling 0.61 451 2.30 44.2 048 175 1.07 34.9

OriginalDataset oo pckling . 2.31 1462 659 432 046 162 097 240

‘ CoverSpalling 0.75 4.17 234 38.9 048 175 1.07 34.9
BridgeColumns BarBuckling  3.75 14.58 7.39 37.1 064 162 1.01 24.7
BarFracture  3.75 12.30 7.63 25.9 0.60 1.48 0.97 20.0

of themeasuredlisplacementat cover spallingto thedisplacementsalculatedwith the proposed
model(Equation9.1) have ameanof 1.07andacoefcientof variationof 35%. Thecorresponding
meanandcoebcientof variationfor barbucklingis 1.01and25%, respectiely. Theaccurag of
equation®.1and9.2 arenearlyidenticalwhenappliedto the smallerbridgecolumndataset.

As part of this project,an equationwas developedto predict the drift ratio at the onsetof
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barbuckling by recalibratingthe coebcientsof Equation9.2 with the bridgecolumnsubset.The

resultingequationis asfollows.

% % %
AE"?lc(<>/)—35$1+ 150pers 2 0$1— i 0$1+ L "
0) = 9. effD Agfl

05 (9.3)

The coebcientof variationof the ratiosof measuredo calculated(from Equation9.3) displace-
mentsat the onsetof barfracturewas20.0%(Table9.1).
Fragility curvesarehelpful in the designandassessmenih performance-baseearthquak

engineeringFragility curveshelpa designemanswerthe following question:

For a particular level of columndeformationwhatis thelikelihoodthat the longitudi-

nal reinforcemenwill havebegunto buckle?

Figure 9.2 shaws the fragility curvesfor cover spalling, bar buckiing, and bar fracturein spiral-

reinforcedcolumnsfor thedatasetisedin this project.In thesebguresthe Y-axisis thecumulatve
probability of cover spallingor barbuckling, andthe X-axis is theratio of AALE,@S. If the databasés

dam

assumedo berepresentatie of theentirepopulationof spiral-reinforcecolumns thisratio canbe

Ademand

Z%g“,c . Theseplots alsoshav the normalcumulatie distribution functions(CDF)

dam

andthelognormalcumulatve distribution functions.

interpretedas

In somesituationsthenormalCDF maybtthedatabetterthanthelognormalCDF. However,
thenormal CDF allows negative valuesof AJEmang ASAIC atjow probabilities.

Theratiosof measuredo calculateddisplacementat the onsetof cover spalling,barbuck-
ling, andbar fractureare plotted versuskey columnpropertiesin bgures9.3 and9.5 to evaluate
the effect of thesepropertiesontheaccurag of the proposedequationsAs seenn Figure9.3,the
ratiosof measuredo calculateddisplacementgcreasewith anincreasan effective conbPnement
ratio anddecreasavith anincreasean concretecompressie strength. The effect of conbPnement
on cover spalling is addressedater in this chapter With respectto bar buckling (Figure 9.4),
the ratiosincreaseslightly with anincreasen aspectatio, longitudinal-reinforcementatio, and

concretecompressie strength.No signiPcantrendsareobsenedin the barfractureratios.
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Thedrift-ratio equationgrovide a practicalcorrelationbetweeran engineeringdlemandoa-
rameterandkey damagestates.However, the drift-ratio equationamay not alwaysbe applicable,
suchascasesn which the distanceto the point of contral3&ureis unknavn or varies. Therefore,
similar damageestimateswvill be developedfor other moreversatileengineeringlamagegparame-

ters: plasticrotationsandlongitudinalstrain.
9.2 DAMAGE ESTIMATES BASED ON PLASTIC ROTATION

Empirical equationssimilar to the drift-ratio equationscanbe developedfor the plasticrotation
at the onsetof particulardamagestates. This engineeringdemandparametemay be more ver-
satilethandrift ratio becauselasticrotationscanbe calculatedn a comple« modelmoreeasily
Theplasticrotationscalculatedwith thedistributed-plasticitynodelingstratgy (with no bondslip
componentshouldbe identicalto the plasticrotationscalculatedwith the lumped-plasticityfor-
mulationif the plasticcurvaturescalculatedrom the distributed-plasticiy stratey areadjustedo
accountfor localizationin accordanc¢o the methodpresentedn Section3.1.1.1f thezero-length
bond-slipsectionis usedin the distributed-plasticitymodelingstratey, the rotationdueto bond
slip mustbe addedto the rotationsrecordedat the integrationpoints,becauseheserotationswill
berelative rotations,andthefollowing equationsveredevelopedfor total rotations.
Berry and Eberhard(2003) demonstratedhat the plastic rotation at the onsetof damage

%aé%n) shouldincreasewith anincreasan aspectatio (L/ D) andkey longitudinal-reinforcement

properties(fydy/ D), and decreas with an increasein axial-loadratio (P/ Agf(), asindicatedin

Equation9.4. $ % ,$ %

L fyd
I y b
%ad%m Co(edam) 1+Cq Agf

1+'Cé + C3—=—
whereegam is the strainat the onsetof cover spalling (esp) or barbuckling (epp), and Co — C3 are

(9.4)

constantgo be calibratedwith experimentakesults.

In thefollowing subsectiong=quation9.4will becalibratedor cover spalling,barbuckling,
andbarfracture. Thecorrespondingquationsverecalibratedoy obtainingvaluesof Co — C3 such
thatthe coebcientsof variationof the ratiosof measuredo calculateddisplacementat the onset
of theparticulardamagestategAflva7 Ag m) wereminimized. Thecalculateddisplacementatthe
onsetof the damagestatesare the displacementsssociateavith the calculatedvaluesof §¢2/C

p-dam
from Equation9.4.
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9.2.1 Cover Spalling

The obsered plasticrotationsat the onsetof cover spalling,0 '35 (calculatedrom the obsered
displacementsit cover spalling) have a meanvalue of 1.50% with a coefcientof variation of
49.7%(Table9.2). The meanvalueof theratiosof the measuredlisplacementso the calculated
displacementassociatedvith the meanvalue of 6]'35%is 0.98 with a coePbcientof variation of
33.9%.

This estimateof the plasticrotationat the onsetof cover spallingcanbe improved by con-
sideringthe trendsproposedn Equation9.4. For cover spalling,esp is not expectedto vary with
the amountof traverseor longitudinal reinforcementthereforethe plasticrotationat the onsetof
cover spallingcanbe approximatedvith thefollowing simpliPedexpression.

$ P % 1% %

L fd
0 = Cp 1+ ClAgf’ 1+ Cop + 32 (9.5)
C

D

This equationwascalibratedwith the methoddiscussegbreviously. Theresultingcoebcientsand
accurag statisticsare presentedn Table 9.2. For comparisonthe table includesthe estimates
basedon the displacementsalculatedwith the meanvalue of the plasticrotationat the onsetof
the particulardamagestates.This methodis equivalentto settingCy in Equation9.5to the mean

valueof 67355 andsettingthe othercoebcientsto zero.

Table 9.2 Resultsof plastic-rotation calibration

Coebcients oimeay peale Ameag pcale
Methodology Co C C Cs Cs mean cov(%) mean cov (%)
meanBp_sp 0.015 - - - - 1.00 49.7 0.98 33.9
Eq(9.5) 0.0095 0.001 0.08 0.015 - 0.99 48.1 0.99 33.3

Little accuray is gainedby utilizing the expectedtrendsin plasticrotationat the onsetof
cover spalling (Equation9.5). The coetcientof variationof AgE7 Agg'c with Equation9.5 was
33.3%,whichis only slightly moreaccurat¢hanusingthemearvalueof 8, 5p (1.50%)to calculate
thedisplacemenéatthe onsetof cover spalling,Ag2"(33.9%).Additionally, a slightly smallerco-
efbcientof variationcanbeobtainedusingaconstanplasticrotationof 1.20%(32.5%). Therefore,
this valuerecommendedbr calculatingthe plasticrotationat the onsetof cover spalling.

Fragility curvesfor estimate®f the plasticrotationsat the onsetof cover spallingareshovn
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in Figure9.6. Thebgureontheleft is thefragility curvefor 657 eg’f‘g;,, Wheree‘g;'j‘é% = 1.20%.The

fragility curve ontherightis for AT®27 ASS'°, whereAZ3'® is the calculateddisplacemenassociated

Sp
with 652 = 1.20%.
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Fig. 9.6 Fragility curvesfor cover spalling and bar buckling using plastic rotation

Theratiosof measuredo calculateddisplacementgat the calculatedplasticrotation)at the
onsetof cover spallingareplottedversuskey columnpropertiesn Figure9.7to evaluatethe effect
of thesepropertieson the accurag of the proposeddamageestimate. As seenin the drift-ratio
estimatestheratiosof measuredo calculateddisplacementsicreasewvith anincreasen effective

conPnementatio anddecreasavith anincreasen concretecompressie strength.
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9.2.2 Bar Buckling

The meanvalue and coefcientof variation of the obsered plasticrotationsat the onsetof bar
buckling (ngggﬁ were6.50%and39.1%,respectiely. Themeanandcoefcientof variationof the
ratiosof measuredlisplacementat the onsetof barbuckling to thedisplacementassociatedvith

themeanvalueof 6% were0.99and34.4%,respectiely.

