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ABSTRACT

It is importantto characterizethe performanceof bridgesduring earthquakes becausethey are

integral componentsof transportationnetworks. Loss of bridge function can have severe eco-

nomicconsequences,andconsequencesto life safetywhenbridgesarecritical links in lifelines to

emergency facilities,which areparticularlyimportantaftera disasters.Althoughdamageto other

elementscanhave economicand life-safety impacts,reinforcedconcretecolumnsareoften the

mostvulnerableelementsin abridge,andcolumnfailurecanhavecatastrophicconsequences.

Theobjectiveof thisprojectwasto developcolumn-modelingstrategiesto accuratelymodel

columnbehavior underseismicloading,includingglobalandlocalforcesanddeformations,aswell

asprogressionof damage.Themodelswerecalibratedusingtheobservedcyclic force-deformation

responsesanddamageprogressionobservationsof 37 testsof spiral-reinforcedcolumnsrepresen-

tative of modernbridgeconstruction.This researchresultedin (1) a standardizeddiscretization

schemefor Þbercrosssections;(2) a calibrateddistributed-plasticitycolumnmodelingstrategy

includingdeformationcomponentsfor bond-slipandsheardeformations;(3) acalibratedlumped-

plasticitycolumnmodelingstrategy with recommendationsfor effectiveelastic-stiffnessproperties

andplastic-hinge lengths;(4) theidentiÞcationof inaccuraciesof standardcyclic materialmodels;

(5) the implementationandevaluationof improved cyclic materialmodels;(6) a seriesof dam-

ageequationsto predict two ßexural damagestateswith threeengineeringdemandparameters;

(7) theevaluationof theproposedmodelingstrategieswhenappliedto complex structuralmodels

(two-columnbent,andbiaxial shake-tablespecimen).

This effort is an importantsteptoward implementingperformance-basedearthquake engi-

neeringfor modernreinforcedconcretebridges.
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1 Introduction

1.1 CONTEXT

Currentbuilding codesandmodernengineeringpracticeaddresstheissuesof collapseprevention

andlife safetyby conservatively predictingnominaldemandsandstrengthsof structuralmembers,

but provide little indicationof the actualstateof a structureafter an earthquake. After an earth-

quake,abuilding or bridgemaystill bestanding,but structuralandnonstructuralmembersmaybe

damaged,resultingin costlyrepairs.Theeconomiclossesdueto downtimemayevenbelarger.

In contrastto currentcodes,performance-basedearthquake engineering(PBEE) attempts

to explicitly predictdamagestatesandassesstheprobabilityof reachingmultiple levelsof dam-

age. PBEEhasthe potentialto improve structuralengineeringpracticeby providing engineers

the capabilityof designingstructuresto achieve a variety of performancelevels. The impactof

implementingPBEEgoesbeyondimproving engineeringpracticeandextendsto a wide rangeof

decisionmaking.Thepotentialimpactof PBEEis summarizedin PaciÞcEarthquake Engineering

ResearchCenterÕs (PEER)missionstatement.

This approach is aimedat improving decision-makingaboutseismicrisk by making

thechoiceof performancegoalsandthetradeoffs that they entail apparent to facility

owners and societyat large. The approach has gainedworldwide attentionin the

past ten years with the realizationthat urban earthquakes in developedcountries-

LomaPrieta, Northridge, andKobe- imposesubstantialeconomicandsocietalrisks

aboveandbeyondpotentiallossof life andinjuries. Byprovidingquantitativetoolsfor

characterizingandmanaging theserisks,performance-basedearthquake engineering

servesto addressdiverseeconomicandsafetyneeds.(http://peer.berkeley.edu)
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Reinforcedconcretestructuresareparticularly vulnerableto earthquakes. Excessive defor-

mationscanresultin spallingof cover concrete,buckling of longitudinalreinforcement,reduction

of ßexuralcapacity, barfracture,andeventually, structuralcollapse.Althoughdamageto otherele-

mentscanhaveeconomicandlife-safetyimpacts,columnsareoftenthemostvulnerableelements

in astructure,andcolumnfailurecanhavecatastrophicconsequences.

To quantitatively implementPBEEfor reinforcedconcretecolumns,it is necessaryto predict

deformationdemandson columnsat the onsetof particulardamagestates.Berry andEberhard

(2003)developedpracticalempiricalmodelsthat predict the drift ratiosat which cover concrete

spallsand longitudinal barsbuckle in reinforcedconcretecolumns,given a column geometry,

transversereinforcement,andaxial load. Themodelswerecalibratedwith existing experimental

resultsfrom theUW-PEERreinforcedconcretecolumnperformancedatabase,which documents

theperformanceof over400columns(Berryetal. 2004).

Thedrift-ratioapproachprovidesasimplemeansof estimatingdamagedisplacements(which

is essentialto engineeringpractice),but it hassigniÞcantlimitations. This approachneglectsthe

effectsof cycling on damageand it is difÞcult to implementfor columnswith biaxial bending,

variableaxial loadsor variableshearspans. More versatileand detailedmodelsare neededto

overcometheselimitations.

Theavailability of increasinglypowerful computersprovidesresearchersandengineerswith

theopportunity to implementnumericallyintensive modelingstrategiesthatcouldnot have been

considereduntil recently. In particular, enhancedÞberbeam-columnelementshavebeendeveloped

to modelthenonlinearbehavior of reinforcedconcretestructuresundercyclic loads.Previousre-

searchershave usedthesesimulationmodelsto predicttheresponseof ductilereinforcedconcrete

columns,but noneof thesemodelingstrategieshavebeencalibratedwith a largedatabaseto repro-

duceforce-deformationbehavior anddamageprogression.Theabsenceof modelcalibrationhas

madeit difÞcultto evaluatetheimpactof proposedimprovementsin modelingmethodologies.

1.2 OBJECTIVE

Theobjective of this projectis to develop,calibrate,andevaluatecolumn-modelingstrategiesthat

arecapableof accuratelymodelingcolumnbehavior underseismicloading,includingglobal and

localdeformations,aswell asprogressionof damage.Thefocusof this researchwill beonductile
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spiral-reinforcedbridgecolumns,for whichshearfailureis notaconsideration.

1.3 BRIDGE COLUMN DATA

The UW-PEERreinforcedconcretecolumntestdatabase(Berry et al. 2004)providesa unique

opportunityto evaluateandcalibratecolumn-modelingstrategies. The databasedocumentscol-

umn geometry, materialproperties,andreinforcementdetails. It also includesthe digital force-

displacementhistories,andtheobserveddisplacementsat theonsetof multipledamagestates.

For this study on ductile spiral-reinforcedcolumns,the columnsfrom the databasewere

screenedto eliminatecolumnsthat are not representative of modernbridge construction. The

databasewasscreenedusingthefollowing criteria.

· P/ Ag f ′c ≤ 0.30

· ρef f = ρs fys/ f ′c ≥ 0.05

· ρl ≤ 0.04

· S/ db ≤ 6

· cover/ D≤ 0.10

· Availability of observeddisplacementsat onsetof cover spalling,barbuckling, or bar frac-

ture

where: P is the axial load, Ag is the grosscross-sectionalarea, f ′c is the concretecompressive

strength,ρs is thetransversereinforcementratio, fys is theyield stressof thespiralreinforcement,

ρl is the longitudinal-reinforcementratio, S is the spacingof the spiral reinforcement,db is the

diameterof thelongitudinalreinforcement,cover is thedistancefrom columnfaceto thetransverse

reinforcement,andD is thediameterof thecolumn.

The37columntestsconsideredin thisstudyarelistedin Table1.1. Thereporteddrift ratios

at theonsetof cover spalling(∆sp/ L), barbuckling (∆bb/ L), bar fracture(∆bf / L) areincludedin

thetablealongwith key propertiesof thecolumns.
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Table1.1 Bridge column dataset

Reference Designation L L/ D ρef f P/ Ag f ′c ρl S/ db ∆sp/ L ∆bb/ L ∆bf / L
(mm) (%) (%) (%)

Munroetal. (1976) No. 1 2730 5.5 0.13 0.00 0.026 1.85 1.39 - -
Gheeetal. (1981) No. 1 1600 4.0 0.09 0.20 0.024 2.50 0.94 3.75 3.75
Pontangaroaetal. (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 7.11 7.11
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 4.5 0.14 0.09 0.020 2.00 - 4.70 -
Kunnathetal. (1997) No. A3 1372 4.5 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. A11 1372 4.5 0.15 0.10 0.020 2.00 3.64 - 7.65
Kunnathetal. (1997) No. A12 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
Vu etal. (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 5.21 5.21
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
MoyerandKowalsky (2001) No.2 2438 5.3 0.11 0.04 0.020 4.00 2.29 10.73 12.29
MoyerandKowalsky (2001) No.3 2438 5.3 0.12 0.04 0.020 4.00 3.02 10.74 -
MoyerandKowalsky (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-modelingstrategies are developed,calibrated,and evaluatedin this report. One

methodutilizes the combinationof a force-basedbeam-columnelement(ßexural deformations)

with elasticsheardeformationsand a zero-lengthbond-slipsection. A secondmethodutilizes

lumped-plasticitytheoryin which nonlineardeformationsareconcentratedin a plastichinge.The

following describesthe key aspectsof the sectionmodelling strategy, the distributed-plasticity

modelingstrategy, andthelumped-plasticitymodelingstrategy addressedin this research.

1.4.1 Discretization Strategiesfor Fiber CrossSections

Both column-modelingstrategies useÞbersectionsto model sectionresponse.Two aspectsof

Þber-sectionmodelingarediscussedin Chapter2.
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Material Models. Numerousmaterialconstitutive modelsare available to model the monotonic

andcyclic responsesof theconcreteandsteelcomponentsof a reinforcedconcretecolumn.

In this study, key modelingparametersarecalibratedfor theGiuffre-Menegotto-Pintosteel

model (Tauceret al. 1991), the Manderet al. (1988) concretemodel, and a new steel

modelproposedby MohleandKunnath(2006),which includessofteningdueto fractureand

cycling.

Fiber-SectionDiscretization. Column crosssectionscan be discretizedinto small Þbersusing a

varietyof schemes(e.g.,unilateraldiscretization,radialdiscretization)to varyingdegreesof

meshdensity. Two discretizationstrategiesareevaluated,andrecommendationsaremade

on thenumberof Þbersneededto accuratelymodelcolumnsectionbehavior.

1.4.2 Distrib uted-Plasticity Modeling Strategy

Thedistributed-plasticitymodelingstrategy is describedandcalibratedin chapters3 and4, respec-

tively. Thefollowing arekey aspectsof theproposedspread-plasticitycolumn-modelingstrategy

addressedby this study.

Number of integration points. Thespread-plasticitycolumn-modelingstrategy requirestheuserto

selectthe numberof integrationpointsto usein the analysis.The effect of the numberof

integrationpointson columnmodelaccuracy is studiedanddocumented,andrecommenda-

tionsaremadethatbalancemodelaccuracy andefÞciency.

Bond Slip Deformations and ShearDeformations. A standardÞberbeam-columnelementformula-

tion assumesperfectbondbetweenconcreteandsteel. To addressthis issues,a new zero-

lengthbond-slipmodelis developedfor usewith thespread-plasticitymodelingstrategy.

ShearDeformations. Sheardeformationsareneglectedwith astandardÞberbeam-columnelement

formulation.Additionalßexibility wasaddedto thecrosssectionsof theÞberbeam-column

elementto addressthis issue.

Strain Localization. The distributed-plasticityformulation is susceptibleto strain localizations,

which leadto model inaccuracieswhenthe columnbeingmodeledhasa perfectly-plastic

or softeningbehavior. Thelimitationsof this modelingstrategy arehighlighted,andrecom-

mendationsaremadeto assistin overcomingthem.
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1.4.3 Lumped-Plasticity Modeling Strategy

The lumped-plasticitycolumnmodel is consideredin chapters5 and6. The following arekey

aspectsof thelumped-plasticitycolumn-modelingstrategy addressedby this study.

Elastic Propertiesof Lumped-Plasticity Model. The useof lumped-plasticitymodelsrequiresthe

selectionof effective sectionpropertiesfor theelasticportionof thecolumn(e.g.,EI). Rec-

ommendationsaremadefor estimatingtheseelasticproperties,basedon theaccuracy of the

calculatedcolumnstiffness.

Plastic-HingeLength of Lumped-Plasticity Model. Lumped-plasticitytheory assumesthat nonlin-

eardeformationsareconcentratedin plastichinges. With this methodology, the lengthof

the plastichinge is assumedto accountfor bondslip andsheardeformations.A plastic-

hingelengththataccuratelypredictscolumnforce-deformationresponseaswell asdamage

progressionis developedandevaluated.

1.4.4 Evaluation of Cyclic Response

The calculatedcyclic responseof the modelingstrategies dependon the cyclic responseof the

concreteand steelmaterialconstitutive models. The cyclic responseof the proposedcolumn-

modelingstrategies,utilizing standardconcreteandsteelmaterialmodels,areevaluatedin Chapter

7. Thecyclic responseof theconcretewasmodeledaccordingto amodelproposedby Karsanand

Jirsa,whereasthesteelwasmodeledaccordingto amodelproposedby Giuffre-Menegotto-Pinto.

1.4.5 Impr ovedCyclic Material Models

The cyclic modeling inaccuraciesidentiÞedin Chapter7 are addressedin Chapter8. A steel

materialmodelproposedby Mohle andKunnath(2006),which accountsfor degradationdueto

cycling, is presented,calibrated,and evaluated. A concretemodel that accountsfor imperfect

crackclosureis alsodevelopedandevaluatedin this chapter.

1.4.6 Column Flexural Damage

A necessarystepin implementingperformance-baseddesignin bridge columnsis relatingengi-

neeringdemandparameters(e.g.,drift ratio, plasticrotation,longitudinalstrain)to damagemea-
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sures(e.g.,cover spalling, longitudinalbar buckling, andbar fracture). Several methodsfor es-

timating the progressionof damagein ßexural columnsaredeveloped,evaluated,andcompared

in Chapter9. This chapterpresentsaccuracy statisticsandfragility curvesfor thevariousdamage

statesandengineeringdemandparameters.

1.4.7 Application of Column-Modeling Strategy to Mor eComplexStructur es

In chapters4 and6, the proposedcolumn-modelingstrategieswerecalibratedandevaluatedby

comparingmeasuredandcalculatedresponsesof singlecantilever columnssubjectedto pseudo-

static,unidirectionalloads.In Chapter10, theproposedmodelingstrategiesareimplementedand

evaluatedin thefollowing situations.

Bridge-Bent. Theproposedcolumn-modelingstrategiesareusedtomodeltheresponseof apseudo-

static,unidirectionalbridgebenttest(Makido2006).

Shake-TableTests. The proposedcolumn-modelingstrategiesareutilized to modelfour columns

subjectedto unidirectional andbidirectionaldynamicloading(Hachemet al. 2003). The

modelingstrategieswill be evaluatedbasedon their ability to model,amongotherthings,

maximumdisplacement,maximumshearforce,maximummoment,andresidualdisplace-

ment.

1.4.8 Summary and Conclusions

Chapter11summarizesthereportandprovideskey conclusions.
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2 Discretization Strategies for Fiber Sections

In orderto accuratelymodelthebehavior of a reinforcedconcretecolumn,theresponseof thecol-

umncrosssectionmustbecaptured.In thischapter, theÞbermodelandmaterialmodelsemployed

in this reportarepresented,anda sectiondiscretization schemeis calibrated.Recommendations

arethenmadeto accuratelyandefÞcientlymodelmoment-curvaturebehavior.

2.1 FIBER MODEL

For this report,columncrosssectionswerediscretizedinto smallÞbersin which eachÞberhada

prescribeduniaxialstress-strainrelationship.For example,a typical circularcolumncross-section

discretizationis shown in Figure2.1. This crosssectionis discretizedwith a radialdiscretization

schemewith 7 radial coredivisions(nr
c = 7), 18 transversecoredivisions(nt

c = 18), 2 radialun-

conÞnedcover divisions(nr
u = 2), and18 transversecover divisions(nt

u = 18). Thecoreconcrete,

cover concrete,and longitudinal steelÞberseachhave a uniaxial stress-strainmodelassociated

with themcorrespondingto thematerialthey represent.

2.2 MATERIAL CONSTITUTIVE RELATIONSHIPS

Accuratematerialmodelsareneededto predictreinforcedconcretecolumnbehavior. Thefollow-

ing sectionsdiscussthe materialmodelsusedin this studyto modelthe longitudinalreinforcing

steel,theconÞnedconcrete,andtheunconÞnedconcrete.
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Fig. 2.1 Typical Þberdiscretization, nr
c = 7,nt

c = 18,nr
u = 2,nt

u = 18

2.2.1 Reinforcing Steel

The reinforcing steel is modeledusing the Giufre-Menegotto-Pintoconstitutive model (Taucer

etal. 1991)availablein OpenSees(OpenSeesDevelopmentTeam2002).Themodelhasabilinear

backbonecurve with a post-yieldstiffnessproportionalto the modulusof elasticityof the steel,

Esh = b · E, and accountsfor theBauschingereffect in thecyclic responseof thematerial.Figure

2.2acomparesthemonotonicanalyticalmodel(for b = 0.01andb = 0.001)to themeasuredstress-

strain responseof a typical reinforcing bar (Lehmanand Moehle 2000). The calculatedcyclic

responseof thesteelis shown in Figure2.2b.

Despitethe simplicity of the model, the bilinear modelpredictsthe measuredmaterialre-

sponseaccuratelyover mostof the strainrange,but it doesnot accountfor the yield plateauof

the reinforcingsteelor the degradationof the steelstrengthdueto bar buckling or rupture. The

post-yieldslopefactor0.001underestimatesthe amountof strainhardening.Theslopefactorof

0.01overestimatesthestressat strainsbelow 0.03.