Estimateof the plasticrotationat the onsetof barbuckling canbeimprovedby considering
thetrendsproposedn Equation9.4. The plastic-rotationequationcanbe extendedfurtherfor bar
buckling by consideringhe effect of the conPningsteelon the strainat bar buckling. The strain
atthe onsetof barbuckling is expectedto increasawith anincreasen effective conbPnementatio

(pett = psfyd fe) asin thefollowing equation.
b= X1+ X2Peff (9.6)

By combiningEquation9.6 with Equation9.4, simplifying, and combiningconstantsthe

following equationfor the plasticrotationat the onsetof barbuckling is obtained.

. $ o %S

%
Opbb= Co 1+ Cypert 1+C

1+ C—+ C3X— 9.7
AgT] 25+ Ca (9.7)

The coebcientsin the barbuckling equation(Equation9.7) were previously calibratedby
Berry andEberhard2005). However the coefcientsobtainedn their studyweredevelopedfor a
differentmodelformulationanddatasetTherefore the equationsvererecalibratecaspartof this

studywith the bridgecolumndataseandnewv modelformulation.

Theresultingcoebcientsandaccurag statisticsarepresentedn Table9.3. For comparison,
thetableincludestheestimatedasednthedisplacementsalculatedvith the meanvalueof 6'&%%?
This methodis equialentto settingCy in equation9.7 to the meanvalue of egﬁg@% andsettingthe
othercoebcientsto zero. The coebcientsfor Equation9.7 previously calibratedby Berry and
Eberhard2005)arealsoincludedin thetable.

As seenin Table 9.3, Equation9.7 providesan accurataneansof estimatingbar buckling.
The coefbcientof variation of the ratiosof measuredo calculateddisplacementsit the onsetof

barbucklingwas21.1%.Thisis animprovemento the25%coefcientof variationobtainedusing
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Table 9.3 Resultsof plastic-rotation calibration

Coebcients BieaT 6%, Ameag pcale
Methodology o C C Cs Cy mean cov (%) mean cov (%)
meand'iee 0.0650 - - - 1.00 39.1 0.99 34.4
BerryandEberhard2005 0.006 31 065 023 7.19 093 24.9 0.94 22.1
Eq(9.7) 0.0010 130 1.30 3.00 7.30 0.98 233 1.02 21.1
Eq(9.8) 0.0009 - 130 3.00 730 1.01 24.1 1.01 21.6

thedrift-ratio equationsn the previous section(Equation9.2).

Equation9.7, with the previously calibratedcoefcientsfrom Berry and Eberhard(2005),
doesnot accuratelypredict (on average)the displacementt the onsetof bar buckling for the
smallerbridgecolumndatasetisedin this report. The meanvalueof ratiosof measuredo calcu-
lateddisplacementss 0.94with acoebcientof variationof 22.1%.Thisis similarto thecoebcient
of variationobtainedfor the recalibratedequation,but the meanis not 1.00. The reasonfor this
differences becaus¢he smallerdatasetisedin this projectdoesnotincludehigh axial loadtests,
whereaghe previousdatasetlid. All of thecolumnsin thesmallerdatasethave & < 0.30(Sec-
tion 1.3). By removing thehigheraxialloadtests thepreviously calibratedequations lessaccurate
becauseheinfRuenceof the axial-loadratio termwasso signibcant.The axial-loadcoebcientin
therecalibrateccoebcientsis smallerthanin the original equationanddoesnot signibcantlyaf-
fect the calculatedrotation. Therefore for columnwith axial-loadratioslessthan0.30,a simpler
equationin which the axial-loadtermis neglectedcanbe developed.

$ %
+ ’ L fydb
Opbb= Co 1+ Cypers 1+ C25+ C3T (9.8)

Theaccuray statisticsandcalibratedcoebcientdor this equatiorareprovidedin Table9.3. Little
accuray is lostusingthis equation.Thecoefcientof variationof measuredo calculatedlisplace-
mentsincreasedslightly from 21.1%using Equation9.7 to 21.6%using Equation9.8. Simpler
eguationgncluding only oneandtwo column propertieswverealsostudied. The bestestimateof
egfj‘gfb usingonly two columnpropertiesncludedthe effectsof L/ D andpes ¢, asin the following
equation. $ %

+ ' L
Opob= Co 1+ Capert 1+ C25 (9.9)
Theaccurag statisticsandcalibratedcoebcientsfor this equationarealsoprovidedin Table9.3.
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As seenin thetable,if only two columnpropertiesare usedin the estimate the accurag of the

damageestimateis reduced.The coefcientof variationof the measuredo calculateddisplace-

mentsarereducedrom 21.6%usingEquation9.8to 27.3%usingEquation9.9.
Thebestonepropertyestimateof G%"j‘t',cb includedthe effectsof thecolumnaspectatio (L/ D)

asin thefollowing equation. $ %
L
Opob=Co 1+ CZB (9.10)

The calibratedcoefcientsandaccurag statisticsfor this equationarealsoprovidedin Table9.3.
In this case,the coebcientof variationof the ratios of measuredo calculateddisplacementss
29.5%,signibcantlylargerthanthe 21.6%usingthreecolumnproperties.

Equation9.8providesa practicalcompromiséetweersimplicity andaccurag; thisestimate
is simplerthanEquation9.7,andlittle accuray is lostwhenusingthis simplerequation.However,
this equationwas developedfor columnswith axial-loadratioslessthan 0.30. This shouldbe
consideredwhen applying this equationbecauseprevious research(Berry and Eberhard2005)
indicateshataxial loadinf3uenceghe plasticrotationat the onsetof damage.

For comparisonand simplicity, an equationwas developedthat hasa similar form to the
simplibpeddrift-ratio equationsf the previous section(Equation9.2). Theresultingequations as
follows.

+ o+ ’
Ggﬁl,cb(%) = 275 1+ 15(e¢ttdp/ D 1—P/ Agf, (1+ L/ 10D) (9.11)

Using this equation the meanand coebcientof variationof the ratiosof measuredo calculated
plasticrotationswere 1.01with a coebcientof variationof 28.3%,whereaghe meanandcoeb-
cient of variationof the ratiosof measuredlisplacementso calculateddisplacementassociated
with therotationscalculatedvith Equation9.12werel.01with acoebcientof variationof 24.3%.
Fragility curvesfor estimatef the plasticrotationsat the onsetof barbuckling areshovn
in Figure9.8. The Pgureon theleft is thefragility curve for 85637 6535, where6SaS is calculated
with Equation9.8 andcoebcientsin Table9.3. Thefragility curve ontheright is for ATI®a7 AC3lC,

whereAS2 is the calculateddisplacemenassociatedvith eg‘"j‘t')cb.
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Fig. 9.8 Fragility curvesfor bar buckling using plastic rotation

Theratiosof measuredo calculateddisplacement¢from the calculatedplasticrotation) at
the onsetof bar buckling are plotted versuskey columnpropertiesin Figure 9.9 to evaluatethe
effect of thesepropertieson the accurag of the proposeddamageestimate.No signibcantrends

areobsenredin thedata.

9.2.3 Bar Fracture

Theplastic-rotatiorequationslevelopedfor the onsetof barbuckling (equation®.7and9.8)were
calibratedo estimataheonsetof barfracture.Theresultsof this calibrationarepresentedh Table
9.4.

Table 9.4 Resultsof plastic-rotation calibration

Coebcients gmeay gealc Ameag pcalc

p-bf’ Ypbf dam’ “dam
Methodology Co G C G Ca mean cov (%) mean cov (%)
meanBp pf 0.0650 - - - 1.00 39.1 0.99 34.4
Eq(9.7) 0.0010 1.0 24 17 6.7 1.00 17.5 0.98 15.2
Eq(9.8) 0.0009 - 24 1.7 6.7 0.99 18.3 0.99 16.0
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As seenin thistable,estimate®f plasticrotationsattheonsetof barfracturearesignibcantly
improved by consideringhe effectsof the key columnproperties.The coefcientof variationof
measuredo calculateddisplacementss reducedfrom 34.4%using the meanvalue of 6773°to
15.2%usingEquation 9.7,and16.0%usingEquation9.8. Little accurag is gainedby considering
the axial load term in the barfracture estimates. Therefore,Equation9.8 is recommendedor
columnswith axial ratios< 0.30.