Thestrain-hardeningratio(b) affectstheaccuracy of thecolumn-modelingstrategy proposed

in this report.This parameteris calibratedin Chapter4.
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Fig. 2.2 Reinforcing steelmaterial model

2.2.2 Concrete

ThePopovics curve with modelparametersproposedby Manderet al. (1988)wasusedto model

the responsesof both theconÞnedandunconÞnedconcretein compression.Manderet. al. pro-

posedthat the maximumcompressive stressof the concrete( f ′cc) andthe strainat the maximum

compressivestress(εcc) shouldbecalculatedasfollows.

f ′cc = f ′c

!

2.254

"

1+ 7.94
fpl

f ′c
−2

fpl

f ′c
−1.254

#

(2.1)

εcc = 0.002
$
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%%
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ke = 1−
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2dc

1−ρlc
(2.4)

s′ = s−dtrans (2.5)

ρsc = 4
$

Ats
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%
(2.6)
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where f ′c is thecompressive strengthof theconcrete,dc is thediameterof thecore,andAts, dtrans,

sand fyt arethearea,diameter, spacingandyield stressof thespiralreinforcement.Thecalculated

stress-strainresponsesof theconÞnedandunconÞnedconcretefor a typical columnareshown in

Figure2.3.

Theconcretewasassumedto havestrengthin tensionupto thecrackingstrengthft . Beyond

this, the strengthof the concretewasassumedto decayexponentiallyto 0.1ft at εtu. A detailed

view of theresponseof theconcretein tensionis shown in Figure2.3b,andtheequationgoverning

theresponseis asfollows.

σ(ε) =

& Ecε ε≤ εt

ft 1
10

(ε−εt )
(εtu−εt ) εt < ε≤ εtu

0.0 ε > εtu

(2.7)

whereεt = ft
Ec

. Thisresponsewasdevelopedaspartof thisprojectwith collaborationwith Nilanjan

Mitra.

For thepurposeof thedevelopmentof across-sectiondiscretizationscheme,theconcretewas

assumedto crackat a tensilestressof 0.0. For thecalibrationof theproposedcolumn-modeling

strategies(sections4 and6), theconcretewasassumedto crackatatensilestressof ft = 0.625
'

f ′c

( f ′c in MPa).
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2.3 UNIFORM RADIAL SECTION-DISCRETIZA TION STRATEGY

The accuracy andefÞciency of moment-curvatureanalysesdependheavily on the discretization

of thecoreandcover concrete.A parametricstudywasperformedin orderto selecttheoptimal

numberof radial andtangentialsubdivisionsof both the conÞnedcoreconcrete(nr
c andnt

c) and

unconÞnedcoverconcrete(nr
u andnt

u). In thisstudy, themoment-curvaturerelationshipsgenerated

with theÞbermodelwerecomparedto theresultsof a typicalmoment-curvatureanalysisprogram

developedat the University of Washington(Parish2001). The UW moment-curvatureprogram

usesa unidirectionalstrip discretizationschemein which the concreteis divided into numerous

unidirectionalstrips, as seenin Figure 2.4. The resultsof the UW program(utilizing a highly

reÞnedmesh,100strips)wasusedto representtheoptimalsolution.

Fig. 2.4 Unidir ectional sectiondiscretization

Increasingthenumberof Þbersincreasestheaccuracy of themoment-curvatureanalysisbut

increasesthecomputationaldemand.A discretizationschemein whichaccuracy andefÞciency are

balancedis needed.Becausethereis not a uniquesolutionto this problem,typical optimization

methodscannotbeappliedwithout assigninganarbitrarycostto computationaltime. In orderto

Þnda balanceddiscretizationscheme,a highly reÞneduniform radial discretizationschemewas

comparedto the highly reÞnedunidirectionaldiscretizationscheme,then the numberof radial

sectiondivisions(i.e. nr
c, nt

c, nr
u, nt

u) weredecreaseduntil abalancedschemewasdetermined.

The uniform radial discretizationschemewas comparedto the unidirectionalschemeby

comparingthecalculatedmoment-curvatureresponsesof 75columnsfrom theUW-PEERcolumn

database(Berry et al. 2004). The 75 circular columnswereall the columnsin the databasethat
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failed in shearor ßexure-shear, andhadcircular spiral reinforcement.This studyuseda bilinear

steelmodel(b = 0.01, Section2.2.1)andthe Manderconcretemodel for both the conÞnedand

unconÞnedconcrete(Section2.2.2).Themoment-curvatureresponsewasevaluatedbasedonthree

parameters.

φy Ratio, Theratio of curvatureat Þrstyielding of the tensionsteelcalculatedwith theunidirec-

tional schemeto thosecalculatedwith theuniformradialscheme,
φunid

y

φradial
y

M5εy Ratio, The ratio of calculatedmomentat a tensilestrainof 5 timesεy calculatedwith the

unidirectionalschemeto themomentcalculatedwith theuniformradialscheme,
Munid

5εy

Mradial
5εy

M10εy Ratio, Theratio of calculatedmomentat a tensilestrainof 20 timesεy calculatedwith the

unidirectionalschemeto themomentcalculatedwith theuniformradialscheme,
Munid

20εy

Mradial
20εy

Basedon the resultsof this analysis,the following recommendationsaremadein orderto

efÞcientlyandaccuratelymodelthemoment-curvatureresponseof acolumncrosssectionusinga

uniformly distributedradialdiscretizationscheme,

· 20coretransversesubdivisions,nt
c = 20

· 10coreradialsubdivisions,nr
c = 10

· 20cover transversesubdivisions,nt
u = 20

· 1 cover radialsubdivision nr
u = 1

The meanφy ratio using this schemeis 1.000 with a coefÞcientof variation (c.o.v.) of

0.110%. The meanM5εy ratio is 0.996with a coefÞcientof variationof 0.128%and the mean

M20εy ratio is 0.996with a coefÞcientof variation of 0.233%. This conÞgurationis shown in

Figure2.5.

A parametricstudywasperformedto verify thattherecommendeddiscretizationschemeac-

curatelyandefÞcientlymodelsmoment-curvatureresponse.Theparametricstudyuseda bilinear

steelmodel(b = 0.01) andtheManderconcretemodelfor boththeconÞnedandunconÞnedcon-

crete. The recommendedschemewasusedasthebasediscretizationscheme,andthenumberof

radialdivisionsweresystematicallyvariedto demonstratetheanalysesdependency on thevaried

parameter.
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Recommended Configuration 
200 Core Fibers

Fig. 2.5 RecommendedconÞguration,nt
c = 20, nr

c = 10, nt
u = 20and nr

u = 1

Figures2.6 and2.7 show theeffectsof varying thenumberof conÞnedconcreteradialand

tangentialsubdivisions.Themeanvaluesof theφy, M5εy, andM10εy ratiosareplottedversusnr
c in

Figure2.6andnt
c in Figure2.7. Also shown in theÞguresarethemaximumandminimum values

and the coefÞcientof variation of the ratios. Figure 2.6 shows that an unbiasedresultscan be

obtainedby usingat least10 radialsubdivisionsandthatusingmorethan10doesnotsigniÞcantly

improve results.It canbeseenin Figure2.7 thatalthoughthemeanvaluesvary slightly between

20 and40 tangentialsubdivisions,the coefÞcientsof variationof the ratiosarethe same.Using

morethan20subdivisionsis unnecessary, sincethemeanvalueof theratiosusing20subdivisions

is 0.996andthecoefÞcientof variationdoesnot improveby usingmoredivisions.

Similarly, theeffectsof varyingthenumberof unconÞnedconcreteradialandtangentialsub-

divisionsonmoment-curvatureaccuracy is illustratedin Þgures2.8and2.9. Figure2.8shows that

varyingthenumberof radialunconÞnedsubdivisionsdoesnot affect theaccuracy of themoment-

curvatureanalysissigniÞcantly. In Figure2.9, it canbe seenthat the solutionsconverge when

nt
u = 20 andthat usinga Þnermeshdoesnot signiÞcantlyimprove the accuracy of the moment-

curvatureanalyses.
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Fig. 2.6 Effect of nr
c on m-φ accuracy
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2.4 NONUNIFORM RADIAL DISCRETIZA TION STRATEGY

Becausethe areanearestthe column-neutralaxis doesnot signiÞcantlyaffect moment-curvature

response,it may sometimesbe efÞcientto usea coarserÞbermeshin this region. Utilizing this

schemewould reducethe numberof Þbersectionsrequiredto model the moment-curvaturere-

sponsesigniÞcantly, thus reducingthecomputational demandof theanalysis.It shouldbenoted

thattheamountof axial loadwill affect thelocationof theneutralaxis,andthelocationwill notal-

waysbeat thecenterof thecolumn.Thedatasetusedin thefollowing analysiscontainedcolumns

with awiderangeof axial-loadratios( P
Ag f ′c

= 0 to 70%). In thissectiontheeffectof usingacoarser

meshnearthecenterof thecrosssectionis studiedandrecommendationsareproposedfor utilizing

this methodology.

A parametricstudywasperformedin which thediameterof a coarsemeshin thecenterof a

crosssectionwasvariedfrom 50%- 70%of thecorediameter(i.e., dcoarse
dcore

= 0.5, 0.6and0.7)and

thenumberof coarsemeshÞbers(ncoarse) wasvariedbetween10and20Þbers.Thedensityof the

Þnemeshneartheexterior of thecoreremainedthesameregardlessof thecoarsemeshdiameter;

thereforean increasein the diameterof coarsemeshresultedin a decreasein the total number

of coreÞbers(ntotal). The nonuniformconÞgurationswerealsocomparedto the recommended

uniform conÞgurationfrom the previous section(Figure2.5). Table2.1 describesthe parameter

studymatrix andFigure2.10 illustratesthe variousconÞgurations.As seenin the tableandthe

Þgures,thetotal numberof coreÞberswasvariedfrom 200to 70.

Theaccuracy of themoment-curvatureanalysiswasevaluatedusingtheφy, M5εy andM20εy

ratiosasdeÞnedin theprevioussection,andthesame75 columnsfrom theUW-PEERdatabase.

Thestudyusedabilinearsteelmodel(b = 0.01,Section2.2.1)andtheManderconcretemodelfor

boththeconÞnedandunconÞnedconcrete(Section2.2.2).

As expected,the accuracy of the moment-curvatureanalysisdecreasesas the size of the

coarsemeshincreases.Decreasingthenumberof coarseÞbershasa similar effect. Utilizing any

of theseschemesreducesthe numberof Þbers,but someaccuracy is lost. The accuracy lost by

utilizing conÞguration1 is within acceptablebounds.With conÞguration1, themean,minimum,

andmaximumvaluesof theφy, M5εy, andM20εy ratiosareall within 0.01of 1.00andthecoefÞcients

of variationareall lessthan0.25%. The lossin accuracy from conÞgurations2-6 aresigniÞcant

enoughto outweightheresultinggainsin efÞciency.
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Table2.1 Discretization study matrix

ConÞguration Unif. 1 2 3 4 5 6

dcoarse

dcore
0 0.5 0.5 0.6 0.6 0.7 0.7

nt
f ine 20 20 20 20 20 20 20

nr
f ine 10 5 5 4 4 3 3

nt
coarse 0 10 10 10 10 10 10

nr
coarse 0 2 1 2 1 2 1
ntotal 200 120 110 100 90 80 70

2.5 SUMMARY

The constitutive materialmodelsusedin this report werepresented.The reinforcingsteelwas

modeledusingthe Giufre-Menegotto-Pintoconstitutive model,andthe conÞnedandunconÞned

concretewas modeledusing a model proposedby Mander, Priestley, and Park. The following

parameterwasidentiÞedfor calibrationwith experimentalresults.

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

ulusof elasticityof thesteel,b = Esh
E .

This parameteris calibratedin Chapter4. A secondparameterwasidentiÞed,but will not bepart

of theoptimizationstudy. Theeffectof thefollowing parameteris studiedin 4.6.

TransverseReinforcementEffectivenessRatio (η). Theratioof theeffectivecoretransversere-

inforcementratioto thecalculatedtransversereinforcementratioto beusedin thecalculation

of f ′cc andecc, η = ρef f
sc

ρsc
.

A parametricstudywasperformedto determinethebestuniformradialdiscretizationscheme

to usefor modelingcolumncross-sectionresponse.Basedon the resultsof theseanalyses,the

following recommendationsaremadein order to efÞcientlyand accuratelymodel the moment-

curvatureresponseof a columncrosssectionusinga Þbermodel: nt
c = 20, nr

c = 10, nt
u = 20 and

nr
u = 1. This conÞgurationis shown in Figure2.5.

Becausethe areanearestthe centerof the columninßuencesthe columnsectionresponse

little, a coarsermeshmay be usednearthe centerof the column. The effect of usinga coarser
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Configuration 1
120 Core Fibers

Configuration 3
100 Core Fibers

Configuration 5
80 Core Fibers

Configuration 2
110 Core Fibers

Configuration 4
90 Core Fibers

Configuration 6
70 Core Fibers

Fig. 2.10 ConÞguration types

meshnearthecenterof thecrosssectionwasalsostudiedin this chapter. Sincesomeaccuracy is

lost by utilizing this methodology, it is recommendedthata uniform discretizationwith 200core

Þbers(Fig. 2.5)beusedwhenaccuracy is thetop priority. In caseswhereefÞciency is a concern,

conÞguration1 (120coreÞbers)couldbeusedalso.
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3 Development of Distributed-Plasticity
Column Model

In this chapter, a column-modelingstrategy is presented,andkey modelingparametersareidenti-

Þedfor calibration.In theproposedmodelingstrategy, a force-basedÞberbeam-columnelement,

a zero-lengthbondsection,andan elasticshearcomponentarecombined to model the ßexural,

bondslip, andshearcomponentsof the total columndeßection.A graphicalinterpretationof the

modelis shown in Figure3.1. Thefollowing sectionsdescribeeachof thesecomponentsin detail.

Fig. 3.1 Distrib uted-plasticity modelwith bond slip and shearcomponents
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3.1 NONLINEAR FORCE-BASED BEAM-COLUMN ELEMENT (FLEXURE)

Theßexuralcomponentof thecolumndeßectionwasmodeledwith adistributed-plasticity, ßexibility-

based,Þberbeam-columnelement.A Þberbeam-columnelementis a line elementin which the

moment-curvatureresponseateachintegrationpoint is determinedfrom theÞbersectionassigned

to thatintegrationpoint.

A ßexibility-basedformulationassumesa moment-distribution alongthe lengthof thecol-

umn, andthe curvaturesat eachintegrationpoint aresubsequentlyestimatedfor the momentat

that section. The columnresponse is thenobtainedthrough weightedintegrationof the section

responses(Tauceret al. 1991). Becausemostinelasticbehavior occursnearthe baseof the col-

umn, the elementusedin this reportutilizes theGauss-Labottointegrationscheme,in which the

integrationpointsareplacedat theendsof theelement,aswell asalongthecolumnlength.

A force-basedÞberbeam-columnelementutilizing aGauss-Labotto integrationschemewas

implementedin MATLAB (2005)to evaluatetheeffectsof strainlocalization(Section3.1.1)and

to verify the implementationof the force-basedbeam-columnelementin OpenSees(OpenSees

DevelopmentTeam2002)(Section3.4). The MATLAB implementationutilized the sectiondis-

cretizationschemeandmaterialconstitutive modelsdiscussedin sections2.1 and2.2, in which

eachÞberwasassignedaparticularstress-strainresponse.

3.1.1 Concentration of Local Deformations

The force-basedformulationis attractive becauseit canmodelthe spreadof plasticity alongthe

lengthof thecolumnusingonly oneelementanda numberof integrationpoints(Np). However,

force-basedelementslose objectivity at the local and/orglobal level dependingon the section

hardeningbehavior (ColemanandSpacone2001).

For example,Þgures3.2 and3.3 show the calculatedforce-deformationresponsesandthe

calculatedstraindistributionalongtheheightof thecolumnfor acolumnwith ahardeningsection

behavior (b = 0.015).Theincludedplot shows thestraindistributionat variouslevelsof deforma-

tion. For theseÞgures,pushoveranalyseswereperformedonatypicalcolumnfrom theUW-PEER

database(Lehmanet. al. 2000,No. 415).Oneforce-basedÞberelementwasused,andthenumber

of integrationpointsandthe strain-hardeningratioswerevariedsystematically. Both the force-
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deformationenvelope(Fig. 3.2)andtheaveragestrains(Fig. 3.3)areinsensitive to thenumberof

integrationpointsusedin theanalysis.Theinelasticstrainsspreadup theheightof thecolumnas

thedeformationis increased.

In contrast,Þgures3.4 and 3.5 show the calculatedforce-deformationresponsesand the

calculatedstraindistributionsalongthe heightof the columnfor a columnwith nearlya plastic

sectionresponse(b = 0.001). The force-deformationresponse(Fig. 3.4) doesnot vary with the

numberof integration points, but the local strains(Fig. 3.5) vary drastically. Inelasticstrains

localizedat thebaseof thecolumnanddid not spreadto any of theotherintegrationpoints.This

occursbecausethecolumnreachesits loadcarryingcapacitywhenthewhentheintegrationpointat

thebasereachestheyield moment.As thetotal deßectionincreases,thebasecurvatureincreases

with constantmoment,while the other integration points do not seeany changein momentor

curvature(ColemanandSpacone2001).As seenin Figure3.5,asthenumberof integrationpoints

increases,the lengthof theplastichingedecreases,resultingin largerbasecurvaturesfor a given

tip displacement.

Figures3.6and3.7show similarplotsfor acolumnwith softeningproperties(b= − 0.002).

Both the global andlocal responsesaresensitive to the numberof integrationpointsusedin the

analysis. As in the columnwith the plasticsection response,strainslocalizeat the baseof the

column and increasingthe numberof integration points decreasesthe length over which these

strainslocalize.Thisdecreasein lengthincreasesthecurvatureandstrainsfor agiventip deßection.

For thesofteningsection,the increasein straincausesthecolumnforce-deformationresponseto

degradequickly (ColemanandSpacone2001).
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Fig. 3.2 Force-deformation envelopewith varying np (hardening)
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Fig. 3.3 Strain distrib utions for varying np (hardening)
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Fig. 3.4 Force-deformation envelopewith varying np (plateau)
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Fig. 3.5 Strain distrib utions for varying np (plateau)
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Fig. 3.6 Force-deformation envelopewith varying np (softening)
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Fig. 3.7 Strain distrib utions for varying np (softening)
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For elementswith perfectlyplasticsectionbehavior, thecalculatedcurvaturesandstrainsare

sensitive to the numberof integrationpoints. For elementswith softeningsectionbehavior, the

local andglobalresponsesof theelementaresensitive to thenumberof integrationpoints.Figure

3.8summarizestheseÞndings.For thisÞgure,pushoveranalyseswereperformedonthe8 columns

testedby LehmanandMoehle(2000). Oneforce-basedÞberelementwasusedfor eachcolumn,

andthenumberof integrationpointsandthestrain-hardeningratioswerevariedsystematically. In

this Þgure,theaveragevaluesof thefollowing parameterswereplottedversusNp.

Moment at ∆max Ratio. Themomentatmaximumdisplacement(∆max) for varyingNp normalized

by themomentatmaximumdisplacementfor Np = 5,

!
M

Np
∆max

M5
∆max

#

.

Max Strain at ∆max Ratio. Themaximumtensilesteelstrainatmaximumdisplacementfor vary-

ing Np normalizedby themaximumstrainatmaximumdisplacementfor Np = 5,

!
εNp

∆max

ε5
∆max

#

.

As seenin Figure 3.8, the global and local responsesof the column with the hardening

sectionsare insensitive to Np if at leastfour integration points are used. For the column with

the plasticsection,the global responseis insensitive to Np, but the local responseis not. As the

numberof integrationpointsis increased,thestrainat maximumdisplacementalsoincreases.For

thecolumnwith asofteningsection,boththeglobalandlocal responsesaresensitive to Np. As Np

is increased,themomentsatmaximumdisplacementdecreaseandthestrainsincrease.

Similarly, Figure3.9 illustratestheeffect of Np on columnsunderdoublecurvaturefor the

threesectionbehaviors. In this Þgure,themaximummomentsandstrainsarenormalizedby the

resultsat 6 Np. As seenin theÞgure,at least6 integrationpointsareneededfor unbiasedglobal

andlocal resultsfor columnswith hardeningsectionsunderdoublecurvature.
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Fig. 3.8 Force-deformation and strain dependencyon np (cantilever)
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The issueof the concentrationof local deformationsin distributed-plasticityelementswas

addressedbyColemanandSpacone(2001).Theresearchersdevelopedamethodof post-processing

plastic curvaturesto obtain nonbiasedcurvaturesbasedon assumedplastic-hingelengths(Lp).

Thepost-processingmethodwasdevelopedby equatingequationsfor tip displacementsfrom tra-

ditional plastic-hingeanalysis(δlumped
p ) to the tip displacementscalculatedfrom the distributed-

plasticity element(δdistributed
p ), and then adjustingthe distributed-plasticityplastic curvaturesto

matchthe curvaturesfrom the lumped-plasticityformulation. This processis describedin more

detail in thefollowing discussion.

Theplastictip displacementfor acantilevercolumncalculatedfrom traditionalplastic-hinge

analysisis asfollows.

δlumped
p = φpLp

$
L−

Lp

2

%
(3.1)

whereφp is theplasticcurvaturein thehinge,andL is thecolumnlength.Theplastic-displacement

for a cantilever columncalculatedwith thedistributed-plasticityelementcanbesimpliÞedto the

following equation.

δdistributed
p = φp1Lip1

$
L−

Lip1

2

%
+ φp2Lip2

$
L−Lip1−

Lip2

2

%
+ ... (3.2)

whereφp1 andφp2 aretheplasticcurvaturescalculatedat theÞrstandsecondintegrationpointsin

theelement.Lip1 andLip2 aretheequivalentplastic-hingelengthsof theÞrstandsecondintegration

points. In this formulation, the plastic-hingelengthsfor the integrationpointsarecalculatedas

Lip1 = wip1L andLip2 = wip2L. wip1 andwip2 aretheweightsof therespective integrationpoints

accordingto the integrationscheme.The traditional implementationof the force-basedelement

usesGauss-Labottointegration.

Equation3.2 canbecarriedout to includetheotherintegrationpoints;however theplastic

deformationsrarelyspreadto theotherintegrationpoints.In fact,in thecaseof asofteningsection

response,the plastic deformationswill not spreadto the secondintegration point, and will be

concentrationin theÞrstintegrationpointat thebaseof thecolumn,asillustratedin Figure3.7.

Thepost-processingmethoddevelopedby ColemanandSpacone(2001)wasformulatedfor

asofteningsection,andthereforethesecondintegrationpointtermsin Equation3.2areignored.By

equatingtheÞrstintegrationpoint termsof Equation3.2to Equation3.1,thefollowing relationship
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is obtainedfor thenonbiased,adjustedplasticcurvature(φadj1
p ) asa functionof theweightof the

integrationpoint,plastic-hingelength,andcalculatedcurvature.

φadj1
p = φp1

wip1L2(2−wip1)
Lp(2L−Lp)

(3.3)

This formulationis correctfor softeningsections;however if thereis any hardeningin thesection,

andplasticdeformationsspreadto thesecondintegrationpoint, it will no longerbevalid. In the

caseof a hardeningsection,thecalculatedcurvaturesfrom thedistributed-plasticityelementwill

be nonbiased,but will not matchthe curvaturescalculatedwith the traditional lumped-plasticity

formulation.

A similar relationshipfor thenonbiasedadjustedplasticcurvaturecanbeobtainedfor hard-

eningsectionsby including the higherintegrationpoints. The following relationshipis obtained

by includingthesecondintegrationpoint in 3.2.

φadj2
p = φp1

wip1L2(2−wip1)
Lp(2L−Lp)

+ φp2
wip2L2(2−2wip1−wip2)

Lp(2L−Lp)
(3.4)

This relationshipwill bevalid aslongasplasticdeformationsdonotspreadto thethird integration

point. Thefollowing Þgures(Þgures3.10-3.12)demonstratetheconceptsdiscussedabove.

In Figure3.10thepost-yieldstrain-hardeningratio(b) of thesteelin thedistributed-plasticity

elementis variedbetween-1.0% and5.0%for atypicalcolumnin thedatabaseusing5 integration

pointsandneglectingbar slip andsheardeformations.The Þrstaxesin this Þgureillustratesthe

recordedcurvaturesat theÞrstintegrationpoint. Thesecondaxesis a plot of theadjustedplastic

curvaturescalculatedwith oneintegrationpoint (Equation3.3)versusdisplacementductility. The

third axesis a plot of theadjusted-plasticcurvaturecalculatedwith two integrationpoints(Equa-

tion 3.4) versusdisplacementductility. The fourth axesis a plot of the ratio of plasticcurvature

calculatedat thesecondintegrationpoint to thecurvaturesat theÞrstintegrationpoint. Thisaxesis

includedto demonstratetheamountof plasticdeformationthathasspreadto thesecondintegration

point.

As seenin the Þgure,the recordedcurvatureat the Þrst integrationpoint is dependenton

the amountof hardeningor softeningin the column,andthe curvaturesdo not matchthe curva-

turescalculatedwith plastic-hingeanalysis.In thecaseof thesofteningsectionresponse,utilizing
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oneintegrationpoint in thecalculationof theadjustedplasticcurvatureis sufÞcient,however the

methodis inaccuratefor thehardeningsectionresponses,asexpected.As seenin the third axes,

the adjustedcurvaturesusing two integrationpointsmatchthe target curvaturesof the lumped-

plasticityformulationfor boththehardeningandsofteningsectionresponses.

Similarly, in Figure 3.11 the numberof integration points is varied between5 and 8 for

a typical column in the databasewith a softeningsectionresponse(b = −1.00%). As seenin

the Þrstaxes,the curvaturesrecordedat the baseof the columnaredependenton the numberof

integrationpointsusedin thecalculation.As shown in thesecondandthird axes,bothnonbiased

curvaturescalculatedwith both methodsare identical to the target curvaturesfrom the lumped-

plasticityformulation.

In Figure3.12,thenumberof integrationpointsis variedbetween5 and8 for a typical col-

umnin thedatabasewith a hardeningsectionresponse(b = 5.00%). As seenin theÞrstaxes,the

curvaturesat thebaseof thecolumnarenotdependenton thenumberof integrationpointsusedin

thecalculation;however, thesecurvaturesdonotmatchthosecalculatedwith thelumped-plasticity

formulation.Thesecondaxesillustratestheinability of Equation3.3to calculatedunbiasedcurva-

turesfor hardeningsections.Thethird axesdemonstratesthatEquation3.4 is accurate(in particu-

lar case)for 5, 6, and7 integrationpoints,but beginsto strayat higherductilitiesfor 8 integration

points.This is becausetheplasticcurvaturesbegin to spreadto thethird integrationpoint.

34



0 1 2 3 4 5 6 7 8
0

20

40

60

! p1
/!

y

0 1 2 3 4 5 6 7 8
0

10

20

30

40

! pad
j1

/!
y

0 1 2 3 4 5 6 7 8
0

10

20

30

40

! pad
j2

/!
y

0 1 2 3 4 5 6 7 8
0

0.1

0.2

0.3

0.4

"  / "
y

! p2
/!

p1

b = !1.0%
b = 1.0%
b = 5.0%
Lumped Plasticity

Fig. 3.10 Curvature responsefor typical column with varying strain-hardening ratio, np = 5
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3.2 BOND SLIP DISPLACEMENT MODEL

TheÞber-basedbeam-columnelementis basedontheassumptionthatplanesectionsremainplane,

which impliesperfectbondbetweenthe longitudinalreinforcementandthesurroundingconcrete

(Hachemet al. 2003).Theforce-basedbeam-columnelementdoesnot includethecomponentof

deformationdueto bondslip, andthe columnappearsstiffer thanit actuallyis. In the proposed

modelingstrategy, a zero-lengthsectionat thebaseof thecolumnis usedto modelthebondslip

of the anchoragereinforcement.The zero-lengthsectionis a Þbersectionin which eachÞberis

assignedastress-displacementrelationshipinsteadof astress-strainrelationship.This formulation

is beneÞcialbecauseit allows for biaxial,cyclic lateralloadingandvariableaxial loads.

3.2.1 TensileStress-DisplacementRelationshipof Reinforcement

Thesteelstress-displacementrelationshipwasbasedona two-componentbond-stressmodel

(LehmanandMoehle2000).ThemodelwasmodiÞedby Ranf(2006)to accountfor development

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

!(")

"

! e(")

! i(")

! d(")

" "d y

Fig. 3.13 Bond model illustration

Þgure,σ is the axial stressin the longitudinal reinforcement,τi (σ) is the bondstressabove the

yield stressof thereinforcementσy, τe(σ) is thebondstressabove thebarstressthat is neededto

fully develop the bond(σd) but below the yield stress.τd(σ) is the bondstressfor stressin the

reinforcementbelow thedevelopmentstress.For thismodel,theelasticandinelasticbondstresses

wereassumedto be constantwith stress,while the developmentbondstresswasassumedto be
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linearly relatedto thestressin thereinforcement.Thecomponentsof themodelaredescribedin

Equation 3.5,

τ(σ) =

& τe
σ
σd

= a
σ
σd

'
f ′c σ≤ σd

τe = λe
'

f ′c σd ≤ σ≤ σy

τi = λi
'

f ′c σy ≤ σ

(3.5)

whereλe andλi aretheelasticandinelasticbond-stresscoefÞcientsrespectively. Usingthebond

stressdeÞnedin Eq. 3.5, thechangein strain(changein stress)alongthe lengthof thereinforce-

mentis describedby thedifferentialequation,Equation.3.6.

dF
dx

=
πd2

b

4
dσ
dx

= τ(σ)πdb

dσ
dx

=
4τ(σ)

db

(3.6)

By integratingthestrainsalongthedevelopmentlength,the tensilestress-displacementen-

velopeof ananchoragebarcanbecalculatedfor acolumn.Thestress-displacementenvelopefor a

typical columnis shown in Figure3.14.For this study, thenonlinearstress-displacementrelation-

shipscalculatedwith this methodweresimpliÞedby assuminga linearrelationshipfrom σ = 0 to

σ = fy andasecondlinearrelationshipbetweenfy and fu asseenin theÞgure.

0 5 10 15 20
0

0.5

1

1.5

!  (mm)

"
 / 

f y

Lehman Model
Simplified Model

Fig. 3.14 Stress-displacementenvelopefor typical anchor bar
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The threeparametersof the bondmodel (σd, λe, andλi ) arecalibratedby comparingthe

strainsmeasuredin the columnsat the anchorage-columninterfacewith the strainsmeasured8

incheswithin theanchoragein Section4.3.

3.2.2 CompressiveStress-DisplacementRelationships

Thecompressive stress-displacementrelationshipof theconcretewascalculatedfrom thestress-

strainrelationshipby assuminganeffective depthover which thecompressive strainsact(dcomp),

andmultiplying thestrainsby this assumeddepthto obtaina displacement.Theassumeddepthis

illustratedin Figure4.11.

Fig. 3.15 Assumedcompressivedepth

3.2.3 Calibration Parameters

Becauseof thecomplexity of bondslip, theproposedbondslip modelneedsto becalibratedwith

experimentalresults.The key modelparametersthat needto be calibratedarethe bond-strength

ratiosλe andλi , andthedepthof thecompressivestrainsdcomp. Theseparametersarecalibratedin

Chapter4.

3.3 SHEAR-DISPLACEMENT MODEL

Theshearcomponent(∆v) of the total deßectionof thecolumnwasmodeledin accordancewith

elastictheory:

∆v =
k ·V ·L
G·AG

(3.7)
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wherek is ashapefactorto accountfor theshapeof thecrosssection(k = 4
3 for circularsections),

V is thetransverseshearforce,andAG is thegrosscross-sectionalarea.G is themodulusof rigidity

of theconcreteandcanbeestimatedastheconcretemodulusof elasticitymultiplied by a scalar,

G = γEc, whereEc canbecalculatedasEc = 4730
'

f ′c, (ACI 3182002).Park andPaulay(1975)

recommendavalueof γ = 0.4 (MPa).

3.4 OPENSEESIMPLEMENT ATION

TheMATLAB implementationof theforce-basedbeam-columnelementwasdevelopedfor mono-

tonic loading. Sinceboth the monotonicandcyclic behavior of a columnareimportantin seis-

mic regions,OpenSees(which is capableof modelingcyclic loading)wasusedto implementthe

proposeddistributed-plasticitymodelingstrategy for theremainderof this report.Thissectiondis-

cussestheimplementationof thethreemajorcomponentsof columndeformationinto OpenSees.

3.4.1 Flexural Component

Theforce-basedbeam-columnelementin OpenSeeswasimplementedusingthenonlinearBeam-

Columncommand.TheOpenSeesimplementationwasveriÞedby comparingthecalculatedforce-

deformationresponsesfrom OpenSeeswith the calculatedforce-deformationresponsesfrom the

MATLAB implementationfor 8 columns(LehmanandMoehle2000)(Figure3.16). As seenin

the Þgure,the force-deformationenvelopescalculatedwith OpenSeesareindistinguishablewith

theforce-deformationenvelopescalculatedwith thestand-aloneMATLAB implementation.

3.4.2 Bond Slip Deformation

Thebondslip deformationmodeldescribedin Section3.2wasimplementedin OpenSeesusinga

zero-lengthsection(zeroLengthSection) placedat thebaseof thecolumn.Thezero-lengthsection

consistedof a Þbersection(Section2.1) in which thestress-deformationresponseof thesteelwas

determinedin accordancewith Section3.2.1,andthecompressivestress-displacementresponseof

theconcretewasdeterminedin accordancewith Section3.2.2. Thestress-displacementresponse

of the steelwasmodeledwith steel02materialmodel in OpenSees,andthe stress-displacement

responseof theconcretewasmodeledwith concrete04.
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3.4.3 ShearDeformation

Theshear-deformationmodelwasimplementedin OpenSeesby aggregatinglateral

force-deformationsectionsinto theÞbersectionsof thebeam-columnelement,asseenin Figure

3.1. Thepropertiesof thelateralforce-deformationresponseweredeterminedin accordancewith

elastictheory, asdescribedin Section3.3.

3.4.4 Calculation of AverageStrains

Thecalculatedaveragetensilestrainvaluesat two levelsof columnheightareusedin thecalibra-

tion of the proposedmodelingstrategy (Section4.4). SpeciÞcally, the measuredandcalculated

averagetensilesteelstrainsarecomparedfrom thebaseof thecolumnto a quarterof thecolumn

depth(0-D/4) anda quarterof the columndepthto the total columndepth(D/4-D/2). In a Þber

beam-columnelement,thestressesandstrainsof any Þberin a sectioncanberecorded.However,

the sectionsareonly locatedat integrationpoints,andthe locationof the integrationpointsare

determinedfrom theGauss-Labottointegrationscheme.In orderto obtaintheaveragestrainsfrom

0-D/4andD/4-D/2,zero-weightintegrationpointswereaddedto theelementsatD/4 andD/2. The

addedintegrationpointsdo not affect theresultsof theanalyses,but provide a meansof recording

sectionandÞberbehavior at their locations.Theaverageßexural tensilesteelstrainvaluesfrom

0-D/4 wereobtainedby averagingthestrainvaluesrecordedat thebaseof thecolumnandat D/4.

Theaveragestrainvalueswereobtainedfor theD/4-D/2segmentin asimilar manner.