A simplibedequationsimilar to the equationdevelopedfor thedrift ratio at the onsetof bar

fracture(Equation9.3) wasdevelopedfor the plasticrotationasfollows.
calc +  * .
Opbi(%) = 3.0 1+ 15(peridy/ D 1—P/Agfe (1+ L/10D) (9.12)

Themeanvalueof theratiosof measuredo calculatecplasticrotationswere0.97with acoebcient
of variationof 22.7%,whereaghe correspondingneanand coebcientof variationfor the ratios
of measuredo calculateddisplacementsere0.97and19.6%.

Fragility curvesfor this damagestateand engineeringdemandparametefare provided in
Figure9.10,andtheratiosof measuredo calculateddisplacementareplottedversuskey column
propertiesn Figure9.11. Theonly signibcantrendobsenedin thedatais aslightincreasan the

ratiosof measuredo calculateddisplacementwith anincreasen concretecompressie strength.

9.3 DAMAGE ESTIMATES BASED ON STRAIN

Longitudinalstrainsintroducemoreinformationinto the predictionprocessandthusmay provide
moreversatileandaccurateredictionsof damageAdditionally, theempiricalequationdasedn
drift ratio andplasticrotationdevelopedin the previous sectionsmay not be applicableto some
modelingsituations suchascasesherethe distanceo the point of contral3&urevaries,the axial
load varies, or thereis biaxial bending. This sectionwill focus on developing and evaluating
damageredictionsbasedn longitudinalstrain.

Testsshow that the onsetof cover spalling correlateso the maximumcompressie strain
in the cover concretg(LehmanandMoehle 2000),thereforethis parameters chosemasthelocal
engineeringlemandparametefor this damagestate. Thetensilestrainin the extremereinforcing

bar was chosenas the local engineeringdemandparameterfor longitudinal bar buckling; this
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Fig. 9.10 Fragility curvesfor bar fractur e using plastic rotation

parameters suggestedby multiple researcherscluding Moyer and Kowalsky (2001), Priestley
etal. (1996),andLehmanandMoehle(2000). Tensilestrainis choserfor barfracturebecausdar
fractureoftenoccursimmediatelyafterbuckling of thelongitudinalreinforcement.

The lumped-plasticitymodelingstrategly developedin this reportwill be usedto evaluate
the effectivenessof using maximumconcretecompressie strainto estimatecover spalling,and
maximumlongitudinal-reinforcementensilestrainto estimatebarbuckling andbarfracture.Key
statisticaandfragility curveswill bepresentedThecalibrationof theproposeglastic-hingdength
in thisreportconsideredhe estimationof thesedamagestatesandthereadeiis referredto Section
6.3for detailsonthis procedure.

Theevaluationwill notbecarriedoutfor bothmodelingstrateiesproposedn thisreportbe-
causehelongitudinalstrainscalculatedwith the distributed-plasticitymethodaresubjectto strain
concentrationsn columnswith perfectly-plasticor degradingbehaior, asindicatedin Section
3.1.1. Strainestimateasedon this methodologyare only valid for columnswith hardeninge-
sponsesandall of the columnsin the bridgedatasetio not portraythis type of responsewhereas

thestrainsestimatedvith thelumped-plasticityformulationareobjectie for all sectionresponses.
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9.3.1 Cover Spalling

The meanvalueof the compressie strainsat the onsetof cover spalling (egy®) was0.008with a
coebcientof variationof 48.6%. The meanvalueof theratiosof obseredspallingdisplacements
to thedisplacemenassociateavith the meanvalueof eg**was0.99with acoebcientof variation

of 34.7%(Table9.5).

Table 9.5 Cover-spalling estimatesbasedon longitudinal compressve strain

85%6517 Sgglc Ag;)eaq Agslc
Methodology mean cov(%) mean cov (%)
meanesp, = 0.008  1.00 48.6 0.99 34.7
Eq(9.13) 0.99 39.6 1.0 27.5

Thestrainattheonsetof cover spallingis notexpectedo increasewith anincreaseof effec-
tive conbnementatio. However, if egp is plottedversuspes ¢, a signibcantrendcanbe obsered

(Figure9.12). Thebestbtline for thistrendis asfollows.
e8¢ = 0.0004+ 0.045pef (9.13)

The R? value for this correlationis 0.42. The effective conbnementatio may be affecting the
compressie strainatthe onsetof cover spallingby conPningthe lateralexpansionof the concrete
coreandlongitudinalreinforcementlf thistrendis includedin the estimateof thedisplacemenat
theonsetof coverspalling(Agg'C), asignibcantlhybetterestimatecanbe obtained As seenn Table
9.5, the coebcientof variationof the ratiosof measuredo calculateddisplacementst the onset
of spalling canbe reducedfrom 34.5%to 27.5%. This phenomenomequiresa more thorough
investigation beforethis methodis recommendedbr use.

Fragility curvesfor estimatesof the compressie strain at the onsetof cover spallingare
shawn in Figure9.13. The bgureon theleft is thefragility curve for e287 53/, whereeS3" is the
meanvalueof the obsenedstrain0.008. Thefragility curve ontherightis for AgF37 Agg'C, where

Agg'c is the calculateddisplacemenassociateavith the meanvalueof e, (0.008).
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Theratiosof measuredo calculateddisplacement§from the calculatedcompressie strain)
attheonsetof cover spallingareplottedversuskey columnpropertiesn Figure9.14to evaluatethe
effect of thesepropertieson theaccuray of the proposedlamagesstimatesAs mentioneckearlier
in this sectionandin previoussectionf this chapteytheratio of measuredo calculateddisplace-
mentsincreasewith anincreasen effective conbnementatio. As notedfor the drift ratio and

plastic-rotatiorestimatestheratiosdecreasavith anincreasen concretecompressie strength.

9.3.2 Bar Buckling

Themearnvalueof thetensilestrainsattheonseif barbuckling (ef}°%) was0.081with acoefcient
of variationof 30.1%.Themeanandcoefcientof variationof theratiosof obsereddisplacements
to displacementassociatesvith the meanvalue of £{[*#were1.00and28.1%,respectrely (Table
9.6).

Table 9.6 Buckling estimatesbasedon longitudinal-r einforcementtensile strain

meag calc meag Acalc
&b €pp ARSI AT

Methodology mean cov(%) mean cov (%)

meanep, = 0.081  1.00 30.1 1.00 28.1
Eq9.14 1.00 254 1.0 23.6

Berry and Eberhard(2005) proposedhat the strainat the onsetof bar buckling shouldin-

creasewith anincreasan effective conbnementatio, asin Equation9.14.
€% = X1+ X2Pert < 0.15 (9.14)

To verify this expectedirend,epy, is plottedversusthe effective conbPnementatio in Figure9.15.

Equation9.14wascalibratedn Section6.3,andthefollowing equationwasobtained.
eS2° = 0.045+ 0.25pe¢ < 0.15 (9.15)

The accuray of predictingthe displacemenat the onsetof bar buckling as a function of
straincanbe increasedy including this trendin the estimate. To include this trend, the calcu-

lated displacementsit the onsetof bar buckling could be determinecby (1) calculating(c,gf,;‘)'C for
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eachcolumnusingEquation9.15,andthen(2) calculatingthe displacementassociateavith these
calculatedstrainvalues(AS2').

Key accurag statisticsfor estimatingthe displacemenéat the onsetof barbuckling utilizing
this methodare presentedn Table 9.6. The coefrcientof variationof the ratios of measuredo
calculateddisplacementsanbereducedrom 28.1%usingthe meanvalueof &y, (0.08)to 23.6%
usingtheS2® from Equation9.15.

Fragility curvesfor estimate®f the tensilestrainat the onsetof cover spallingareshovn in
Figure9.16 The pgureon the left is the fragility curve for efl*37 53, whereef3l is calculated
from Equation9.15. Thefragility curve ontherightis for ATI®a7 A3 whereAS2" is thecalculated
displacemenassociateavith e£a°,

Theratiosof measuredo calculateddisplacementgfrom the eg%'c) atthe onsetof barbuck-
ling areplottedversuskey columnpropertiesn Figure9.17to evaluatethe effect of theseproper
tieson theaccurag of the proposeddamageestimatesAs seenin the Pgurestheratiosdecrease
slightly with anincreasein axial-loadratio, and increaseslightly with anincreasein concrete

compressie strength.
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9.3.3 Bar Fracture

Themeanvalueof thetensilestrainatthe onsetof bar fracture(e]°®) was0.087with acoebcient

of variation of 28.8%. The meanvalue and coebcientof variation of the ratios of measured

displacementto calculateddisplacementassociateavith the meanvalueof e *#were1.00and

27.5%,respectiely.