Themeasuredaveragestrainsfrom 0-D/4alsoincludethestrainsassociatedwith bondslip of

theanchoragereinforcement.In orderto comparethesestrainvalueswith calculatedstrainvalues,

a calculatedbondslip componentwasincludedin the calculatedstrains. The calculatedvertical

displacementof theanchoragesteelwasrecordedfrom thezero-lengthbondslip section(Section

3.2).Thisverticaldisplacementwasthendividedby thelengthD/4 to obtainanaveragestrain,and

thenaddedontothecalculatedßexural steelstrain.

3.5 SUMMARY

In the proposedmodelingstrategy, a nonlinearforce-basedÞberbeam-columnelement,a zero-

lengthbondsection,andan aggregatedelasticshearsection arecombinedto modelthe ßexural,
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bondslip, andshearcomponentsof thetotal tip deßectionof a column.Thefollowing key model-

ing parameterswereidentiÞed:

Number of Integration Points (Np). Thenumberof integrationpointsusedin theßexibility-based,

Þberbeam-columnelement.

Bond-StrengthRatios (λe and λi ). Theratio of bondstrengthto thesquareroot of thecompres-

sivestrengthof theconcrete,λe = τbe√
f ′c

andλi = τbi√
f ′c

.

DevelopmentBar Stress(σd). Thebarstressrequiredto fully developthebond.

Bond-Model CompressionDepth (dcomp). Theeffectivedepthof thecompressionstrainsfor the

concretein thezero-lengthbond-slipelement.

Shear-StiffnessRatio (γ). Theratio of themodulusof rigidity of theconcreteto themodulusof

elasticityof theconcrete,γ = G
Ec

.
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4 Calibration of Distributed-Plasticity
Column Model

To accuratelymodelreinforcedconcretecolumnbehavior, thedistributed-plasticitymodelingstrat-

egy proposedin Chapter3 wascalibratedwith experimentalresults. The modelingparameters

identiÞedfor calibrationin chapters2 and3 are:

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

ulusof elasticityof thesteel,b = Esh
E (Section2.2.1).

Bond-StrengthRatios (λe and λi ). Theratio of bondstrengthto thesquareroot of thecompres-

sivestrengthof theconcrete,λe = τbe√
f ′c

andλi = τbi√
f ′c

.

DevelopmentBar Stress(σd). Thebarstressrequiredto fully developthebond.

Number of Integration Points (Np). Thenumberof integrationpointsusedin theßexibility-based,

Þberbeam-columnelement(Section3.1).

Bond-Model CompressionDepth (dcomp). Theeffectivedepthof thecompressionstrainsfor the

concretein thezero-lengthbond-slipelement(Section3.2).

Shear-StiffnessRatio (γ). Theratio of themodulusof rigidity of theconcreteto themodulusof

elasticityof theconcrete,γ = G
Ec

(Section3.3).

This chapterdiscussesthe calibrationstrategy usedin this report andpresentsthe results

of this analysis.The resultsof a sensitivity analysisarethenpresentedto identify the effectsof

varyingkey parameters.
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4.1 COLUMN DATA

A subsetof eightcolumnsfrom thebridgecolumndatasetdesignatedin Section1.3 wasusedto

calibratethedistributed-plasticitycolumn-modelingstrategy. Theeightcolumnsweretheexperi-

mentsdocumentedin LehmanandMoehle(2000),andareincludedin Table1.1. Thesecolumns

wereselectedbecausethey metCaltrans/AASHTO detailingrequirementsandthefollowing data

wereavailable.

· Force-displacementhistories

· Strain-gagehistories

· Relative-rotationhistories(averagecurvature)

· Observationsof damage

This datawerenot availablefor all columnsin thedatabase,speciÞcallythestrain-gagedataand

averagerotations.

Becauseestimatingbothglobalandlocaldeformationsareimportant,theforce-displacement

envelopesandtheaveragestrainsin the tensilereinforcementwereusedin thecalibrationof the

distributed-plasticitymodel. The force-displacementenvelopesandaveragestrain-displacement

envelopeswereextractedfrom therecordeddigital force-displacementhistoriesof thecolumnwith

the algorithmdescribedin Parish(2001). The averagestrainswerecalculatedfrom the average

rotationsmeasuredwith the potentiometersasdescribedin AppendixC of LehmanandMoehle

(2000).

Theaveragestrainsat two differentlevelsof thecolumnheight wereusedin thecalibration

of thedistributed-plasticitymodel,theaveragestrainsfrom thebaseof thecolumnto onequarter

of the columndepth,0−D/ 4, andthe strainsfrom onequarterof the columndepthto half the

columndepth,D/ 4−D/ 2. It shouldbe notedthat the averagestrainsat the baseof the column

includedeformationsfrom barslip sincethepotentiometersat thebaseof thecolumnmeasureboth

theßexural displacementandthedisplacementdueto bondslip of theanchoragereinforcement.

Theaveragestrainswereusedin this studyinsteadof thestraingages,becausepotentiome-

tersareableto accurately measuredeformationathigherlevelsof deformation.Theaveragestrain

measurementswereveriÞedwith thestraingagesattachedto thereinforcement,andat low levels

of deformation,themeasurementsweresimilar.
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4.2 STEEL STRAIN-HARDENING RATIO CALIBRA TION

Thestrain-hardeningratio wascalibratedby minimizing thesquareroot of thesumof thesquares

of the differencebetweenthe calculatedresponseof the steelundermonotonicloading to the

measuredresponsefrom coupontestsup to a strainof 0.1. The measuredstress-strainresponse

usedfor this calibrationwastheaverageresponseof thecoupon testsperformedby Lehmanand

Moehle(2000). A valueof b = 0.0097minimizedthe normalizederror with a valueof 3.91%.

However, for simplicity, b = 0.01 wasselectedastheoptimalvalue,(normalizederror= 3.93%).

Themeasuredandcalculatedmaterialresponsesareshown in Figure4.1.

Fig. 4.1 Measuredand calculatedstress-strainresponseof steel

4.3 BOND-STRENGTH MODEL CALIBRA TION

Threeparametersof the bondmodel(σd, λe, andλi , deÞnedin Figure3.13)werecalibratedby

comparingthe strainsmeasuredin the columntestsat the anchorage-columninterfacewith the

strainsmeasuredsix incheswithin the anchorage.Of the 16 possiblestrain-gagesets(north and

southlocationsfor the 8 columns),measurementsfrom both of the straingageswerereliableup

to an interfacestrainof 0.015for 8 sets. The envelopesof the interfacegagestrainsversusthe

anchoragegagestrainsfor the8 strain-gagesetsareshown in Figure4.2.

The bestÞt of the envelopesfrom the 8 strain-gagesetsshown in Figure4.2 wasrealized

usingelasticandinelasticbond-stresscoefÞcientsof λe = 0.9 andλi = 0.45, anda development
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stressof σd = 0.25σy. Thesevalueswould vary if the steelweremodiÞedfrom the bilinear ap-

proximation,b = 0.01.
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Fig. 4.2 Bond-strengthcalibration

4.4 OPTIMIZA TION STRATEGY FOR REMAINING MODEL PARAMETERS

4.4.1 Measuresof Accuracy

In orderto successfullypredicttheresponseof acolumnunderseismicloading(includingdamage

prediction)both the global force-deformationresponse,andthe local curvaturesandstrainsmust

bepredictedaccurately. Thecalibrationof theproposedmodelingstrategy consideredtheaccuracy

of boththeglobalandlocalresponses.Theparametersusedin thischapterto measuretheaccuracy

of themodelingstrategy areasfollows.

Pushover Err or (Epush). Theaccuracy of theforce-displacementenvelopewasaccountedfor with

thepushovererror, which is deÞnedas

Epush=

()
)
* ∑n

i= 1

+
Fi

meas−Fi
calc

, 2

(max(Fmeas))
2n

(4.1)
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whereFmeasandFcalc arethemeasuredandcalculatedforcesatcorrespondingdisplacements

up to a drift ratio of 4%,andn is thenumberof datapointsin theenvelope(n = 100for this

study).

Strain Err or (Estrain). Theaccuracy of themodelsability to predictaveragestrainswasaccounted

for with thestrainerror, which is deÞnedas

Estrain =

()
)
* ∑n

i= 1

+
εi

meas− εi
calc

, 2

(max(εmeas))
2n

(4.2)

whereεmeasandεcalc arethemeasuredandcalculatedaveragestrainsat correspondingdis-

placementsup to a drift ratio of 4%. The strainerror wasaccountedfor at two rangesof

columnheight, from the baseof the columnto a quarterof the columndepth
-

E(0−D/ 4)
strain

.

andfrom aquarterof thecolumndepthto half thecolumndepth
-

E(D/ 4−D/ 2)
strain

.
. Themethod

usedto calculatetheaveragestrainsover thetwo heightsis describedin Section3.4.4.

StiffnessRatio (S.R.) is theratioof measuredstiffnessto calculatedstiffnessKmeas
Kcalc

, whereKmeas=
Fy

∆meas
y

andKcalc = Fy

∆calc
y

. Fy is the smallerof the calculatedlateral force at Þrstyield of the

tensilereinforcement,andthelateral,effective forcecalculatedataconcretestrainof 0.002.

∆meas
y and∆calc

y arethemeasuredandcalculateddisplacementsassociatedwith Fy.

Moment Ratio (M.R) is theratio of themaximummeasuredmomentat or before4% drift to the

calculatedmomentator before4%drift, Mmeas
max

Mcalc
max

.

DegradationErr or Ratio (D.R.) is a parameterthat capturesthe effectivenessof the model in

predictingcolumndegradation.

D.R. =

! +
F4%

calc−F3%
calc

,

F3%
calc

−
+
F4%

meas−F3%
meas

,

F3%
meas

#

∗100 (4.3)

A degradationerrorratiocloseto zeromeansthatthemodelaccuratelymodelsdegradation.

4.4.2 Optimization Procedure

The MATLAB function, fmincon, wasoriginally usedto performthe constrainednonlinearop-

timization. The function fminconÞndsthe constrainedminimum of a scalarfunction of several

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

localminimumshinderedthemethodsability to obtaintheglobalminimum.

Theoptimizationwasperformedby runninga pushover analysisfor a broadrangeof mod-

elingparametersandthenselectingtheschemein which themeantotalerror(Etotal, Equation4.4)

wasminimizedandtheadditionalmodeling accuracy terms(e.g.,stiffnessratio) werereasonable.

Therangeof valuesusedfor eachcalibrationparameterareshown in Table4.1,alongwith thestep

sizebetweenconsecutive valueswithin therange.Theanalysisconsistedof every combinationof

the optimizationparameters.Wherec is equalto the columnÕs neutralaxis depthat a maximum

Table4.1 Calibration parameter rangesfor initial run

parameter Np dcomp γ

min 4 0.1c 0.10
max 7 2.0c 0.80

stepsize 1 0.1c 0.10

compressivestrainof 0.002(c). In additionto theparametervaluesindicatedin thetable,themodel

without sheardeformationwasalsoconsideredin theoptimization(i.e.,γ = ∞).

Theobjective functionfor theoptimizationwasacombinationof theaveragepushovererror

andaveragestrainerrorsat thetwo rangesof thecolumnheight.Thetotal error, Etotal, is deÞned

as

Etotal =
1
2

mean
+
Epush

,
+

κ1

4
mean

-
E(0−D/ 4)

strain

.
+

α2

4
mean

-
E(D/ 4−D/ 2)

strain

.
(4.4)

where:

κ1 =
min

+
mean

+
Epush

,,

min
-

mean
-

E(0−D/ 4)
strain

.. (4.5)

κ2 =
min

+
mean

+
Epush

,,

min
-

mean
-

E(D/ 4−D/ 2)
strain

.. (4.6)

wheremeanentailstheaveragevalueover theeightLehmanandMoehle(2000)columns,andmin

entailstheminimumvalueout of the total numberof combinations.Theα termsareincludedto

ensurethattheerrortermsareof similar magnitude.
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4.5 OPTIMIZA TION RESULTS

The optimizationstudy describedin the previous sectionwas performedfor the eight columns

describedby LehmanandMoehle(2000). The top 20 combinationsfrom theoptimizationstudy

arereportedin Table4.2. Theaccuracy measuresreportedin this table(e.g.,Etotal andS.R.)are

averagevaluesfor theeightcolumns.

Table4.2 Distrib uted-plasticity optimization results

ParameterValues Measuresof Accuracy

Rank Np dcomp γ Etotal Epush E0−D/ 4
strain ED/ 4−D/ 2

strain S.R. M.R. D.R
1 6 0.8c 0.1 7.02 6.62 6.83 16.94 0.91 1.03 0.87
2 6 0.7c 0.1 7.02 6.60 6.95 16.77 0.90 1.03 0.86
3 6 1 c 0.1 7.03 6.63 6.78 17.07 0.92 1.03 0.92
4 6 0.9c 0.1 7.04 6.63 6.82 17.06 0.91 1.03 0.90
5 6 1.1c 0.1 7.05 6.65 6.70 17.32 0.92 1.04 0.94
6 6 1.2c 0.1 7.05 6.65 6.59 17.58 0.93 1.04 0.93
7 6 0.6c 0.1 7.06 6.62 7.15 16.51 0.89 1.03 0.78
8 6 1.3c 0.1 7.07 6.67 6.50 17.87 0.93 1.04 1.02
9 6 1.4c 0.1 7.07 6.67 6.47 17.98 0.94 1.04 1.06
10 6 1.6c 0.1 7.08 6.69 6.43 18.08 0.94 1.04 1.10
11 6 1.5c 0.1 7.08 6.68 6.45 18.07 0.94 1.04 1.11
12 6 0.9c 0.2 7.11 6.72 6.97 16.94 0.89 1.03 0.91
13 6 0.9c 0.3 7.11 6.72 6.97 16.94 0.89 1.03 0.91
14 6 0.9c 0.5 7.11 6.72 6.97 16.94 0.89 1.03 0.91
15 6 0.9c 0.6 7.11 6.72 6.97 16.94 0.89 1.03 0.91
16 6 0.9c 0.7 7.11 6.72 6.97 16.94 0.89 1.03 0.91
17 6 1.7c 0.1 7.11 6.70 6.43 18.33 0.95 1.04 1.12
18 6 1.1c 0.2 7.12 6.75 6.80 17.29 0.90 1.03 0.94
19 6 1.1c 0.3 7.12 6.75 6.80 17.29 0.90 1.03 0.94
20 6 1.1c 0.5 7.12 6.75 6.80 17.29 0.90 1.03 0.94

It was difÞcult to objectively selectan optimal solution from this analysisbecausemany

combinationsof parametersresultedin nearlyidenticalvaluesof Etotal. The proposedmodeling

strategy wasnot sensitive to several of the optimizationparameters,andthe optimizationresults

weredominatedby severalcombinationsthatdifferedonly by thoseparameters.For example,the

only parameterthatdiffersbetweenthetop 11 rankedcombinationsis thebond penetrationdepth

(dcomp).

The effect of Np on the optimizationsurfacecanbe observed by sorting the optimization

resultsÞrstby Np and thenby Etotal, and thenplotting the normalizederror
-

Etotal
Emin

total
−1

.
versus

thenormalizedrankorder(i.e., therankingdividedby thetotal numberof combinations)(Figure

4.3). Thenormalizederrorvariedfrom 0 (Etotal = 7.02) to 0.92(Etotal = 13.46). As seenin the

Þgure,thebestresultsareobtainedfor Np = 6. Nonetheless,aslong asÞve integrationpointsare

used,similar minimum valuesof Etotal canbe obtained.This resultcanbe explainedby noting
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that the columnsbeingstudiedarewell-conÞnedcolumnswith hardeningsectionbehavior. For

suchsectionsthenumberof integrationpointsshouldnot signiÞcantlyaffect thecalculatedglobal

or local responses(Section3.1.1).For modelingefÞciency, thecombinations with Þve integration

pointswill beusedto selecttheoptimalsolution.

Table 4.3 provides the top 20 combinationsin which Np = 5. As seenin the table, the

combinationthatminimizesthetotal error(Etotal = 7.13) is dcomp = 0.4c andγ = 0.1. As seenin

Table4.3,γ doesnot signiÞcantlyaffect theaccuracy of themodel.Thecombinationwith γ = 0.4

(# 16,dcomp = 0.5c, Etotal = 7.21)will bechosenastheoptimalsolutionto remainconsistentwith

previousresearchParkandPaulay(1975).
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Table4.3 Distrib uted-plasticity optimization results(np = 5, γ = 0.4 and dcomp = c)

ParameterValues Measuresof Accuracy

Rank Np dcomp γ Etotal Epush E0−D/ 4
strain ED/ 4−D/ 2

strain S.R. M.R. D.R
1 5 0.4c 0.1 7.13 6.85 6.57 17.52 0.87 1.04 0.35
2 5 0.5c 0.1 7.15 6.83 6.52 17.87 0.88 1.04 0.42
3 5 0.3c 0.1 7.16 6.91 6.78 17.02 0.86 1.04 0.31
4 5 0.6c 0.1 7.17 6.82 6.49 18.22 0.89 1.04 0.44
5 5 0.4c 0.2 7.19 6.96 6.62 17.37 0.85 1.04 0.36
6 5 0.4c 0.3 7.19 6.96 6.62 17.37 0.85 1.04 0.36
7 5 0.4c 0.5 7.19 6.96 6.62 17.37 0.85 1.04 0.36
8 5 0.4c 0.6 7.19 6.96 6.62 17.37 0.85 1.04 0.36
9 5 0.4c 0.7 7.19 6.96 6.62 17.37 0.85 1.04 0.36
10 5 0.5c 0.2 7.20 6.96 6.52 17.73 0.86 1.04 0.40
11 5 0.5c 0.3 7.20 6.96 6.52 17.73 0.86 1.04 0.40
12 5 0.5c 0.5 7.20 6.96 6.52 17.73 0.86 1.04 0.40
13 5 0.5c 0.6 7.20 6.96 6.52 17.73 0.86 1.04 0.40
14 5 0.5c 0.7 7.20 6.96 6.52 17.73 0.86 1.04 0.40
15 5 0.7c 0.1 7.20 6.84 6.46 18.47 0.90 1.04 0.48
16 5 0.5c 0.4 7.21 7.02 6.51 17.61 0.85 1.04 0.38
17 5 0.6c 0.2 7.21 6.94 6.44 18.14 0.87 1.04 0.43
18 5 0.6c 0.3 7.21 6.94 6.44 18.14 0.87 1.04 0.43
19 5 0.6c 0.5 7.21 6.94 6.44 18.14 0.87 1.04 0.43
20 5 0.6c 0.6 7.21 6.94 6.44 18.14 0.87 1.04 0.43

Theselectedoptimalsolutionis asfollows.