Table 9.7 Bar-fractur e estimatesbasedon longitudinal-r einforcementtensile strain

meag calc meag Acalc
Eht 7 €y AgFT Agt

Methodology mean cov (%) mean cov (%)

meaneys = 0.087  1.00 28.8 1.00 27.5

Eq(9.16)

1.00 22,5 1.00 21.2

The tensile strain at the onsetof bar fractureis expectedto increasewith an increasein

effective conPnementatio. This trendis veribedin Figure9.18. In a similar fashionasthe bar
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buckling damagelevel, an equationwas developedto predictthe tensile strain at the onsetof

longitudinalbarfractureasafunctionof effective conbnementatio (Equation9.18). Theresulting

equations nearlyidenticalto theequationdevelopedfor barbuckling; thereforehe sameequation

will beusedfor bothdamagestatedor simplicity.

ef3° = 0,045+ 0.30pes < 0.15 (9.16)
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By accountingor the effect of effective conbPnementatio with Equation9.16,theaccurag
of the barfractureestimatesareimproved (Table9.7). The coebcientof variationfor e[l efalc
is reducedrom 28.8%usingthe meanvalueof e[ to 21.8%usingEquation9.16 Similarly, the
ratio of measuredo calculateddisplacementarereducedrom 27.5%to 20.5%. Fragility curves

for this damagestateandengineeringlemandoarameteareprovidedin Figure9.19.
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9.4 COMPARISON OF DAMA GE ESTIMATES

Damageestimateshasedon three engineeringdemandparametergi.e., drift ratio, plastic rota-
tion, andlongitudinal strain) were evaluatedin the previous sections.In Table 9.8, this studyis

summarizedndtheaccurag of usingthevariousengineeringparametersrecompared.

Table 9.8 Comparison of damageestimates

meag Acalc
Adam7 Adam

DamageState E.D.P Equation mean cov (%)
' Agg'clL (%) 1.6 (1—-P/Agfl) (1+ L/10D) 1.07 34.9
Cover Spalling
(29 columns) 8%3C (%) 1.20 0.98 33.9
€sp 0.008 0.99 34.7

+ ]
AS/L (%)  3.25 1+ 15(eridy/D’ (1—P/AGfY) (1+ L/10D) 1.01 247
. + y
BarBuckling 0%ale (%) 0.0009 1+ 7.3pess’ (1+ 1.3L/ D+ 3f,dy/ D) 101 216
(33 columns)

+ il
0%3S (%) 275 1+ 15(errdy/ D’ (1—P/Agfl) (1+L/10D) 1.01 243

ggalc 0.045+ 0.25p¢r < 0.15 1.00  23.6

+ il
ASC/L (%) 35 1+ 15Qeftdy/ D' (1—P/Agfl) (1+ L/ 10D) 0.97 20.0
+
BarFracture 6% (%)  0.0009 1+ 6.7pers’ (1+ 2.4L/ D+ L.7f,dy/ D) 099  16.0
(20 columns) +
6 (%) 30 1+ 15(erich/D’ (1-P/AT) (1+L/10D) 097 196

egalc 0.045+ 0.30pert < 0.15 096 205

As seenin thetable,similar levels of accurag canbe obtainedby estimatingthe onsetof
damageusingdrift ratio, plasticrotation, or longitudinal strain. The coefcientof variationfor
theratiosof measuredo calculateddisplacementat the onsetof spallingwasapproximately34%
for all threemethods. The coefcientof variationsfor the onsetof bar buckling usingthe three
methodswere22-25%. For barfracture,slightly betteraccurag canbe obtainedby usingplastic
rotation(coebcientof variationof 16.0%)thandrift ratio or longitudinalstrain(~ 21%).

Thedrift-ratio equationgrovide a practicalcorrelationbetweeran engineeringlemanda-
rameterandkey damagestates However, theapplicationof this methal is limited to testsin which
thethe distanceto the point of contralR&ure doesnot vary, the axial load doesnot vary, andthere
is only uniaxial bending.Although estimatesasedon plasticrotationsuffer from the samelimi-
tations,plasticrotationis amoreversatileengineeringlemandparametebecausét is moreeasily

calculatedn a comple« model. The damageesstimatedasedon longitudinal strainovercomethe
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limitations of the drift-ratio and plastic-rotationequationshowever they requirea more detailed

modelin which strainscanbe monitored.
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10 Application of Column-Modeling Strategy to
More Complex Structural Models

The column-modelingstratgies developedin this reportwere calibratedand evaluatedwith ex-
perimentaltestsof single, equivalentcantilever bridge columns,loadedpseudo-staticallyn one
dimension. In this chaptey the proposedcolumn-modelingstratgies are appliedto two more
comple« modelingsituations. First, the column-modelingstratgies are employed to modelthe
columnsof asinglebridgebent. The modelingstratgjiesarethenusedto modelshale-tabletests

of columnssubjectedo unidirectionalandbidirectionalbasemotions.
10.1 COLUMN BENT TESTS

The proposeddistributed-plasticityandlumped-plasticitymodelingstratgyieswereusedto model
theresponsef abridgebenttestperformedoy Makido (2006)at PurdueUniversity (Figure10.1).
The geometricand materialpropertiesof the specimenrare providedin tables10.1and10.2,re-

spectvely.

10.1.1 Distributed-Plasticity Model

Thedistributed-plasticitynodelof thecolumn-bents illustratedin Figure10.2. Thecolumnswere
modeledwith the proposedlistributed-plasticitymodelingstratgy andstandardnaterialmodels
(Chapterd), with a slip-sectionat both endsof the columnandwith 6 integrationpoints,whichis
recommendedor columnsunderdoublecurvature(Section3.1.1). The cross-beamvasmodeled

asa rectangularforce-basedeam-columrelementwith six integrationspoints. However, upon



Fig. 10.1 Testsetup

the completionof the analysisjt wasobseredthatthe crossmemberdid not crack,andtherefore

couldhave beenmodeledasanelasticsectionwith grosssectionproperties.

Accuraq statisticsfor this modelingstratey areprovidedin Table10.3,andthe calculated
erveloperesponsds comparedo the measurednveloperesponsean Figure10.3(a). The basic
distributed-plasticitymodelingstratey accuratelypredictsthe maximummoment(M.R. = 1.02),
but the modeloverestimateshe initial stiffness(SR. = 0.69), and doesnot modelthe ervelope
degradation. The calculatedand measuredyclic responsesre comparedn Figure10.3(b). As
seenn this bgure thismethoddoesnot modelthe strengthandstiffnessdegradatiordueto cycling
atlargedeformations.

Ranf (2006)analyzedthe samebridge bentin detail. Basedon strainmeasurements the
bentfooting, herecommendetiond-strengtiatiosof A = 0.6 (comparedvith A = 0.9) andA; =
0.3 (comparedwith A; = 0.45), anda largerbond-compressiodepthof deonp = 0.5D (compared
with 1/2 the neutralaxis depthat concretecompressie strainof 0.002). Using thesevaluesin

the bond-modebrovidesa betterestimateof the stiffnessratio (0.94) andthereforea betterEpsp
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Table 10.1 Geometric propertiesof the Purdue bent

Category Property
GrossDiameter(mm) 304.8
) ) ClearCover (mm) 26.6
ColumnDimensions CoreDiameter(mmn) 261.6
ColumnHeight(mm) 1524.0
Intra-BentColumnSpacing(mm) 1828.8
No. of LongitudinalBars 16
BarNo. 3
. LongitudinalSteelRatio (%) 1.56
ColumnReinforcement SpiralBar W2.9
Spiral Spacing{mm) 31.8
Spiral Bar Diameter(mm) 4.9
SpiralBar Area(mn?) 18.7
Trans\erseVolumetricSteelRatio (%) 0.90
Length(mm) 3149.6
BeamDimensions Width (mm) 812.8
Depth(mm) 457.2
ClearCover (mm) 254
No. of LongitudinalBars 12
BeamReinforcement  LongitudinalBar No. >
Trans\erseBar No. 3
TranserseSpacing(mm) 152.4

Table 10.2 Measured material propertiesfor the Purdue bent

Member Property

fé (MPa) 29.8
Column  f,(MPa) 482.6
Es (MPa) 2.00e5

fe (MPa) 46.9
Beam fy (MPa) 434.32
Es (MPa) 2.00e5

value(8.43). Thestrengthestimateslid notchangeput Eforce andEenegy improvedslightly (Table
10.3).