Strain-Hardening Ratio, b = 0.01.

Bond-StrengthRatios,λe = 0.9 and λi = 0.45.

DevelopmentBar Stress,σd = 0.25σy .

Number of Integration Points, Np = 5.

Bond-Model CompressionDepth, dcomp = 0.5c (Half theN.A. Depthat εc = 0.002).

Shear-StiffnessRatio, γ = 0.4.

Thiscombinationof parametersresultedin thefollowingmeanmeasuresof accuracy: Etotal =

7.22, Epush= 7.02, E(0−D/ 4)
strain = 6.51, E(D/ 4−D/ 2)

strain = 17.73, stiffnessratio = 0.85,momentratio =

1.04anddegradationerrorratio = 0.38. ThecorrespondingcoefÞcientsof variation(%) for these

measureswere20,43,44,44,11,8, and-.

In a pilot study, a similar optimizationwasrun without includingthetensilestrengthof the

concrete,andusingthe bond-strengthratiosproposedby LehmanandMoehle(2000)(λe = 1.0,

λi = 0.5). This optimizationresultedin dcomp = 1.0c, γ = 0.4, andNp = 5. This combination

of parametersresultedin the following meanmeasuresof accuracy: Etotal = 7.45, Epush= 6.73,

E(0−D/ 4)
strain = 7.78,E(D/ 4−D/ 2)

strain = 14.40,stiffnessratio= 1.02,momentratio = 1.03,anddegradation

errorratio= 2.04.
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4.6 MODEL EVALUATION

Theselectedoptimalsolutionfrom theprevioussectionwill beevaluatedin this section.First, the

measuredandcalculatedforce-displacementenvelopesarecompared,andthevariouscomponents

of thetotalcalculateddeßectionarestudied.Then,themeasuredandcalculatedtensilesteelstrain-

displacementenvelopesarecompared.

4.6.1 Force-DisplacementEnvelopes

Themeasuredandcalculated(usingtheoptimalsolution)force-displacementenvelopesareshown

in Figure4.4. Theproposedmodelingstrategy accuratelypredictsthestiffnessratio for all eight

columns.However, theproposedmodelingstrategy overestimatesthestiffnessof all eightof the

columnsbeyond3% drift. It is difÞcult to observe trendsin modelaccuracy with only theseplots.

Trendsin the accuracy of the proposedmodelingstrategy is studiedin greaterdetail later in this

report.

The percentageof total deßectiondue to ßexure, bond slip, and shearare plotted versus

displacementductility in Figure4.5.As seenin Figure4.5,thecalculatedshearcomponentof total

deßectionis negligible, rangingfrom 2.5%to 0.3%of thetotalcolumndeßection.Additionally, as

expected,thecomponentof totaldeßectiondueto bondslip decreaseswith increasingaspectratio,

andincreasesslightly with thelevel of columndeformation.

4.6.2 Strain-DisplacementEnvelopes

The measuredandaveragecalculatedstrainsfor two rangesof columnheightarecomparedup

to a displacementductility ( ∆
∆y

) of 8 in Figure 4.6, and up to a displacementductility of 3 in

Figure 4.7. The vertical lines in Þgures4.6 and 4.7 representthe ductility level at which the

researchersreportedthe onsetof cover spalling. As seenin the Þgures,the proposedmodeling

strategy accuratelypredictsthestrainsat low levelsof columndeformation,but is lessaccurateat

higherlevels. In general,shortlyafter theonsetof spalling,themeasuredstrainvaluesat D/ 4−

D/ 2 increaserapidly andthe measuredstrainvaluesat 0−D/ 4 dip below the calculatedvalues

andbegin approachingthe strainsat D/ 4−D/ 2. This pattern,which wasobserved for 6 of the

8 columns,suggeststhat the discrepanciesin measuredandcalculatedstrainsat higherlevels of

columndeformationmaybedueto thedebondingof thelongitudinalreinforcementup theheight
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of thecolumn.
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Fig. 4.7 Measuredand calculatedaveragestrains (up to ∆
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= 3)
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4.7 SENSITIVITY ANALYSES

A parametricstudywasperformedto verify theresultsof theoptimizationanalysisandto demon-

stratethe effect of the key modelingparameterson modelaccuracy. In this study, the measures

of accuracy wereplottedversusthe Þve modelingparametersto demonstratethe effect of each

parameter(Þgures4.8 through4.12).Theoptimalsolution(b = 0.01,Np = 5, dcomp = c, λ = 1.0,

andγ = 0.4) wasusedasabasis,andeachparameterwasvariedindividually.

In Figure4.8 the effect of the strainhardeningratio is studiedby plotting the maximum,

minimum, andmeanvaluesof Etotal, S.R., M.R., andD.R. versusthe strain-hardeningratio (b).

As seenin theÞgure,a b valuenear1% minimizesthemeanEtotal. This resultis consistentwith

theresultsof theprevioussection.As expected,increasingb doesnotaffect thestiffnessratio,but

decreasestheM.R. andincreasestheD.R.

Similarly, theeffectof thenumberof integrationpointsis shown in Figure4.9.As seenhere,

slightly bettervaluesof Etotal, M.R., andD.R canbeobtainedby using6 or 7 integrationpoints,

but the increasein accuracy doesnot outweighthe lossof efÞciency. As expected,the stiffness

ratio is notaffectedby Np.

Theeffect of thebond-strengthratio (λ) on pushover accuracy is shown in Figure4.10. As

expected,asλ increases,thestiffnessratiosandmomentratiosdecreaseandthedegradationerror

ratiosincrease.A negligibly bettervalueof Etotal canbeobtainedby usingλ = 0.5 thanλ = 1.0;

however, thestiffnessratio andmomentratio arebetterusingλ = 1.0. Thebestmomentratio is

obtainedby usingλ = ∞, which representsnobarslip.

Theeffect of thebondcompressiondepth(dcomp) on pushover accuracy is shown in Figure

4.11.Thestiffnessratios,momentratios,anddegradationerrorratiosincreaseasdcomp increases.

ThebestEtotal valuewasobtainedfor dcomp = c, but similar valueswereobtainedfor dcomp = 0.1

and0.2.

Finally, theeffect of theshear-deformationratio (γ) is shown in Figure4.12. As discussed

earlier, theshearratio inßuencestheaccuracy little.
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4.8 EVALUATION WITH DATABASE OF BRIDGE COLUMNS

The proposedmodelingstrategy wasusedto model the 37 bridgecolumnsidentiÞedin Section

1.3. Key accuracy statisticsof this evaluationareprovided in Table4.4. The meanvalueof the

pushover errorEpush was7.4%. Themeanvaluesof thestiffnessratios(S.R.) andmomentratios

(M.R.) were0.85and1.03,with correspondingc.o.v.Õsof 15.6%and7.9%.Themeanvalueof the

degradationratios(D.R. ) was-0.51.

Table4.4 Accuracy statisticsfor enveloperesponseof distrib uted-plasticity model

Statistic Epush(%) S.R. M.R. D.R.

Mean 7.4 0.84 1.03 -0.51
c.o.v. (%) - 15.6 7.9 -

Themeasuresof modelingaccuracy areplottedversuskey columnpropertiesto determine

if theaccuracy of themodelis sensitive to theseproperties.In Figure4.13,Epushis plottedversus,

aspectratio (L/ D), longitudinal-reinforcementratio (ρl ), axial-loadratio (P/ f ′cAg), effective con-

Þnementratio, concretecompressive strength,andthe ratio of spiral spacingto longitudinalbar

diameter(s/ db). Includedin theÞgurearetheR2 values,which indicatethemagnitudeof corre-

lation betweenEpushandtheproperty. As seenin theÞgure,thereareno signiÞcanttrendsin the

data.

Similarly, thestiffnessratio is plottedversusthekey columnpropertiesin Figure4.14.Slight

trendscanbeobservedin S.R. versusL/ D and f ′c, with R2 valuesof 0.11and0.12.

Themaximummomentratio (M.R.) is plottedversusthekey propertiesin Figure4.15. As

seenin theÞgure,only onetrendcanbeobserved.Themomentratiodecreaseswith abincreasein

effectiveconÞnementratio.

Thedegradationratio (D.R.) is plottedversusthekey propertiesin Figure4.16.Thereareno

signiÞcanttrendsin thedata.
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4.9 SUMMARY

Themeasuresof accuracy andoptimizationschemeutilized to calibratethedistributed-plasticity

column model were presentedin this chapter. The resultsof the optimizationstudy were then

presentedandanoptimalsolutionwasselected.Theoptimalmodelparameterswereasfollows.

· Strain-HardeningRatio,b = 0.01.

· Bond-StrengthRatios,λe = 0.9 andλi = 0.45.

· DevelopmentBarStress,σd = 0.25σy.

· Numberof IntegrationPoints,Np = 5.

· Bond-ModelCompressionDepth,dcomp = 1/2neutralaxisdepthat εc = 0.002.

· Shear-StiffnessRatio,γ = 0.4.

This combinationof parametersresultedin thefollowing meanmeasuresof accuracy when

appliedto thedatasetof 8 columntestsby LehmanandMoehle(2000):Etotal = 7.22,Epush= 7.02,

E(0−D/ 4)
strain = 6.51,E(D/ 4−D/ 2)

strain = 17.73,stiffnessratio = 0.85,momentratio = 1.04anddegradation

error ratio = 0.38. ThecorrespondingcoefÞcientsof variation for thestiffnessratio andmoment

ratio were11%and8%. Whenappliedto thebridgedataset,themeanvalueof Epush was7.4%.

Themeanvaluesof thestiffnessratiosandmomentratioswere0.85and1.03with corresponding

c.o.v.Õs of 15.6%and7.9%.Themeanvalueof thedegradationratios(D.R. ) was-0.51.
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5 Development of Lumped-Plasticity
Column Model

The spread-plasticity, force-basedÞberbeam-columnelementis susceptibleto strain localiza-

tion andlossof objectivity in degradingmembers(Section3.1.1). A lumped-plasticitycolumn-

modelingstrategy is developedto overcomethis limitation, andto provide a lesscomplex model-

ing strategy. In thischapter, a lumped-plasticitymodelformulationis presented,andkey modeling

parametersareidentiÞedfor calibration.

5.1 MODEL FORMULA TIONS

The widespreadimplementationof nonlinearanalysismethodsin software to supportanalysis

anddesignhasled to the developmentof a variety of plastic-hingemodel formulations. In this

chapter, two modelformulationsarepresented,onethat is commonlyemployed in design,anda

morecomplicatedformulation that canbe implementedin a standarddisplacement-basedÞnite

elementframework (e.g.,OpenSees).Figure5.1shows a typical cantilever columnsubjectedto a

lateralload.TheÞgurealsoshowsthemomentandactualcurvaturedistributions,andtheidealized

curvaturedistributions that are the basisfor the two lumped-plasticitymodelspresentedin this

chapter.

Theformulationof theplastic-hingemodelemployedin designusestheidealizeddistribution

shown in Figure 5.1(d) to develop an expressionfor the post-yielddisplacementat the top of

the column, ∆. The curvatureis assumedto be linear above the plastic hinge, and the plastic

curvatureis assumedto beconstantover theheightof theplastichinge. Theresultingpost-yield
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Distribution
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(e) Idealized
Curvature

Distribution for
Formulation2

Fig. 5.1 Moment and curvaturedistrib utions

total displacementcanbeexpressedasfollows.

∆ = ∆y + (φbase−φy) Lp

$
L−

Lp

2

%
(5.1)

where:φy is thecolumncurvatureatÞrstyield, φbaseis thecurvatureassociatedwith themomentat

thebaseof thecolumn,L is thedistancefrom thebaseof thecolumnto thepointof contraßexure,

Lp is theplastic-hingelength,and∆y is theyield displacementof thecolumn.

ScottandFenves(2006)developeda lumped-plasticityformulationsuitablefor implemen-

tation in a standarddisplacement-basedÞnite-elementenvironment. The formulationutilizes the

force-basedÞberbeam-columnelementformulation,andintroducesamodiÞedintegrationscheme

in which inelasticdeformationsareconÞnedto anassignedplastic-hingelength.This formulation,

which is availablein OpenSees,resultsin thecurvaturedistribution shown in Figure5.1(e). The

curvaturedistribution is linearabove theplastichinge,andwithin theplastichingethecurvatureis

calculatedwith moment-curvatureanalysis.Implementationof thismethodfor acantilevercolumn

resultsin thefollowing expressionfor thepost-yieldtip displacement.

∆ =
Mbase

(EI)ef f

$
L2

3
−LLp

%
+ φbaseLLp (5.2)

where: Mbaseandφbasearethe momentandassociatedcurvatureat the baseof the column,and
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(EI)ef f is the effective sectionstiffnessof the elasticportion of the column. If (EI)ef f = My
φy

is

substitutedinto Equation5.2,thefollowing equationcanbeobtained.

∆ = φy

$
Mbase

My

%$
L2

3
−LLp

%
+ φbaseLLp (5.3)

whereMy is themomentatÞrstyield.

The OpenSeesenvironmentwas usedin this report to model column behavior becauseit

is capableof modelingcyclic andbidirectionalloading,andvariableaxial loads. The lumped-

plasticitymodelformulationproposedby ScottandFenves(2006)wasusedwithin OpenSees.The

OpenSeesimplementationis discussedin greaterdetail in Section5.5.

Computingthe tip displacementwith eitherof thesemethodsrequiresestimatingthe yield

displacement,computingthe moment-curvatureresponseof the columncrosssection(i.e., φbase

andφy), andan expressionfor the plastic-hingelength. The following sectionsdiscusseachof

theseparametersindividually.

5.2 YIELD DISPLACEMENT

Thecalculatedyield displacement(∆calc
y ) is typically computedin accordanceto elastictheoryas

∆calc
y =

FyL3

3(EI)ef f
(5.4)

where(EI)ef f is theeffective stiffnessof thecrosssection,which canbecalculatedwith several

methods.Two methodsarediscussedin thefollowing subsections.

5.2.1 GrossSectionProperties

A simpleapproachfor calculating(EI)ef f is to usethegross-sectionstiffnessasfollows.

(EI)ef f = EcIg (5.5)

whereEc is the modulusof elasticityof theconcreteandIg is thesecondmomentof inertiaof the

grosscross-sectionalarea(Ig = πD4

64 ).

Equations5.4and5.5provide a convenientmeansof predictingtheyield displacement,but
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they neglect theeffectsof sheardeformation,anchorageslip, andaxial load (cracking). A factor

canbeintroducedto accountfor theseshortcomingsof thismethodology.

∆calc
y =

1
αg

FyL3

3EIg
(5.6)

whereαg is thestiffnessmodiÞcationratio that is to becalibratedwith experimentalresults.This

parameteris studiedandcalibratedin Section6.2.

5.2.2 SectionSecantStiffness

Alternatively, (EI)ef f canalsobetakenasthesecantstiffness((EI)sec) of thecolumncrosssection.

Thesecantstiffnessis theslopeof themoment-curvatureplot up to theyield moment,My.

(EI)ef f = (EI)sec=
My

φy
(5.7)

Thismethodaccountsfor thecrackingof thecolumncrosssection,but assumesthatthecolumnis

crackedover theentireheightof thecolumn.

Equations5.4and5.7provide a convenientmeansof predictingtheyield displacement,but

they neglecttheeffectsof sheardeformationandanchorageslip. A factoris introducedto account

for theseshortcomingsof this methodology.

∆calc
y =

1
αsec

FyL3

3(EI)sec
(5.8)

whereαsec is a stiffnessmodiÞcationratio that is calibratedwith theexperimentaldatadescribed

in Section6.2.

5.2.3 ExpectedTrendsin αg and αsec

Thecomponentof total deformationdueto shearis dependenton theaspectratio of thecolumn,
L
D. Therefore,αg andαsecareexpectedto dependon theaspectratio. Thefollowing calculations

arecarriedout to demonstratehow sheardeformationvarieswith aspectratio.

74



Theßexuralcomponentof theyield displacement(∆ f
y ) for acircularcantilevercolumn(Ig =

πD4

64 ) canbecalculatedas

∆ f
y =

φyL2

3
=

MyL2

EcIg
=

MyL2

Ec
πD4

64

=
64L2My

3D4Ecπ
(5.9)

whereL is thelengthof thecolumnandφy is theyield curvatureof thesection.Thecomponentof

theyield displacementdueto shear(∆v
y) canbecalculatedas

∆v
y =

4FyL
3GAG

=
4My

3GAG
=

4My

3GπD2

4

(5.10)

whereG is themodulusof rigidity of theconcrete,Fy is thelateralshearforce,andAG is thegross

areaof thesection.Theratioof ∆v
y to ∆ f

y canbesimpliÞedto thefollowing expression.

∆v
y

∆ f
y

=
Ec

4G
+L

D

, 2 (5.11)

Theratio decreaseswith increasingaspectratio, indicatingthatthefractionof deformationdueto

sheardecreaseswith increasingaspectratio. Therefore,the stiffnessmodiÞcationratios(αg and

αsec) areexpectedto increasewith increasingaspectratio.

Thefollowing calculationsarecarriedout to studythecomponentof total deformationdue

to bondslip. Thecomponentof deßectiondueto bondslip canbeapproximatedasfollows.

∆b
y = θbL (5.12)

where:θb is baserotationof thecolumndueto bondslip, whichcanbecalculatedas

θb
y =

(ue+ u′e)
γD

(5.13)

whereγ is the ratio of thecorediameter(D′) to total columndiameter(D), γ = D′

D . ue andu′e are

the vertical displacementsof the tensilesteelandcompressive steel,which canbe calculatedas

follows (Section3.2.1).

ue =
Ldεy

2
(5.14)

75



u′e =
L′dε′y

2
(5.15)

where:Lp andL′p arethedevelopmentlengthsfor thecompressive andtensile steel,respectively.

εy is the tensilestrainof the reinforcement,andε′y is thestrainin thecompressionreinforcement

whenthetensilereinforcementyields,thatis

ε′y = φyγD− εy (5.16)

Thedevelopmentlengths(Ld andL′d) of equations5.14and5.15canbecalculatedasfollows.

Ld =
db fy
4τ

(5.17)

L′d =
db f ′y
4τ

(5.18)

where:τ is thebondstress(τ≈ 1.0
'

f ′c , f ′c in MPa),anddb and fy arethediameterandyield stress

of thelongitudinalreinforcement,respectively. Theyieldstrainεy in acolumncanbeapproximated

asa functionof yield curvatureandcolumndepthasfollows (Priestley etal. 1996).

εy =
Dφy

λ
(5.19)

where: λ = 2.45 for spiral-reinforcedcolumnsand2.14 for rectangular-reinforcedcolumns. If

equations5.13-5.19aresubstitutedinto Equation5.12with theidentities fy = Esεy and f ′y = Esε′y,

thefollowing expressionis obtainedfor displacementdueto bondslip.

∆b
y =

(γλ(γλ−2) + 2)DEsLdbφ2
y

8γλ2τ
(5.20)

Theratioof thecomponentof yield displacementdueto bondslip to thatfrom ßexuraldeformation

(Equation5.9)canbecalculatedasfollows.

∆b
y

∆ f
y

=
3(γλ(γλ−2) + 2)

8γλ
db fy
τ L

(5.21a)

=
3(γλ(γλ−2) + 2)

2γλ
Ld

L
(5.21b)
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This ratio increaseswith an increasein fydb
τL ; thereforethe fraction of total deformationdue to

anchorageslip shouldincreasewith this parameter. αg andαsecarethereforeexpectedto decrease

with increasingfydb
τL .

In additionto theexpectedtrendsdiscussedabove,αg is expectedto varywith varyingaxial-

loadratio ( P
Ag f ′c

) andlongitudinal-reinforcementratio (ρl ). EcIg assumesthat thereis no cracking

in thesection,andoverestimatesthesectionstiffness.Therefore,αg will belessthan1.0to reduce

this stiffness. At higheraxial loads,αg would not needto reduceEcIg asmuchbecauseat high

axial loads,the neutralaxis depthwill be large,andtherewill be lesscracking. Thereforeαg is

expectedto increasewith an increasein axial load. Similarly, therewill be lesscrackingwith

higherlongitudinal-reinforcementratios,thereforealphag is expectedto increasewith increasein

ρl .

Table5.1summarizestheexpectedtrendsin thestiffnessmodiÞcationratios.

Table5.1 Expectedtr endsin α

L
D

P
Ag f ′c

fydb
Lτ ρl

αg ↑ ↑ ↓ ↑
αsec ↑ - ↓ -

5.3 MOMENT -CURVATURE RESPONSE

For this study, the crosssectionsof the columnsweremodeledwith Þbersections(Section2.1).

With a Þbersection,the columncrosssectionis divided into small Þbersin which eachÞberis

assigneda particularstress-strainresponsedependingon the materialthe Þberrepresents.The

Þber-sectiondiscretizationstrategiesdevelopedin Section2.3 andthematerialmodelsdescribed

in Section2.2wereusedto modelthemoment-curvatureresponseof thelumped-plasticitymodels.

5.4 PLASTIC-HINGE LENGTHS

Many modelshave beenproposedto estimatetheplastic-hingelengthbasedon thecolumnprop-

erties.Previousresearchers(e.g.,Priestley et al. (1996);Mattock(1967))have proposedthat the

plastic-hingelengthis proportionalto thecolumnlength,L, columndepth,D, andthelongitudinal
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reinforcementproperties,asin thefollowing equation:

Lp = ξ1L + ξ2D+ ξ3 fydb (5.22)

wherefy anddb aretheyield stressandbardiameterof thetensionreinforcement,respectively. The

columnlengthis includedin Equation5.22to accountfor themomentgradientalongthelengthof

thecantilever, andthecolumndepthis included to accountfor the inßuenceof shearon thesize

of theplastic region. Thepropertiesof thelongitudinal barsareincludedto accountfor additional

rotationat theplastichingeresultingfrom anchoragebondslip.

Priestley etal. (1996)proposedanequationto calculatetheplastic-hingelengthin columns,

in which ξ1 = 0.08, ξ2 = 0, andξ3 = 0.022(fy in MPa) with anupperlimit on Lp of 0.044 fydb.

Mattock (1967) proposedan equationto calculatethe plastic-hingelength in beams,in which

ξ1 = 1
20, ξ2 = 1

2, andξ3 = 0.0.

Equation5.23providesareasonableestimateof columnplastic-hingelength;however it can

be shown that the amountof deformationdueto bondslip is expectedto vary with fydb√
f ′c

andnot

just fydb. Therefore,thefollowing modiÞcationto Equation5.22is proposed.

Lp = ξ1L + ξ2D+ ξ3
fydb'

f ′c
(5.23)

Equation5.23 is usedin this researchto representthe length of plastic hinges. The unknown

parameters(ξ1, ξ2, andξ3) arecalibratedwith experimentalresultsin Chapter6. Uponcompletion

of thecalibration,theeffectof usingthegeneralform of plastic-hingelengthproposedby Equation

5.22will beevaluated.

5.5 OPENSEESIMPLEMENT ATION

The OpenSeesimplementationof the lumped-plasticitymodel was usedin this report because

OpenSeesis capableof modelingcyclic andbidirectionalloading,andvariableaxial loads. For

this research,the lumped-plasticityintegrationschemeproposedby Scott andFenves (2006) is

usedwithin OpenSees.Thecurrentversionof OpenSees(version1.6.2.f)hasthreeformulations

of lumped-plasticitymodels. The formulationdiscussedin Section5.1 (ScottandFenves2006)

is usedwith the beamWithHinges3commandin OpenSees.This commandtakes as input the
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columnÕsÞbersection,plastic-hingelength,andthepropertiesof theelasticportionof thecolumn

(i.e.,E, I , andA).

The applicationof the stiffnessmodiÞcationratios (αg and αsec) to the Scott and Fenves

(2006) formulation of the lumped-plasticitymodel is complex. With this formulation, the pre-

yield lateralstiffnessof thecolumnvariesdiscretelyalongthelengthof thecolumn.In theelastic

portion of the column, the stiffnessis deÞnedby the user-assignedsectionstiffnessvalue (i.e.,

(EI)ef f ). In the plastichinge, the pre-yieldstiffnessis determinedfrom the moment-curvature

responseof the Þberelementassignedto the plastichinge. In this region, the pre-yieldsection

stiffnesswill becloseto (EI)sec. Becauseof thetwo stiffnesses,andbecausethepre-yieldstiffness

of the plastichinge is a productof moment-curvatureanalysis,the stiffnessmodiÞcationratios

cannotbeapplieddirectly to modify thepre-yieldresponseof thecolumn.However, it is possible

to modify theelasticpropertiesof thecolumn((EI)ef f ) in suchaway thattheyield displacements

calculatedwith this methodareidenticalto theyield displacementscalculatedwith equations5.6

and5.8. Thefollowing discussesthis procedure.

StiffnessmodiÞcationratioswereintroducedin equations5.6and5.8 to accountfor several

shortcomingsof elasticbendingtheory. For convenience,a similar equationis givenhere. α in

this equation,couldbeαg or αsecdependingonwhich (EI)ef f valueis used.

∆α
y =

1
α

FyL3

3(EI)ef f
=

1
α

MyL2

3(EI)ef f
(5.24)

Theyield displacementcalculatedwith theScottandFenves(2006)formulationcanbecalculated

with Equation5.2asin thefollowing equation:

∆OS
y =

My

(EI)ef f

$
L2

3
−LLp

%
+ φyLLp (5.25)

In this equation,(EI)ef f is suppliedby the userand φy is a productof the moment-curvature

analysisof thecrosssectionassignedto theplastichinge. A new stiffnessmodiÞcationratio, ( öα)

is proposedto modify theuser-suppliedsectionstiffnesspropertiesasin thefollowing equation.

∆OS öα
y =

My

öα(EI)ef f

$
L2

3
−LLp

%
+ φyLLp (5.26)
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An expressionfor öα canbe obtainedby settingequations5.24and5.26equalto eachotherand

simplifying. Theresultingequationis asfollows.

öα =
α (L−3Lp) My

LMy−3α(EI)ef f Lpφy
(5.27)

Thisexpressioncanbeusedfor α = αg and(EI)ef f = EcIg, aswell asfor α = αsecand(EI)ef f =

(EI)sec. Theexpressionfor öαseccanbesimpliÞedfurtherby substitutingtheidentitiesφy = My
(EI)sec

(seeEquation5.7)and(EI)ef f = (EI)secinto Equation5.27.

öαsec=
α (L−3Lp)
L−3αLp

(5.28)

5.6 SUMMARY

In this chapter, two formulationsof the lumped-plasticitycolumn-modelingstrategy were pre-

sented,andkey modelingparameterswereidentiÞedfor calibrationwith experimentalresults.The

following parameterswereidentiÞedfor calibrationandarecalibratedin Chapter6.

StiffnessModiÞcation Ratios,αg, αsec. Theparametersthataccountfor severalshortcomingsof

elastictheoryatpredictingyield displacement,∆calc
y =

∆elastic
y

αg/ sec
(Section5.2).

Plastic-Hinge-LengthParameters,ξ1, ξ2, and ξ3. Theparametersusedin theplastic-hinge-length

equation;Lp = ξ1L + ξ2D+ ξ3
fydb√

f ′c
(Section5.4).
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6 Calibration of Lumped-Plasticity
Column Model

Toaccuratelymodeltheforce-deformationresponseof reinforcedconcretecolumnswith thelumped-

plasticitymodelingstrategy, themodelingparametersidentiÞedin Chapter5 werecalibratedwith

experimentalresults.ThemodelingparametersidentiÞedfor calibrationwere:

StiffnessModiÞcation Ratios,αg, αsec. Theparametersthataccountfor severalshortcomingsof

elastictheoryatpredictingyield displacement,∆calc
y =

∆elastic
y

αg/ sec
(Section5.2).

Plastic-Hinge-LengthParameters,ξ1, ξ2, and ξ3. Theparametersusedin theplastic-hinge-length

equation:Lp = ξ1L + ξ2D+ ξ3
fydb√

f ′c
(Section5.4).

This chapterdiscussesthe calibrationof the stiffnessmodiÞcationratiosandpresentsthe

resultsof this study. Theoptimizationstrategy usedto calibratetheplastic-hinge-lengthequation

is thenpresented,andthe resultsof the calibrationaresummarized.The resultsof a sensitivity

analysisarethenpresentedto identify theeffectsof varyingkey parameters.

6.1 MEASURES OF ACCURACY

The parametersusedin this chapterto measurethe accuracy of the lumped-plasticitymodeling

strategy areidenticalto themeasuresusedfor thedistributed-plasticitymodel, with theexception

that the distributed-plasticitymodel accountedfor the strain error Estrain. The measuresare as

follows:
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Pushover Err or (Epush). Theaccuracy of theforce-displacementenvelopewasaccountedfor with

thepushovererror, which is deÞnedas

Epush=

()
)
* ∑n

i= 1

+
Fi

meas−Fi
calc

, 2

(max(Fmeas))
2n

(6.1)

whereFmeasandFcalc arethemeasuredandcalculatedforcesatcorrespondingdisplacements

up to a drift ratio of 4%,andn is thenumberof datapointsin theenvelope(n = 100for this

study).

StiffnessRatio (S.R.) is theratioof measuredstiffnessto calculatedstiffnessKmeas
Kcalc

, whereKmeas=
Fy

∆meas
y

andKcalc = Fy

∆calc
y

. Fy is thesmallerof thecalculatedlateralforceatÞrstÞrstyield of the

tensilereinforcementandthelateral,effective forcecalculatedat a concretestrainof 0.002.

∆meas
y and∆calc

y arethemeasuredandcalculateddisplacementsassociatedwith Fy.

Moment Ratio (M.R) is theratio of themaximummeasuredmomentat or before4% drift to the

calculatedmomentator before4%drift, Mmeas
max

Mcalc
max

.

DegradationErr or Ratio (D.R.) is a parameterthat capturesthe effectivenessof the model in

predictingcolumndegradation.

D.R. =

! +
F4%

calc−F3%
calc

,

F3%
calc

−
+
F4%

meas−F3%
meas

,

F3%
meas

#

∗100 (6.2)

A degradationerrorratiocloseto zeromeansthatthemodelaccuratelymodelsdegradation.

6.2 COLUMN STIFFNESS

Theaccuracy of Equation5.4atestimatingcolumnstiffnesswasstudiedby calculatingthestiffness

ratio for 37 well-conÞnedcolumnsfrom theUW-PEERdatabase(Section1.3). Table6.1presents

the means,minimums,maximums,andcoefÞcientsof variationof the stiffnessratioscalculated

usingelastictheory(Equation5.4) in combinationwith EcIg and(EI)sec.

Using EcIg in Equation5.4 signiÞcantlyoverestimatesthe stiffnessof the column,asex-

pected.Thismethodneglectstheeffectsof axial-loadratio,sheardeformation,andanchorageslip

on yield displacement.The meanvalueof the S.R. equals0.39with a coefÞcientof variationof

0.30. (EI)sec providesa betterestimateof yield displacementbecauseit accountsfor the effects
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Table6.1 Statisticsof s.r.

mean cov min max
Kmeas

Kg
0.40 0.26 0.24 0.68

Kmeas
Ksec

0.80 0.22 0.51 1.14

of axial-loadratio andlongitudinal-reinforcementratio, but still overestimatesthestiffnessof the

column.Themeanvalueof theS.R. equals0.85andthecoefÞcientof variationis 0.20.

BecauseEquation5.4 inaccuratelypredictscolumnstiffnessusingeithereffective stiffness

method,stiffnessmodiÞcationratios(αg andαsec) wereintroducedto accountfor the effectsof

axial-loadratio, longitudinal-reinforcementratio, sheardeformation,andanchorageslip. Expres-

sionsfor αg andαseccanbederivedby settingequations5.6 and5.8 equalto themeasuredyield

displacement∆meas
y , andsolvingfor α asfollows.

αg =
1

∆meas
y

FyL3

3EIg
=

∆g
y

∆meas
y

=
Kmeas

Kg
(6.3a)

αsec=
1

∆meas
y

FyL3

3(EI)sec
=

∆sec
y

∆meas
y

=
Kmeas

Ksec
(6.3b)

As seenin Equation 6.3, αg andαsec areequivalent to the stiffnessratios. The key statisticsof

theseparametersarereportedin Table6.1.

Themeanvaluesof αg andαseccouldbeusedwith equations5.6and5.8 to calculateyield

displacement.This approachwould adjustthe meanvaluesof the stiffnessratios,but would not

decreasethecoefÞcientsof variationof thestiffnessratios.In orderto provide a betterestimateof

yield displacement,theexpectedtrendsin αg andαsecwith respectto aspectratio,axial-loadratio,

and fydb
Lτ areconsidered(Table5.1).

To verify theexpectedtrends,αg is plottedversusaxial-loadratio,aspectratio, longitudinal-

reinforcementratio,and fydb
Lτ in Figure6.1.Theleast-squares-best-Þtlinesareshown in theÞgures,

andtheR2 valuesarereported.As expected,αg increaseswith increasingaxial-loadratio, aspect

ratio,andlongitudinal-reinforcementratio,anddecreaseswith increasingfydb
Lτ .

Similarly, αsec is plottedversusthekey propertiesto verify theparameterssensitivity to the

properties(Figure 6.2). As expected,αsec is not signiÞcantlyaffectedby increasingaxial load
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andlongitudinal-reinforcementratio because(EI)secalreadyaccountsfor theeffectsof cracking.

However, asexpected,αsec increaseswith increasingaspectratio anddecreaseswith increasing
fydb
Lτ .

Basedon thesetrends,simpleexpressionsweredevelopedfor αg andαsec asfunctionsof

aspectratio, axial-loadratio, longitudinal-reinforcementratio, and fydb
Lτ . The generalform of the

expressionswereasfollows:

αcalc
g/ sec= λ1 + λ2

L
D

+ λ3
P

Ag f ′c
+ λ4

fydb

Lτ
+ λ5ρl ≤ 1.0 (6.4)

Theparametersλ1-λ5 werecalibratedfor bothcross-sectionstiffnessmethodsusingthe37
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columnsfrom theUW-PEERdatabase.Theparameterswerecalibratedby minimizing thecoefÞ-

cientsof variationof thestiffnessratioscalculatedwith equations5.6,5.8,and6.4. Additionally,

themeanvalueof thestiffnessratioswereconstrainedto 1.0. For αsec, λ3 andλ5 wereÞxedto 0.0

becauseαsecis not affectedby axial-loadratioandlongitudinal-reinforcementratio. Theresulting

equationsfor αcalc
g andαcalc

sec follow (equations6.5 and6.6),andthekey statisticsof thestiffness

ratioscalculatedusingtheseexpressionsarereportedin Table6.2.