To capturethe strengthand stiffnessdegradationdue to cycling at large deformations,a
materialmodel that accountsfor this phenomenons needed. A steelmodel that accountsfor
cyclic degradationis proposedn Chapter8 (Mohle andKunnath2006). However, this modelcan
not be usedreliably in combinationwith this modelingstratgy becausehe distributed-plasticity

modelingstratgy is susceptibléo strainconcentrationgn columnswith degradingbehavior.
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Fig. 10.2 Bent modelwith distrib uted-plasticity column-modelingstrategy

10.1.2 Lumped-Plasticity Model

Themodelingstratey for the bridgebentusingthe proposedumped-plasticitycolumn-modeling
stratgy (Chapter6) is illustratedin Figure10.4. A plastichingeis assumedo form at both'ends
of eachcolumn,andthelengthof the plastichingewascalculatedasL, = 0.05Ls+ 0.1 fydy/ 1L,
whereLs is thedistancgrom columnbxity to pointof contral3&ure (L/ 2). For thesecolumns the
calculatedplastic-hingdengthwas122.3mm whichis equalto 40% of the columndiameter The

effective stiffnessof the elasticportion of the columnswas calculatedas (El)eff = @sed El)seo

Table 10.3 Accuracy statisticsfor column-modeling strategies

Strategy SteelModel EpusH%) SR M.R D.R(%) Eforce(%)  Eenegy(%)
Distr. Standard 11.9 0.7 1.0 8.8 21.0 -63.9
Distr., RanfBond  Standard 8.4 0.9 1.0 8.9 19.3 -50.0
Lumped Standard 7.6 0.9 11 8.2 19.8 -56.3
Lumped Mohle andKunnath 8.5 0.9 1.0 8.1 134 -33.5
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oL—3Lp)
T=3alp

(Eleft ~ 0.15E:lg. As in the distributed-plasticitymodel, the crossbeamwas modeledas a

where @sec = , and agec= 0.35+ 0.1L¢/ D (sections6.2 and 5.5). For thesecolumns
rectangularforce-basedeam-columrelementwith six integrationspoints. However, upon the
completionof the analysisit was obsered that the crossmemberdid not crack, and therefore

couldhave beenmodeledasanelasticsectionwith grosssectionproperties.

Accurag statisticsfor this modelingstrategy areprovidedin Table10.3,andthe calculated
and measurecernvelopesare comparedn Figure 10.5(a). The proposedmnodelingstratgy accu-
rately modelsthe responsef the bridge bentat low levels of deformation;theinitial stiffnessis
calculatedwithin 15% of the measuredesponseandthe maximummomentis calculatedwithin
5% of the measuredesponse.However, aswith the distributed-plasticitymethod,the lumped-
plasticity methoddoesnot modelthe degradingernvelopeaccurately The calculatedcandmeasured
cyclic responsesre comparedin Figure 10.5(b). As seenin the bgure,this methoddoesnot

accountor thedegradationdueto cycling atlarge deformations.

To overcomethis limitation, the more complex steelmodel (Mohle andKunnath2006)de-
scribedin Chapter8 wasusedto modelthe reinforcingsteel. The ervelopecurvesandhysteresis
loopsfor this analysisarepresentedn Figure10.6(a)and10.6(b),andthe accurag statisticsare

providedin Table10.3. As seenin the Pguresandthe table,the Mohle andKunnath(2006)steel
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Fig. 10.4 Bent modelwith lumped-plasticity column-modelingstrategy

modelsignibcantlyimprovesthe estimatesof the cyclic responsef the bent. The valuesof Eforce
and Eenegy (13.4% and -33.5%) using the Mohle and Kunnath(2006) steelmodel are approxi-
mately60% of the valuesusingthe standardsteelmodel(19.8%and-56.3%).
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10.1.3 Flexural Damage

The estimatesof cover spalling and bar buckling proposedn Chapter9 will be appliedto the
Purduebenttestin this section. The lumped-plasticityformulationwith the standardsteelmodel
wasusedfor this study The measuredrift ratiosat the onsetof cover spallingandbar buckling
were 1.2%, 3.8% and 4.4% respectrely. The calculatedengineeringdemandparametergdrift
ratio, plasticrotation,andlongitudinalstrain)arereportedn Table10.4. Thecalculatedrift ratios
associatedvith the calculatedengineeringdemandparametersre also reportedalong with the

ratiosof measuredo calculateddisplacementsAs seenin thetable,the proposednethodologies

Table 10.4 Damageestimatesfor purdue bent test

DamageState  E.D.P ED.P(%) ASS/L(%) A3y A
Drift Ratio 1.1 1.1 1.1

Cover Spalling  Plastic-Rotation 15 0.93 1.29
Compressie Strain 0.8 1.24 0.96

accuratelypredictthe onsetof cover spallingandbarbuckling. For thistestspecimenlongitudinal
strainwasthe mostaccuratemeansof predictingthe displacemenat the onsetof cover spalling
(Agp?d Agg'c = 0.96), whereaddrift ratio and plastic-rotationwere the most effective meansfor
predictingbarbuckling (AJF3 ASSC = 1.05and0.95, respectiely).

10.2 SHAKE-TABLE TESTS

The proposedcolumn-modelingstratgies were usedto model shale-tabletestsperformedby

Hachemetal. (2003)at the University of Californiaat Berkeley.

10.2.1 TestSetupand Procedure

The shale-tabletestsconsistedf four identicalcolumnssubjectedo unidirectionalandbidirec-
tional earthquak excitations. The columnspecimensreillustratedin Figure 10.7,andkey geo-
metricandmaterialpropertiesareprovidedin Table10.5. Hachemetal. (2003)providesdetailsof
thetests.

Specimenél1 andB1 weresubjectedo unidirectionalexcitations,whereasA2 andB2 were

subjectedo excitationsin two directiong(Table10.6). Two horizontalgroundmotiontime histories
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Table 10.5 Propertiesof shake-table specimens

Category Property
GrossDiameter(mm) 406.0
Column ClearCover (mm) 13.0
ColumnHeight(mm) 1630.0
No. of LongitudinalBars 16
LongitudinalBar Diameter(mm) 12.7
. LongitudinalSteelRatio (%) 1.17
ColumnReinforcement Spiral Bar Diameter 4.5
Spiral Spacing(lmm) 31.8
SpiralBar Diameter(mm) 4.9
Trans\erseVolumetricSteelRatio (%) 0.53
fi (MPa) 39.3
Material Properties fy (MPa) 499.9
fys (MPa) 620.5

wereusedin thetestsandfor simplicity, no verticalaccelerationsvereconsideredSpecimen#\1
andA2 weresubjectedo variationsof the Olive View recordof the 1994 Northridgeearthquak,
whereascolumnsB1 andB2 weresubjectedo the 1985Chile earthquak recordedat the Llolleo
station.Eachspecimerwasinitially subjectedo runsator below theyield level to helpidentify the
elasticresponsef the specimensThe specimensverethensubjectedo runswith accelerations
atthe designlevel. Following theseruns,the accelerationsvereamplibpedto the maximumlevel,
which matchedhe capacityof the simulator Theamplitudeof therunsatthe maximumevel were
1.5-2.0timestheamplitudeof the designlevel. Thedesignandmaximumevel runswererepeated
(in pairs) until failure. The base-acceleratiohistoriesof the specimensn the longitudinaland
lateraldirectionsat the designlevel arepresentedn Figure10.8. Table10.6lists the peakground
acceleration$PGA) for the brstdesignlevel andthe bPrstmaximumlevel. The Northridgerecord
represents nearfault groundmotion with a high-velocity pulse,whereashe Chile recordwas
choserto berepresentate of along-durationearthquak. Therespmsespectraor thefour design

level excitationsarepresentedn Figure10.9(dampingratio of 5%).

Table 10.6 Testmatrix with pgafor 1% designlevel and 18 maximum level

Peak Ground Accelerations(g)

Specimen  History designlong. designlat. maxlong. max lat.
Al Northridge 0.58 - 0.9 -
A2 Northridge 0.58 0.65 0.91 0.95
B1 Chile 0.48 - 0.87 -
B2 Chile 0.47 0.36 0.9 0.67
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10.2.2 Modeling Strategies

The distributed-plasticityand lumped-plasticitymodelingstrat@ies for the shale-tabletestsare
illustratedin Figure10.10.In bothmodelingstratgyies,the massof the block waslumpedwith its
centerof gravity atadistance(Lcg) of 812 mm(32in.) above the top of the column. The mass
of theblock (m) was296 Mg (0.169kip- s%/ in.), andthe rotationalmomentof inertiaof the mass
(mR) was26 Mg- n? (234kip-in.-s%). A rigid beamwasusedto link the top of the columnto
the lumpedmass. The columnsof the specimensvere modeledwith the stratgies proposedn
chapters4 (distributed-plasticity)and 6 (lumped-plasticity). Rayleighdampingwas usedin the
model. Basedon the dampingobseredin the shale-tabletests,the Raleighcoefcientso and 3
wereselectedsuchthatthedampingratiowas3.5%atperiodsof 0.1and1.0secondga = 0.4 and
B = 0.001).