αcalc
g = 0.35+ 0.01

L
D

+ 1.05
P

Ag f ′c
−0.20

fydb

Lτ
+ 0.1ρl ≤ 1.0 (6.5)

αcalc
sec = 0.85+ 0.03

L
D
−0.3

fydb

Lτ
≤ 1.0 (6.6)
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Table6.2 Statisticsof s.r. using α expressions

Eqn# mean cov min max

Kmeas
Kg

6.5 1.00 0.17 0.65 1.43
6.7 1.00 0.19 0.70 1.49

Kmeas
Ksec

6.6 1.00 0.14 0.77 1.30
6.8 1.00 0.16 0.76 1.38

As seenin Table6.2,equations6.5and6.6 increasetheaccuracy of theyield displacementcalcu-

lation. Themeanvaluesof thestiffnessratiosareadjustedto 1.0,andthecoefÞcientsof variation

havebeenreducedfrom 0.26to 0.17for Kmeas
Kg

, andfrom 0.22to 0.14for Kmeas
Ksec

.

Simplerequationscanbeobtainedby consideringthecorrelation betweenaspectratio and
fydb
Lτ . In Figure6.2, L

D is plottedversusfydb
Lτ to demonstratethecorrelation.Sincetheseparameters

have sucha strongcorrelation,little is gainedby includingbotheffectsin equations6.5 and6.6.

Theoptimizationsof αcalc
g andαcalc

sec werererunusingequation6.4 with λ4 = 0.0. The resulting

equationsfollow (6.7and6.8),andthekey statisticsof usingthesesimpliÞedequationsarereported

in Table6.2.

αcalc
g = 0.15+ 0.03

L
D

+ 0.95
P

Ag f ′c
+ 0.08ρl ≤ 1.0 (6.7)

αcalc
sec = 0.35+ 0.1

L
D
≤ 1.0 (6.8)

Equations6.7and6.8aresimplerthanequations6.5and6.6,andlittle accuracy is lostusingthese

equations. Using the simpliÞedequationsresultsin only a 0.02 increasein the coefÞcientsof

variationof Kmeas
Kg

and Kmeas
Ksec

.
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6.3 CALIBRA TION OF PLASTIC-HINGE LENGTH

The generalform of an expressionto estimateplastic-hingelengthwasproposedin Section5.4

(Equation5.23). Theexpressionis givenagainherewith alimit of L
4. Thelimit ontheplastic-hinge

lengthis from thelumped-plasticitymodelformulationproposedby ScottandFenves(2006).

Lp = ξ1L + ξ2D+ ξ3
fydb'

f ′c
< =

L
4

(6.9)

Theparametersξ1, ξ2, andξ3 arecalibratedwith experimentalresultsin this section.

6.3.1 Optimization Scheme

The optimizationwasperformedby runningpushover analysesfor a broadrangeof calibration

parameters(ξ1, ξ2, ξ3) andthenselectingtheschemein whichthetotalerror(Etotal, Equation6.10)

wasminimizedandtheadditionalmodelingaccuracy terms(e.g.,stiffnessratio) werereasonable.

Therangeof valuesusedfor eachcalibrationparameterareshown in Table6.3,alongwith thestep

sizebetweenconsecutive valueswithin therange.Theanalysisconsistedof every combinationof

theoptimizationparameters,whichamountedto∼5,000combinations.

The optimizationschemeusedfor this modelingstrategy couplesthe accuracy of force-

deformationpredictionswith theaccuracy damageprogressionpredictions.Thetotal error, Etotal,
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Table6.3 Calibration parameter rangesfor plastic-hingelength

parameter ξ1 ξ2 ξ3

min 0 0 0
max 0.2 0.8 0.15
stepsize 0.0125 0.0500 0.01

is deÞnedas

Etotal =
mean

+
Epush

,

2
+

κ1

4
cov

!
∆meas

bb

∆calc
bb

#

+
κ2

4
cov

!
∆meas

sp

∆calc
sp

#

(6.10)

where:∆meas
sp is theobserveddisplacementat theonsetof coverspalling,and∆calc

sp is thecalculated

displacementassociatedwith themeanvalueof themaximumcompressive strainin theconcrete

at cover spalling, εmean
sp . ∆meas

bb is the observed displacementat the onsetof bar buckling, and

∆calc
bb is thecalculateddisplacementassociatedwith thecalculatedtensilestrainin thelongitudinal

reinforcementat the onsetof bar buckling, εcalc
bb . This buckling strain is to be calculatedas a

functionof theeffective conÞnementratio (ρef f ) to account for theeffect of spiral reinforcement

onbarbuckling,asin thefollowing equation(BerryandEberhard2005).

εcalc
bb = χ1 + χ2ρef f ≤ 0.15 (6.11)

where:ρef f = ρs fys
f ′c

, andχ1 andχ2 areto becalibratedby minimizing thecoefÞcientof variation

of εbb
εcalc

bb
. εbb is thecalculatedtensilestrainat theonsetof barbucklingassociatedwith theobserved

displacementof barbuckling.

Theκ termsin Equation6.10areincludedto ensurethatthe errortermsareof similar mag-

nitude.

κ1 =
min

+
mean

+
Epush

,,

min
-

cov
-

∆meas
bb

∆calc
bb

.. (6.12)

κ2 =
min

+
mean

+
Epush

,,

min
-

cov
- ∆meas

sp

∆calc
sp

.. (6.13)

In equations6.10,6.12,and6.13meanentailstheaveragevaluefor the37 bridgecolumns,cov is

thecoefÞcientof variationof for thecolumnsin whichtheparticulardamagestateis available(i.e.,

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

This optimization schemedid not accountfor theaccuracy of the local deformationsin the

samemannerastheoptimizationschemeusedfor thedistributed-plasticitymodelingstrategy. This

is becausethe local deformationsin the plastichingeareaveragevaluesover the heightof the

plastichinge.Theseaveragevaluesdonotcorrelateto availablemeasuredstrainandrotationdata.

OpenSeeswasusedto modelthe thecolumnsusingthe lumped-plasticityformulationpro-

posedby ScottandFenves(2006)(Section5.1). The plastichingesin this studywereassigned

Þbersectionswith theuniform-radialsectiondiscretizationschemedescribedin Section2.3. The

steelwasmodeledwith theGiufre-Menegotto-Pintomodeldescribedin Section2.2.1.Thestrain-

hardeningratio,b wassetto 0.01.ThePopovicscurvewith modelparametersproposedby Mander

et al. (1988)wasusedto modelboththeconÞnedandunconÞnedconcrete(Section2.2.2).Addi-

tionally, thesectionstiffnessesof theelasticportionof thecolumnswerecalculatedasthesecant

stiffnessesmultipliedby thestiffnessmodiÞcationratios(i.e., (EI)ef f = öαsec(EI)sec, Section6.2).

αsecwascalculatedwith Equation6.8,and öαsecwasthencalculatedwith Equation5.28.

6.3.2 Optimization Results

The optimizationstudy describedin the previous sectionwas performedfor 37 columnsfrom

theUW-PEERdatabase(Section4.1). The top 20 combinationsfrom theoptimizationstudyare

reportedin Table6.4. It shouldbenotedthat thestiffnessratiosfor all plastic-hingelengthswere

1.0becausethestiffnessmodiÞcationratio öαsecwasusedin thisstudyto adjusttheelasticstiffness

propertiesof thecolumn((EI)ef f ).

The combinationthat minimizedEtotal wasξ1 = 0.0375,ξ2 = 0, andξ3 = 0.12 (Etotal =

8.05). However, for simplicity, thecombinationin whichξ1 = 0.05,ξ2 = 0, andξ3 = 0.1 (Etotal =

8.09) was chosenas the optimal solution (combination#13). In Table 6.5, the chosenoptimal

solution is comparedto the overall optimal solution,and the plastic-hingemodelsproposedby

Priestley etal. (1996),Mattock(1967),andCorley (1966).
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As seenin the table, the measuresof accuracy of the selectedoptimal solutionarenearly

identical to thoseof the overall optimal solution. Additionally, the selectedoptimal solution is

moreaccuratethanthatof Priestley et al. (1996)andCorley (1966)for all measuresof modeling

accuracy, andis moreaccuratethanMattock(1967)for all measuresof modelingaccuracy except

cover-spallingpredictions.

6.4 MODEL EVALUATION

Theproposedlumped-plasticitycolumn-modelingstrategy (includingtheselectedoptimalplastic-

hingelength)is evaluatedin this section.Themeasuresof modelingaccuracy areplottedversus

key columnpropertiesto determineif theaccuracy of themodelis sensitive to theseproperties.In

Þgure6.4, Epush is plottedversusaspectratio (L/ D), longitudinal-reinforcementratio (ρl ), axial-

load ratio (P/ f ′cAg), effective conÞnementratio, concretecompressive strength,andthe ratio of

spiralspacingto longitudinalbardiameter(s/ db). Includedin theÞgurearetheR2 values,which

indicatethemagnitudeof correlationbetweenEpushandtheproperty. As seenin theÞgure,there

arenosigniÞcanttrendsin thedata.

Similarly, thestiffnessratio is plottedversusthekey columnpropertiesin Figure6.5. Slight

trendscan be observed in S.R. versusρl , f ′c, and s/ db, with R2 valuesof 0.12, 0.11, and 0.15

respectively.

The maximummomentratio (M.R.) is plottedversusthe key propertiesin Figure6.6. As

seenin theÞgure,only onetrendcanbeobserved. Themomentratio decreaseswith an increase

in effective-conÞnementratio. Thedegradationratio (D.R.) is plottedversusthekey propertiesin

Figure6.7. TherearenosigniÞcanttrendsin thedata.

The damagepredictionsfrom this modelingstrategy will be studiedlater in this report.

Trendsin the predictionswill be studiedand the estimateswill be comparedto the predictions

of othermethods.
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6.5 SUMMARY

Elasticbeambendingtheory(Equation5.4)with EcIg or (EI)secaloneinaccuratelypredictscolumn

stiffness.Themeanvaluesof thestiffnessratiosfor 37columnsfrom theUW-PEERdatabasewere

0.39usingEquation5.4 with EcIg, and0.85with (EI)sec. ThecoefÞcientsof variationwere0.30

and0.20,respectively. Elastictheoryneglectstheeffectsof sheardeformationandbondslip, and

theuseof EcIg will neglecttheeffectsof axial load. A modiÞcationto traditionalelastictheoryis

proposedin whichstiffnessmodiÞcationratios(α andαsec) areincludedin thecalculations(equa-

tions5.6 and5.8). Usingthemeanvaluesof αg (0.39)andαsec (0.85)in theseequations,adjusts

themeanvaluesof thestiffnessratiosto 1.0,but doesnot reducethecoefÞcientsof variationof the

stiffnessratios. By accountingfor the expectedtrendsin αg andαsec, moreaccuratepredictions

of columnstiffnesscanbe obtained(equations6.7 and6.8). The coefÞcientof variationof the

stiffnessratioscanbereducedfrom 0.30to 0.19usingαcalc
g , andfrom 0.20to 0.16usingαcalc

sec .

Theplastic-hinge-lengthproposedin Section5.4wascalibratedin this chapter. Thecalibra-

tion consideredtheaccuracy of thepushover analysesaswell astheaccuracy of damagepredic-

tions,namelybarbucklingandcoverspalling.Theresultingplastic-hinge-lengthequationwas

Lp = 0.05L + 0.1
fydb'

f ′c
≤ L

4
(6.14)

Themeancompressivestrainin thecoverat theonsetof coverspallingwas0.008.

εsp = 0.008 (6.15)

Thestrainat theonsetof barbucklingcanbepredictedwith thefollowing equation.

εcalc
bb = 0.046+ 0.25ρef f ≤ 0.15 (6.16)

where:L is thecolumnlength, fy anddb aretheyield stressandbardiameterof the longitudinal

reinforcement,f ′c is theconcretecompressive strength,ρef f = ρs fys
f ′c

, ρs is thespiral-reinforcement

ratio,and fys is theyield stressof thespiralreinforcement.
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7 Evaluation of Cyclic Response

Thecalibrationof theproposedmodelingstrategies(chapters4 and6) consideredonly theenvelope

responseof thecolumns.Thefull cyclic responsemustbeconsideredfor earthquake engineering

applications.In this chapter, thecyclic responseof theproposedmodelingstrategiesareevaluated

with experimentalresultsfrom theUW-PEERdatabase.

7.1 CYCLIC RESPONSEOF MATERIALS

The cyclic responseof the proposedÞber-modelingstrategiesdependon the cyclic responseof

thematerialconstitutive models.In this section,thecyclic responsesof theconcreteandsteelare

presented.

The cyclic responseof the steelwas deÞnedby the Giuffre-Menegotto-Pintosteelmodel

(Tauceret al. 1991),which accountsfor theBauschingereffect, but doesnot accountfor strength

and stiffnessdegradationdue to bar buckling and cycling. The cyclic responseof the steel is

illustratedin Figure7.1.

The concretemodelÕs stress-strainenvelopeis discussedin Section2.2. As discussedin

that section,the enveloperesponseof the concreteincludesthe PopovicÕs curve in compression

anda linear stress-strain responsein tensionuntil rupture. The cyclic responseof the concrete

in compressionwasdeÞnedby a modelproposedby KarsanandJirsaandmodiÞedby Professor

Filippou at UC Berkeley (Mazzoniet al. 2006). As part of this report,this modelwasmodiÞed

to incorporatetension.Uponunloadingfrom tension,thestress-strainrelationshippassesthrough

theorigin. Thecyclic responsesof theconcretein bothtensionandcompressionareillustratedin

Figure7.2(a). A detailedview of the cyclic responseof the concretein tensionis shown in Fig-
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7.2 MEASURES OF ACCURACY

Thecyclic responseof theproposedmodelingstrategieswill beevaluatedwith thefollowing mea-

suresof modelaccuracy.

Normalized Hysteretic ForceErr or, Ef orce. The error betweenmeasuredandcalculatedforces
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at correspondingdisplacements,asin thefollowing equation.

Ef orce =

()
)
* ∑n

i= 1

+
Fi

meas−Fi
calc

, 2

(max(Fmeas))
2n

(7.1)

whereFmeasandFcalc arethe measuredandcalculatedlateral forcesat correspondingdis-

placements,andn is thenumberof datapointsin thehistory.

Normalized Hysteretic Energy Err or, Eenergy. Theerrorbetweenmeasuredandcalculatedhys-

tereticenergies,ΩmeasandΩcalc.

Eenergy =
Ωmeas−Ωcalc

Ωmeas
(7.2)

Hystereticenergy is theareawithin thehysteresisloopsandis calculatedwith thetrapezoid

numericalintegrationschemeasfollows.

Ω =
n−1

∑
i= 1

Fi+ 1−Fi

2
(∆i+ 1−∆i ) (7.3)

where: Fi and∆i arethe lateral force anddisplacementassociatedwith the ith step,andn

is the total numberof datapointsin thehistory. Thecloserto 0, thebettertheÞt. Thesign

of Eenergy is important. If Eenergy < 0, thecalculatedresponseoverestimatestheamountof

energy dissipatedin the test,andin turn, if Eenergy > 0 the amountof dissipatedenergy is

underestimated.

7.3 EVALUATION OF DISTRIB UTED-PLASTICITY
COLUMN-MODELING STRATEGY

7.3.1 Model Description

The total hystereticresponseof the distributed-plasticitymodelingstrategy dependson the hys-

tereticresponsesof its variouscomponents(ßexural, bondslip, shear).For this study, the shear

componentof thetotaldeformationwasassumedto remainelastic(linear).Thehystereticresponse

of theßexural component(force-basedbeam-columnelement)reliedon thecyclic responseof the

Þbersection,which in turndependedon thematerialconstitutivemodels(Section7.1).
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Thehystereticresponseof thezero-lengthbond-slipsectionalsoreliedonthecyclic response

of its materialcomponents.Thecyclic responsesof theconcreteandanchoragesteelwerethesame

asthoseusedin theßexural componentof themodel,with theexceptionthattherelationshipsfor

the bondsectionwerestress-displacementrelationshipsandnot stress-strainrelationships.The

detailsof the stress-displacementenvelopesusedfor the cyclic responseof the bondsectionare

discussedin Section3.2.

7.3.2 Evaluation with Lehman and Moehle (2000)Dataset

Theability of theproposeddistributed-plasticitymodelingstrategy (Chapter4) to modelthecyclic

responseof columnswasÞrstevaluatedby comparingthemeasuredandcalculatedresponsesof the

well-conÞnedcolumntestsperformedby LehmanandMoehle(2000)(Section4.1). Key statistics

of this evaluationareprovidedin Table7.1.

Table7.1 Cyclic responsestatisticsfor distrib uted-plasticity model

LehmanSubset BridgeColumns
Ef orce abs(Eenergy) Eenergy Ef orce abs(Eenergy) Eenergy

mean(%) 13.44 22.23 -19.09 16.13 26.02 -23.69
min (%) 7.69 3.11 -57.63 6.63 1.34 -109.97
max(%) 20.16 57.63 12.56 44.71 109.97 13.36
n 8 8 8 37 37 37

The measuredand calculatedforce-deformationresponsesfor the 8 columnstestsin this

datasetareshown in Figure7.3. As seenin theÞgure,thecalculatedresponseaccuratelymodels

columnbehavior at lowerductilitiesandlow cycles.However, at largerdeformationsandincreased

cycling, the calculatedresponsefails to capturethe effect of columnsoftening. In the standard

implementationthereis noparameterto accountfor thisdegradation.Theinßuenceof degradation

is illustratedfurther in Figure7.4. In this Þgure,the percentageof the total force error (Ef orce)

attributedto cyclesat variousductilities is plottedfor the eight columnsin the dataset.As seen

in the Þgure,mostof the error is attributedto the cyclesbeyond a ductility of 7. The total error

couldbesigniÞcantlyreducedby addingamodelingcomponentthataccountsfor degradationdue

to cycling athigh levelsof ductility.
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Fig. 7.3 Force-deformation responsesfor Lehman and Moehledatasetusing
distrib uted-plasticity column modeland Giuffr e-Menegotto-Pintosteelmodel
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7.3.3 Evaluation with Bridge Column Dataset

Theability of theproposeddistributed-plasticity(Chapter4) modelingstrategy to modelthecyclic

responseof columnswasevaluatedby comparingthe measuredandcalculatedresponsesof the

bridgecolumnsdiscussedin Section1.3. Themeasuresof modelaccuracy usedin this evaluation

are describedin Section7.2. Key statisticsof this evaluationare provided in Table 7.1. The

measuredandcalculatedforce-deformationhistoriesfor the the columntestswith the minimum

andmaximumEf orce valuesareprovidedin Figure7.5.