The modelsdescribedabove were evaluatedat the Prstdesignlevel andthe Prstmaximum
level with thestandaratyclic materialmodels andthemodibednateriaimodelsproposedn Chap-

ter 8. To accountfor the effectsof preliminary groundmotions,all runsprior to the brstdesign
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Fig. 10.10 Modeling strategiesfor shake-tabletests

level and maximum level were consideredn the analysis. Table 10.7 describeghe six model-
ing variationsevaluatedin this study The distributed-plasticitynodelwasevaluatedwith perfect
crackclosure(r = 0.0) andimperfectcrackclosure(r = 1.0) andthe standardsteelmodel. The
lumped-plasticitymethodwas evaluatedwith both variationsof crack closureassumptionsand
the two proposedsteelmodels: Mengyotto-Pintoand Mohle andKunnath(2006) (Cs = 0.26 and
Cq = 0.45).

10.2.3 ResponséVlaxima and Hysteretic Energy

Maximumtip displacementnaximumbasemoment,maximumbasesheayandhystereticenegy
were usedto evaluatethe six modelingstratgies. The hystereticenegy is the areawithin the
hystereticforce-deformatiorcurvesandis calculatedwvith Equation7.3.

The accurag of eachmodelis shavn graphicallyin Figure 10.11 (designlevel-lateral),

Figure 10.12(designlevel-longitudinal),Figure 10.13(maximumlevel-lateral),and Figure 10.14
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Table 10.7 Modeling variations for shake-table specimens

Modeling Strategy ~ SteelModel  Crack Closure Name
i Standard r=0.0cmax=0.0 DP-S-PC
Distributed Standard ~ r=1.0cmax=0.01 DP-S-IC
Standard r=0.0cmax=0.0 LP-S-PC
Lumped Standard r=1.0cmax=0.01 LP-S-IC
Mohle r=0.0cmax=0.0 LP-M-PC
Mohle r=1.0cmax=0.01 LP-M-IC

(maximumlevel-longitudinal). As seenin the bguresall column-modelingvariationspredictthe
maximumdisplacementshearforce,andhystereticenegy within 30% of the measuredesponse
for both earthquak recordsat both levels of excitationin the longitudinalandlateraldirections.
However, themodelingvariationswerelessaccuratavhenpredictingthe maximumbasemoments,
especiallythelumped-plasticitymethodsn thelateraldirection. Also seenn the bguresthecrack
closurevariationsdo not signipcantlyaffect ary of theresponsenaxima,which leavestwo strate-
giesto compare: distributed plasticity to lumped plasticity (both with standardsteel), and the
lumped-plasticityvariation with standardsteelto the lumped-plasticityvariationwith degrading
steel.

No signibcanttrendscan be obsered in the maximumdisplacementsand hystereticen-
ergy estimategalculatedvith thedistributed-plasticityandlumped-plasticityestimategbothwith
standardsteel)at eitherearthquak recordor excitationlevel. However, the ratiosof measuredo
calculatedbasemomentsarelargerfor the distributed-plasticitymethodologyfor both earthquak
recordsat both levels of excitationin the longitudinal direction. However the oppositetrendis
obseredin the lateraldirection. Similarly, the ratios of measuredo calculatedshearforcesare
larger(on average)or thedistributed-plasticitymethodologyfor both earthquak recordsandboth
excitationlevelsin bothdirections.

On average theratiosof measuredo calculatecbasemomentsandshearforcesaregreater
for thelumped-plasticitymethodologywith standardsteelthanwith thedegradingsteelmodel.No

othersignibcantrendsareobseredwhencomparingthesetwo variations.
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10.2.4 ResidualDisplacements

To evaluatetheaccurag of theresidualdisplacementsalculatedwith the six modelingvariations,
the calculatedresidualdisplacement$A;c/ L) in the longitudinaldirection are plotted versusthe
measuredesidualdisplacement$§A,/ L) for both earthquak recordsat both levels of excitation

(designandmaximunin Figure10.15.
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Fig. 10.15 Comparison of measured and calculatedresidualdisplacements

Thefollowing canbeobsenedin thebgure.

1. Themodelvariationsaremoreaccuratet predictingtheresidualdisplacementatthedesign
level thanatthe maximumievel.

2. Thedistributed-plasticityvariationsoverestimatéon averageheresidualdisplacementfor
bothearthquak recordsandbothlevelsof excitation.

3. Theimperfectcrackclosurevariationimprovesthe estimatef residualdisplacementgor
thedistributed-plasticitymodel.

4. Theimperfectcrackclosureassumptiordoesnotimprove theresidualdisplacementsalcu-

latedwith the lumped-plasticityariationswith standardsteelor degradingsteel.

The normalizedresidualdisplacemenerror (E;q) is usedto further evaluatethe effective-
nessof the modelingstratgjies@bilities to predictresidualdisplacementsThis error measurés

dePnedasthe differencebetweermeasuredAmS®y and calculatedASYF) residualdisplacements
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normalizedby the maximummeasuredlisplacementasfollows.

$
AMmeas_ Acalc
Eq= abs —&5_T& (10.1)

meas
Amax

%

E q is plotted for eachmodelingstratgy and eachcolumn for the pbrst designlevel and
pPrstmaximumevel in Figure10.16. As notedpreviously, theimperfectcrackclosureassumption
improvestheestimateof residualdisplacementfor thedistributed-plasticitystratgy. However, the
samecannot be saidfor the lumped-plasticitymethodologythereis no signibcantrendfor this
methodology The effect of the crackclosurevariationsmay be more evidentin the distributed-
plasticity methodologybecausehe stress-deformationesponseof the concretein the bond-slip
sectionwas modeledwith the the crack closurevariations,and a signibPcantportion of the total
deformationis attributedto this section. Therefore the modelis moresensitve to this parameter
No othersignibpcantrendscanbe obseredin thedata.

Morework is neededo improve estimate®f residualdisplacementsOnepossiblemprove-
mentwould be to remove the limitation on the imperfectcrackclosureconcretemodelthatdoes
notallow compressiostressn theconcretewnhile it still hastensilestrain. This would amplify the

effect of imperfectcrackclosure,andmayimprove estimate®f residualdisplacements.
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10.2.5 Flexural Damage

In Chaptel9, equationsveredevelopedto predictthedrift ratio (Agany/ L), plasticrotation(6p gam).
andlongitudinalstrain(eqam) atthe onsetof cover spallingandbarbuckling. In this section these
damageequationsare appliedto the shale-tableteststo evaluatetheir accurag. The following
analysiswas carriedout with only one modelvariationfrom the previous section: the lumped-
plasticity variationwith standardsteelandperfectcrackclosure.

Application of the drift-ratio equationgo this structuralmodelis difpbcult becausehe dis-
tancefrom the baseof the columnto thepointof contral3&urevariesthroughouthedurationof the
earthquak. This phenomenoromplicateghe calculationof the demanddrift ratio, aswell asthe
calculatedrift ratiosatthe onsetof cover spallingandbarbuckling (from the damagesquations).
The varying in3exion point also complicatesthe calculationof the plastic rotation at the onset
of barbuckling. Somesimplibcationsmustbe madeto apply the drift-ratio and plastic-rotation
methodologiedo this structuralsystem.For a preliminaryanalysis the systemis assumedo act
asa cantilever systemwherethe distanceto the point of contralR&ureis constaniandis equalto
the heightof the column. This assumptioris not accurateput is performedhereto demonstrate
the procesf applyingthe methodologiesThe damageestimatesasedon strainovercomethis
limitation, andshoud provide a moreeffective meansof estimatingdamagan morecomplicated
systems.

Theresultsof the preliminarystudy aresummarizedn tables10.8(cover spalling)and10.9
(bar buckling). In thesetablesthe calculatedengineeringdemandparametergfrom the damage
equations)at the onsetof the damagestatesare reported,along with the maximum calculated
engineeringdemandparameterdefore (Opreandimmediatelyafter (OpostGhe run wherethe
damagestatewasobsened. The probability (basedn statistic§from Chapte) thatcover spalling
or barbucklingwill have occurredbeforeandafterthe obseneddamageun arealsoprovided.

As seenin Table10.8,the onsetof cover spallingis accuratelypredictedwith the proposed
drift-ratio andplastic-rotatiormethodologiegwith currentinf3exion pointassumption)Whereas,
the strainestimatesccuratelypredictcover spallingin specimen#\1 andA2, but only estimatea
10% probability of spallingin B1 and30% probabilityin B2.

The bar buckling estimateswvere not as clean. Although somemethodscalculatea 50%

probabilityof barbuckling afterthereporteddamageun, the sameprobabilityis calculatedor the
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runsprior to theobsereddamageun. Theseresultssuggesthatestimate®f barbuckling maybe

improvedif cycling is considered.

Table 10.8 Summary of spalling estimates

Asp/ L (%) Op_sp (%) esp (%)

pre post pre post pre post
col. calc max pr. max pr. calc max pr.  max pr. calc max pr. max pr.
Al 21 09 4% 49 100% 15 00 0% 38 100% 08 01 1% 15 100%
A2 2.1 0.9 5% 49 100% 15 00 0% 38 100% 0.8 01 1% 14 99%
Bl 2.1 1.1 7% 3.0 81% 15 01 0% 1.9 78% 0.8 01 1% 04 10%
B2 2.1 1.3 12% 3.0 83% 15 03 1% 20 85% 0.8 02 1% 0.6 30%

Table 10.9 Summary of bar-buckling estimates

App/ L (%) 8p.0h (%) €pp (%)

pre post pre post pre post
col. calc max pr. max pr. calc max pr. max pr. calc max pr. max  pr
Al 60 62 54% 62 54% 59 52 27% 52 27% 67 45 8% 59 32%
A2 6.0 55 36% 55 36% 59 45 13% 45 13% 6.7 6.7 50% 6.7 50%
Bl 6.0 3.0 2% 45 15% 5.9 1.9 0% 3.4 3% 6.7 3.4 2% 59 30%
B2 6.0 45 14% 45 14% 59 3.4 2% 3.4 2% 6.7 50 15% 5.0 15%
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11 Summary and Conclusions

It is importantto characterizehe performanceof bridgesduring earthquaksbecausehey arein-
tegral component®f transportatiometworks. Lossof bridgefunction canhave severeeconomic
consequencesnd and consequence® life safetywhenbridgesare critical links in lifelines to
emegeng facilities,which areparticularlyimportantaftera disasters Although damageo other
bridgeelementsanhave economicandlife-safetyimpacts reinforcedconcretecolumnsareoften
themostvulnerableelementsn a bridge,andcolumnfailure canhave catastrophiconsequences.
Excessie deformationsanresultin spallingof cover concretepuckling of longitudinalreinforce-
ment,barfracture,reductionof 3exural capacity andeventually structuralcollapse.
Theobjective of this projectwasto develop, calibrate andevaluatecolumn-modelingstrate-
giesto accuratelymodelcolumnbehaior underseismicloading,including global forcesandlo-
cal deformationsaswell asprogressiorof damage. The modelswere calibratedusing the ob-
sened cyclic force-deformatiornresponsesnd damageprogressionobsenationsof 37 testsof
spiral-reinforceccolumns representatie of modernbridgeconstruction(Sectionl.3). This effort
is animportantsteptoward implementingperformance-basegarthgqiake engineeringor modern

reinforcedconcretebridges.

11.1 CROSS-SECTIONMODELING

The accurag of the column-modelingstratgies presentedn this reportdependon the accurag
of the cross-sectionmodel, andin turn the accurag of the materal constitutve modelsandthe
cross-sectiomliscretizatiorstratgy. Uniform andnonuniformradialdiscretizatiorstratgieswere

presentedn Chapter2. Basedon corvergenceconsiderationsthe following conclusionswere



drawn.

1. A uniform radial discretizationschemewith 10 radial core divisions, 20 trans\ersecore
divisions, 1 radial cover division, and 20 trans\ersecover divisions provides a sufecient
mesh(220total Pbers)for modelingthe sectionrespons®f areinforcedconcretecolumn.

2. A nonuniformdiscretizationrschemewith a coarsermeshnearthe centerof the columncan
beusedwith aninsignibcantossof accurag. Therecommendedonuniformdiscretization
stratgy has140 total Pbers. The coarsemeshat the centerof the columnhasa radiusof
half the columndepthwith 10 trans\ersedivisionsand2 radial divisions. The densercore
concretemeshhas20 trans\ersedivisionsand5 radial divisions, while the cover concrete

has20transersedivisionsandl radialdivision.

11.2 ENVELOPE RESPONSEOF DISTRIBUTED-PLASTICITY COLUMN-MODELING
STRATEGY

A distributed-plasticitymodelingstratgy was describedcalibrated,and evaluatedbasedon the
erveloperesponsef the elementin chapters3 and4. In the proposedlistributed-plasticitymod-
eling stratgy, a nonlinearforce-based>berbeam-columrelement,a zero-lengthbond section,
andan aggreatedelastc-shearsectionwerecombinedto modelthe Bexural, bondslip andshear
component®f thetotal tip deRectiorof a column.In this formulation,nonlineardeformationsare
allowed to form anywherealongthe heightof the column. The following conclusionsare made

aboutthe enveloperespons®f the proposedlistributed-plasticitymodelingstrateyy.

1. The proposedlistributed-plasticitycolumn-modelingstratgyy provided an accuratemeans
of estimatingenveloperespons®f thebridgecolumns.Key accurag staisticsarepresented
in Table11.1.

2. Theoptimalmodelparametersvereasfollows.

- Strain-Hardenindratio,b = 0.01.
- ElasticandInelasticBond-StrengthRatios,Ae = 0.9 andA; = 0.45.

- DevelopmentBar Stressgy = 0.25cy.
- Numberof IntegrationPoints,Np = 5 (Cantilever Columns),N, = 6 (Double Curva-

ture).
- Bond-ModelEffective Compressioiepth,dconp = 1/2neutralaxisdepthate. = 0.002.
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- ShearStiffnessRatio,y= 0.4.

3. Thecalculatedesponsef thedistributed-plasticitymodelingstrategy is not sensitve to the
integration schemefor columnswith hardeningsectionbehaior. However, the calculated
local deformationsvaried with the integration schemefor columnswith perfectly-plastic
sectionresponsesFor columnswith degradingsectionresponsesyoth the local deforma-
tions andglobal forcesvary with the integrationscheme.This subjectvity is dueto strain

localizationghatoccurat the integrationpoint with the maximummoment.

Table11.1 Accuracy statisticsfor enveloperesponsenf column-modeling strategies

Distributed-Plasticity Lumped-Plasticity
Statistc  Epus{%) SR MR DR Eps{%) SR MR DR
Mean 7.4 084 103 -051 7.9 1.00 105 -1.11
c.0.\ (%) - 156 7.9 - - 16.1 8.4

11.3 ENVELOPE RESPONSEOF LUMPED-PLASTICITY
COLUMN-MODELING STRATEGY

Theerveloperesponsef alumped-plasticitycolumn-modelingstratgly waspresentedgalibrated,
andevaluatedin chapterss and6. In this approachthe nonlineardeformationsof the lumped-
plasticity formulationareassumedo be concentratedh the prescribedplastic-hingeregion of the
column.In thelumped-plasticityformulation,therearenot separatenodelcomponentso account
for theshearandbondslip componentsf thetotal tip def3ection.The effectsof thesedeformation
componentgreaccountedor in the plastic-hingdength. Thefollowing conclusionsveredravn

aboutthe erveloperespons®f the proposedumped-plasticityformulation.

1. The erveloperesponseof modernreinforcedconcretebridge columnscan modeledaccu-
rately with the proposedumped-plasticitymodelingstrategy. Key accurag statisticsare
providedin Table11.1.

2. Theeffective cross-sectiomstiffness,(El)ef, Of the elasticportion of the lumped-plasticity
columnmodel canbe estimatedas a function of the grosscross-gctionstiffness,Eclg, or

secanstiffness,(El)sec= My/ ¢y, with thefollowing equations.
(EDerr = afEclg (11.1)
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(ENeft = 0C¥(El)sec (11.2)

wherekE is themodulusof elasticityof the concrete |4 is themomentof inertiaof thegross
crosssection. The parametersig andosec arestiffnessmodibcatiornratiosthataccountfor
theeffects of bar slip, sheardeformationandaxialload. Theseparametersanbecalculated

with thefollowing equations.

L P
lc —
o= 0.15+ 0.035 + 0.95 AT +0.08p; < 1.0 (11.3)
calc — L
ogee = 0.35+0.15 <1.0 (11.4)

whereL is the distancefrom the point of maximummomentto the point of contral3eure,
D is the depthof the column, fy, andd, aretheyield stressanddiameterof the longitudinal
reinforcementP is theaxialload, Aq is the grossareaof the crosssection, f{ is theconcrete

compressie strengthandp; is thelongitudinal-reinforcementatio.
3. Thelength of the plastic-hingeregion of the lumped-plasticitycolumn-modelingstratey

canbe calculatedwith thefollowing equation.

fudy L
Lp= 0.05L+ 0.1% <3 (11.5)

c

11.4 CYCLIC RESPONSEOF MODELING STRATEGIES WITH STANDARD
MATERIAL MODELS

Theinitial calibrationandevaluationof theproposedlistributed-plasticit Chapte#t) andlumped-
plasticity (Chapter6) modelingstratgieswerebasedon the enveloperespons@f the columns.In
Chapter7, the cyclic responseof the modeling stratgies (with standardmaterialmodels)was
evaluated,andinaccuraciesvereidentibPed.Basedon this study the following conclusionsvere

made.

1. Similaraccurag canbeobtainedusingeitherof thedistributed-plasticityor lumped-plasticity
column-modelingstratgieswith standard cyclic materialmodels(Giuffre-Menegotto-Pinto
steelandKarsan-Jirsaoncrete).Key accurayg statisticsare presentedn Table11.2. The
meanvaluesof the force errors (Esorce) Were 16.1% and 15.7%for both the distributed-

plasticity andlumped-plasticitynodels,respectrely. The meanvaluesof the enegy errors
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(Eenegy) Were-23.7%and-19.9%for the distributed-plasicity andlumped-plasticitymod-
els,respectrely.

2. Theproposednodelingstrategieswith standardyclic materialmodelsaccuratelypredictthe
cyclic responsef the columnsat low levels of ductility andcycling. However, the models

failedto capturethe effectsof degradationdueto cycling at high levels of ductility.

Table 11.2 Accuracy statisticsfor cyclic responseof column-modelingstrategies

Etorce (%) Eener (%)

Modeling Stratgy (SteelModel) mean min  max mean min max
Distributed-PlasticityStandard) 16.1 6.6 447 -237 -109.7 134
Lumped-PlasticityStandard) 157 6.5 451 -199 -112.7 20.7

Lumped-Plasticit{MohleandKunnath) 12.6 5.9 23.9 -4.5 -47.2 316

11.5 IMPROVED CYCLIC MATERIAL MODELS

The cyclic modelinginaccuraciesdentibpedin Chapter7 were addressedn Chapter8. A steel
materialmodel proposedby Mohle and Kunnath(2006), which accountdor degradationdueto
cycling, waspresentedcalibrated,and evaluated. A concretemodelthataccountdor imperfect
crackclosurewasalsodevelopedand evaluatedin this chapter The following conclusionsvere

madebasedn theresultsof this study

1. Theuseof a morecomplex steelconstitutve model(Mohle and Kunnath2006), which in-
cludesdegradationdueto cycling, improvedthe accurag of the lumped-plasticitycolumn-
modelingstrategyy (Table 11.2). The meanforce error (Eforce) decreasedrom 15.7%with
the standardsteelmodelto 12.6%with the Mohle andKunnath(2006) steelmodelandcal-
ibratedparameter¢Cs = 0.26 andCqy = 0.45). The meanenepy error (Eenegy) improved
from -19.9%to -4.5%.

2. Thedistributed-plasticitynodelingstrateyy is susceptibleo strainconcentrations perfectly-
plasticor degradingmembergSectionl1.2). ThereforetheMohle andKunnath(2006)steel
constitutve modelshouldbe usedto modeldegradationdueto cycling only in the lumped-
plasticity column-modelingstratey.

3. The modibcationto the standardKarsanand Jirsacyclic materialbehaior to accountfor

imperfectcrack closuredid not signibcantlyaffect the accurag of the proposedmodeling
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stratejies.

11.6 COLUMN FLEXURAL DAMAGE

In Chaptel9, aserieof damagenodelsveredevelopedthatlink threeengineeringlemancparam-
eters(drift ratio, plasticrotation,longitudinalstrain)with threedamagestateqcover spalling,bar

buckling, andbarfracture).Tablel1.3summarizeshis studyandprovideskey accurag statistics.

Table 11.3 Comparison of damageestimates

meag Acalc
Adam7 Adam

DamageState E.D.R Equation mean cov (%)
_ AZC/L (%) 1.6 (1-P/AyfY) (1+ L/ 10D) 1.07 34.9
Cover Spalling
(29 columns) egé};% (%) 1.20 0.98 33.9
€sp 0.008 0.99 34.7

+ il
A/ (%) 325 1+ 15(efrdy/ D’ (1—P/Agf]) (1+L/10D) 1.01  24.7

. . ’
BarBuckling  gealc (o5) 275 1+ 150per /D’ (1—PIAgE) (1+L/10D) 1.01  24.3
(33columns)

efnc 0.045+ 0.25pe¢1 < 0.15 100 236

-
ASC/ (%) 35 1+ 15(Qperidy/D (1—P/Agf) (1+1L/10D)  0.97  20.0

+ il
BarFracture 6 (%) 30 1+ 15(ersch/D’ (1—P/AT) (1+L/10D) 097 196
(20 columns)
ggale 0.045+ 0.30per < 0.15 096 205

1. Similar levels of accurag canbe obtainedby estimatingthe onsetof damageusing drift
ratio, plasticrotation,or longitudinalstrain(Table11.3). Thecoefcientsof variationfor the
ratiosof measuredo calculateddisplacementat the onsetof spallingwereapproximately
35%for all threemethods.The coefrcientsof variationfor the onsetof bar buckling using
the threemethodswere approximately24%. For bar fracture,the coefcientof variations
wereapproximately21%for all threemethods.

2. Thedrift-ratio equationgrovide a practicalcorrelationbetweeranengineeringlemandpa-
rameterandkey damagestates.However, the applicationof this methodis limited to tests
in which the the distanceto the point of contral3&ure doesnot vary, the axial load doesnot

vary, andthereis only uniaxialbending.Althoughestimatedasedon plasticrotationsuffer
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from the samelimitations, plasticrotationis a moreversatileengineeringdemandparame-
ter becausat is more easily calculatedin a complex model. The damageestimatesdased
on longitudinal strain overcomethe limitations of the drift-ratio and plastic-rotationequa-
tions, however they requirea moredetailedmodelin which strainscanbe monitored,and

the calculatedstrainsdependon the assumegblastic-hingdength.

11.7 APPLICATION OF COLUMN-MODELING STRATEGIES TO MORE COMPLEX
STRUCTURES

Theproposednodelingstratgieswereevaluatedor usein morecomple structuresn Chapterl 0.
The modelswere brstusedto modelthe columnsof a two-columnbenttestperformedat Purdue
University(Makido 2006). Themodelingstratgieswerethenusedio modelthedynamicresponse
of shale-tablespecimengestedat the University of Californiaat Berkeley (Hachem Mahin, and

Moehle2003). Thefollowing conclusionsveredravn from this study

1. Theproposednodelingstratgiesprovidedanaccurateneansof predictingtheforce-
deformationresponseand damageprogressiorof the columnbenttests(Table11.4). The
stiffnessestimatesmproved by usingthe bond propertiesidentipedby Ranf (2006). The
Mohle and Kunnath(2006) steelconstitutve model provided a more accurateestimateof

cyclic response.

Table 11.4 Accuracy statisticsfor bent specimen

Strategy SteelModel EpusH%) SR M.R D.R(%) Eforce(%)  Eenegy(%)
Distr. Standard 11.9 0.7 1.0 8.8 21.0 -63.9
Distr,, RanfBond  Standard 8.4 0.9 1.0 8.9 19.3 -50.0
Lumped Standard 7.6 0.9 11 8.2 19.8 -56.3
Lumped Mohle andKunnath 8.5 0.9 1.0 8.1 134 -33.5

2. The proposedcolumn-modelingstrategies provided an accuratemeansof estimatingre-
sponsemaxima, hystereticenegy dissipation,and cover spallingin the shale-tablespec-
imenstestedat the University of California at Berkeley. However, the modelswere not

successfuat predicing residualdisplacementsor the effect of cumulatve deformationon

barbuckling.
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3. Similaraccurag canbeobtainedy usingeitherthedistributed-plasticityor lumped-plasticity
column-modelingstrat@ies. It is necessaryo usethe distributed-plasticitymodelingstrat-
egy whenthe location of the yielding is unknavn (e.g., modelinga column partially em-
beddedn the soil). In situationsin which the locationof the plastichingeis known (e.g.,
cantilever column),thelumped-plasticitynethodis preferred.This methodis moreefbcient
(only onenonlinearintegration point) andthe localizationissuesare governedby a calcu-
lated plastic hinge (which hasa physical interpretation) ratherthana selectedntegration

scheme.
11.8 RECOMMEND ATIONS FOR FURTHER WORK
Thefollowing suggestionaremadefor furtherwork.

1. The effect of cycling on cover spalling, bar buckling, andbar fracture shouldbe evaluated
further

2. Thereturndrift andreturnstrainmodelsproposedy Freytag(2006)to estimatebarbuckling
shouldbeusedto evaluatethe columntestsin the bridgecolumndatasetisedin thisreport.

3. Theeffect of varyingthe dampingratio on the calculatedesponsef the shale-tablespeci-
mensshouldbe evaluated.

4. The imperfectcrack closuremodel proposedn Chapterl0 shouldbe improved to allow

compressie stresswhile the concretss still in thetensilestrainregion.
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