To evaluatetheeffectivenessof thedistributed-plasticity modelingstrategy further, theerror

values(Ef orce andEenergy) wereplottedversusmaximumdisplacementductility in Figure7.6. Six

outlierscanbeobservedin theÞgure,andarehighlightedby usingaÞlled-insymbol.Theoutliers

have Ef orce valuesgreaterthan25%, andareall from the sametestseriesconductedby Cheok

andStone(1986). The force-displacementresponseof oneof the outliersis presentedin Figure

7.5.Thesecolumntestsweresubjectedto cycling athigh levelsof ductility, resultingin signiÞcant

strengthandstiffnessdegradation.As discussedearlier, theproposedmodelingstrategy doesnot

capturethis effect.
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Fig. 7.5 Force-deformation histories for column testswith minimum and maximum Ef orce
valuesusing distrib uted-plasticity model

Theaccuracy measureswereplottedversuskey columnpropertiesto determinetheinßuence

of theseparametersonmodelaccuracy (Þgures7.7and7.8). As seenin theÞgures,Ef orce appears

to increasewith an increasein ρef f and decreasewith an increasein f ′c. The oppositetrends

are observed in the Eenergy terms. However, thesetrendsare governedby the outliers and are

signiÞcantlylesspronouncedwhentheoutliersareremoved.

7.4 EVALUATION OF LUMPED-PLASTICITY COLUMN-MODELING STRATEGY

7.4.1 Model Description

Thetotalhysteretic responseof thelumped-plasticity modelingstrategy (Chapter6) dependsonthe

cyclic responseof theÞbersectionassignedto theplastichinge.Theresponseof theÞbersection

dependson thecyclic responseof thematerialmodels(i.e.,Giuffre-Menegotto-Pintofor steel,and

KarsanandJirsafor concrete)describedin Section7.1. Theproposedlumped-plasticitycolumn-

modelingstrategy doesnot includea zero-lengthbond-slipsectionor anaddedshear-deformation

component;thereforetheentirecyclic responseof thecolumndependson thecyclic responseof

thematerialconstitutivemodels.
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Fig. 7.6 Effect of maximum ductility on Ef orce and Eenergy for distrib uted-plasticity model

7.4.2 Evaluation with Lehman and Moehle (2000)Dataset

The ability of the proposedlumped-plasticitymodelingstrategy to model the cyclic responseof

columnswas Þrst evaluatedby comparingthe measuredand calculatedresponsesof the well-

conÞnedcolumntestsperformedby LehmanandMoehle(2000)(Section4.1). Key statisticsof

this evaluationareprovidedin Table7.2.

Table7.2 Cyclic responsestatisticsfor lumped-plasticity model

LehmanSubset BridgeColumns
Ef orce abs(Eenergy) Eenergy Ef orce abs(Eenergy) Eenergy

mean(%) 13.17 21.36 -18.34 15.66 24.34 -21.37
min (%) 7.52 3.40 -50.26 6.47 0.42 -114.85
max(%) 20.11 50.26 8.68 46.05 114.85 20.14
n 8 8 8 37 37 37
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The measuredand calculatedforce-deformationresponsesfor the 8 columnstestsin this

datasetareshown in Figure7.9. Similar to thedistributed-plasticitymodelingstrategy, thecalcu-

latedresponseaccuratelymodelscolumnbehavior at lower ductilities andlow cycles. However,

at larger deformationsand increasedcycling, the calculatedresponsefails to capturethe effect

of column softening. In the standardimplementationthereis no parameterto accountfor this

degradation.

Themodelinaccuracy is illustratedfurther in Figure7.10. In this Þgure,thepercentageof

thetotal forceerror(Ef orce) attributedto displacementcyclesatvariousductilities is plottedfor the

eightcolumnsin thedataset.As seenin theÞgure,for all but oneof thecolumns,mostof Etotal is

attributedto thecyclesbeyond a ductility of 7. This suggeststhat thetotal errorcouldbereduced

if a modelingcomponentwasaddedthataccountsfor degradationdueto cycling at high levelsof

ductility. Theoutlying columntest(No. 407)did not degradesigniÞcantly, sothemajority of the

errorwasassociatedwith initial cyclesbecausetheinitial stiffnessof thiscolumnis notaccurately

modeled.
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Fig. 7.9 Force-deformation responsesfor Lehman and Moehledatasetusing
lumped-plasticity column modeland Giuffr e-Menegotto-Pintosteelmodel
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Fig. 7.10 Err or distrib ution for lumped-plasticity model

7.4.3 Evaluation with Bridge Column Dataset

The ability of the proposedlumped-plasticitymodelingstrategy (Chapter6) to model the cyclic

responseof columnswasevaluatedby comparingthe measuredandcalculatedresponsesof the

bridgecolumndatasetdiscussedin Section1.3. Key statisticsof this evaluationareprovided in

Table7.2. Themeasuredandcalculatedforce-deformationhistoriesfor thethecolumnstestswith

theminimumandmaximumEf orce valuesareprovidedin Figure7.11.

To evaluatethe effectivenessof the lumped-plasticitymodelingstrategy further, the error

values(Ef orce andEenergy) wereplottedversusmaximumdisplacementductility in Figure7.12.

Six outlierscanbe observed in the Þgure,andarehighlightedby usinga Þlled-in symbol. The

outliershave Ef orce valuesgreaterthan25%, andareall from the sametestseriesconductedby

CheokandStone(1986). The force-displacementresponseof oneof the outliersis presentedin

Figure7.11. Thesecolumntestsweresubjectedto cycling at high levelsof ductility, resultingin

signiÞcantstrengthandstiffnessdegradation.As discussedearlier, theproposedmodelingstrategy

doesnot capturethiseffect.
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Fig. 7.11 Force-deformation histories for column testswith min and max Ef orce valuesusing
lumped-plasticity model

Theaccuracy measureswereplottedversuskey columnpropertiesto determinetheinßuence

of theseparametersonmodelaccuracy (Þgures7.13and7.14).Asseenin theÞgures,severaltrends

canbeobserved.Ef orce appearsto increasewith anincreasein ρef f anddecreasewith anincrease

in f ′c. Theoppositetrendsareobserved in theEenergy terms. However, thesetrendsaregoverned

by theoutliersandaresigniÞcantlylesspronouncedwhentheoutliersareremoved.

7.5 SUMMARY

The cyclic responseof the proposedcolumn-modelingstrategieswasconsideredin this chapter.

Thecyclic responsesof thematerialswerepresentedÞrstbecausethecyclic responsesof thecol-

umnmodelsaregovernedby thecyclic responsesof thematerialconstitutive models.Thecyclic

responseof thesteelwasmodeledaccordingto Giuffre-Menegotto-Pinto(Tauceretal. 1991),and

thecyclic responseof thecompressive concretewasmodeledaccordingKarsanandJirsa. These

constitutive modelsdo not modeldegradationdueto repeateddeformationsat high ductility, and

this is reßectedin theaccuracy of thecolumn-modelingstrategiesat largerdeformations.ModiÞ-

cationsto thestandardcyclic responseof thesteelareconsideredin Chapter8.

The cyclic responsesof the proposedcolumn-modelingstrategieswere thenevaluatedby

comparingthe measuredandcalculatedresponsesof the columnsin the bridgecolumndataset
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Fig. 7.12 Effect of maximum ductility on cyclic accuracyfor lumped-plasticity model

(Section1.3).Similaraccuracy canbeobtainedusingeitherof thedistributed-plasticityor lumped-

plasticity column-modelingstrategieswith standardcyclic materialmodels.The meanvaluesof

theforceerrors(Ef orce) were16.1%and15.7%for thedistributed-plasticityandlumped-plasticity

models,respectively. Themeanvaluesof theenergy errors(Eenergy) were-23.7%and-19.9%for

thedistributed-plasticityandlumped-plasticitymodels,respectively.
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Fig. 7.13 Effect of keycolumn propertieson Ef orce using lumped-plasticity model
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Fig. 7.14 Effect of keycolumn propertieson Eenergy using lumped-plasticity model
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8 Improved Cyclic Material Models

The cyclic responsesof the Þber-modelcolumn-modelingstrategiesdevelopedin this reportde-

pendon thecyclic responsesof thematerialmodels.Theproposedmodelingstrategieswith stan-

dardcyclic materialmodels(KarsanandJirsaconcrete,andGiuffre-Menegotto-Pintosteel)were

evaluatedin Chapter7, and insufÞciencieswere identiÞed. The cyclic responseof the Giuffre-

Menegotto-Pintosteeldoesnotmodeldegradationdueto barfractureandcycling,while theKarsan

andJirsaconcretemodeldoesnotmodelimperfectcrackclosure.

In thischapter, anew steelmodelproposedby MohleandKunnath(2006)will becalibrated

andevaluated.The KarsanandJirsaconcretemodelwill be modiÞedto model imperfectcrack

closure,andaparametricstudywill becarriedout to demonstratetheeffectsof thismodiÞcation.

8.1 CALIBRA TION OF MOHLE AND KUNNATH (2006)STEEL MODEL

To enhancethe calculatedcyclic responseof the proposedmodelingstrategies,a morecomplex

steelconstitutive modelthataccountsfor cyclic degradation(Mohle andKunnath2006)wasim-

plemented.In this section,the cyclic responseof the Mohle andKunnath(2006)steelmodel is

demonstrated,andkey cyclic modelingparametersareidentiÞedandcalibrated.Theresponseof

theMohle andKunnath(2006)modeldependson thecalculatedplastic-strainhistory of thebar,

and the strainscalculatedwith the distributed-plasticitystrategy are inaccuratein columnswith

perfectly-plasticor degradingsectionbehavior (Section3.1.1).Therefore,thecalibrationandeval-

uationof this modelwasonly carriedoutusingthelumped-plasticitymodelingstrategy.
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8.1.1 Cyclic Responseof Model

TheMohle andKunnath(2006)steelconstitutive modelis basedon thesteelmodelproposedby

ChangandMander(1994).Themodelcanbeusedto accountfor isotropichardening,diminishing

yield plateau, the Bauschingereffect, degradingstrengthandstiffnessdue to bar buckling, and

degradingstrengthandstiffnessdueto cycling. Within the model,bar buckling canbe modeled

accordingto modelsproposedby DhakalandMaekawa (2002),or GomesandAppleton(1997).

Thedegradationof strengthandstiffnessdueto cycling wascalculatedaccordingto theCofÞnand

Mansonfatiguemodel.

Becauseof numericalerrorsin the currentimplementationof the steelmodelin OpenSees

(v.1.7.0),theisotropichardeningcomponentandbar-buckling componentswereneglected.How-

ever, the Bauschingereffect andthe degradationof the steeldueto cycling weremodeled.The

Bauschingereffect wasmodeledusing the modelparameterssuggestedby Mohle andKunnath

(2006).

TheMohle andKunnath(2006)steelmodelusesa cyclic fatiguemodelproposedby CofÞn

andMansonto modeltheeffectsof cycling on bar fracture.Accordingto theCofÞnandManson

theory, a baris assumedto fracturewhenthedamagefactorD reachesa valueof 1.0. Thedamage

factorD is deÞnedbelow.

D = ∑
$

εp

Cf

%1
α

(8.1)

where:thehalf-cycleplastic-strainis deÞnedas

εp = εt −
σt

E
(8.2)

εt andσt arethetotalchangein half-cyclestrainandstressasillustratedin Figure8.1(a).Cf andα

arefactorsusedto relatethenumberof half cyclestill fractureto εp. This relationshipis illustrated

in Figure8.1(b).

In addition to fracturefatigue,the Mohle andKunnath(2006)modelaccountsfor loss in

strengthdueto cumulative damage.This degradationis controlledby thedegradationparameter,

φSR, asillustratedin Figure8.1(c). This parameteris deÞnedin thefollowing equation,whereCd
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Fig. 8.1 CofÞnand Mansonparameters(basedon Mohle and Kunnath, 2006)

is a factorthatis calibratedwith experimentalresults.

φSR = ∑
$

εp

Cd

%1
α

(8.3)

Thekey modelingparametersidentiÞedin thepreviousdiscussionarepresentedbelow, and

theeffectsof theseparametersaredemonstratedin Figure8.2.

DamageStrain RangeConstant,α is usedto relatedamagefrom onestrainrangeto anequiv-

alentdamageat anotherstrainrange.This parameteris obtainedfrom the calibrationwith

materialtests,andis usuallyconstantfor amaterialtype.For thisresearchthevalueproposed

by MohleandKunnath(2006)is used,α = 0.506.

Ductility Constant,Cf adjuststhe numberof cyclesto bar failure. The effect of this parameter
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Fig. 8.2 Effect of CofÞnand Mansonparameterson cyclic responseof steel

is demonstratedby comparingÞgures8.2(a)with 8.2(c),and8.2(b)with 8.2(d). A higher

valuefor Cf resultsin a largernumberof cyclesto failure.

StrengthReductionConstant,Cd controlsthe amountof degradationper cycle. The effect of

this parameteris demonstratedby comparing Þgures8.2(a) with 8.2(b), and 8.2(c) with

8.2(d).A higherCd valuewill resultin a lower reductionof strengthfor eachcycle.

8.1.2 Optimization Strategyand Results

The Mohle andKunnath(2006)steelmodelassumesthat bar fractureoccurswhenthe damage

index, D (Equation8.1) reachesa value of 1.0. The bar-fracturecomponentof the Mohle and
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Kunnath(2006)steelmodelwascalibratedwith a subsetof 20 columnsfrom the bridgecolumn

datasetin whichbarfractureswerereported.Cf wascalibratedwith thisdatasetby (1) calculating

thecyclic force-deformationresponsesof the20columnsin thedatasetfor Cd = ∞ andagivenCf

value,(2) calculatingthemeanvalueof thedamageindicesat theobserveddisplacementsat the

onsetof barfracture,(3) adjustingCf accordinglyandrepeatingprocedureuntil themeanvalueof

thedamageindicesat theonsetof barfractureis 1.0. This procedureresultedin anoptimalvalue

of Cf = 0.255. This valueis nearlyidentical to the valuerecommendedby Mohle andKunnath

(2006),Cf = 0.26.

The strengthreductionconstant(Cd) wascalibratedwith the 37 columntestsin the bridge

columndatasetby minimizing themeanvalueof theforceerrortermEf orce with Cf = 0.26. This

procedureresultedin anoptimalvalueof Cd = 0.45.

Key accuracy statisticsof thelumped-plasticitymodelingstrategy with theoptimizedMohle

andKunnath(2006)model,areprovidedin Table8.1for the8 columntestsperformedby Lehman

andMoehle(2000),andfor the37 bridgecolumns.For illustration, themeasuredand calculated

cyclic force-deformationresponsesof the8 columnsareshown in Figure8.3. Theaccuracy of the

lumped-plasticitycolumn-modelingstrategy usingthe Mohle andKunnath(2006)steelmodelis

comparedto theaccuracy usingthestandardsteelmodelin thesummaryof this chapter(Section

8.3).

Table8.1 Cyclic responsestatistics(Kunnath steelwith lumped-plasticity model)

LehmanSubset BridgeColumns
Ef orce abs(Eenergy) Eenergy Ef orce abs(Eenergy) Eenergy

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 33.84 24.75 29.45 69.68 24.75
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Fig. 8.3 Force-deformation response,Kunnath steelmodel
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8.2 IMPERFECT CRACK CLOSURE

Tensioncracksin concretecanbecomepartially Þlledwith small particlesof concretesediments

andsheardeformationsin the columnmay result in misalignedcracks,causingsomeload to be

transferredacrossthe cracksbeforethey fully close. The standardconcretemodeldevelopedas

partof thisproject(PopovicÕscurvewith Manderconstants,andKarsanandJirsacyclic properties)

doesnot accountfor this phenomenon.ThestandardconcretemodelwasmodiÞedto accountfor

this increasein strengthandstiffness. The componentof the model that accountsfor the early

increasein strengthis basedon themodelproposedby Stanton(1979).

8.2.1 ModiÞedConcreteModel

Thestress-strainresponseof the modiÞedconcretemodelis illustratedin Figure8.4, alongwith

thestrainhistoryusedfor thedemonstration,andthe resultingstiffnesshistory. This responseis

deÞnedby thefollowing rules.

1. Thecyclic stress-straincurvesin compressionarecontainedwithin anenvelopedeÞnedby

the PopovicÕs curve. The concreteis assumedto have tensionstrengthwith exponentially

decreasingstrengthbeyond ultimatetensilestress.This enveloperesponseis describedin

Section2.2.2.

2. The unloadingandreloadingresponseof the concretein tensionis not modiÞedfrom the

standardimplementation.This responseis deÞnedin Section7.1.

3. Theunloadingandreloadingresponseof theconcretein compressionis governedby stiff-

nessesEu andEr, andstrainsε1, ε2, ε3, andε4. Eachof theseis illustratedin Figure8.4(a),

anddescribedbelow.

· Eu is theunloadingstiffnessdeÞnedby theKarsanandJirsaconcretemodel.

· Er is the reloadingstiffness. This value is calculatedsuchthat reloadingfollows a

straightline from the reloadingstrain to (ε1, f1). This stiffnesscanbe calculatedas

follows.

Er =
f1

ε1− ε4
(8.4)
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· ε1 and f1 arethestrainandstressat which theunloadingcurve departsfrom theenve-

lopecurve.

· ε2 is thestrainatwhich thestressbecomeszero.

· ε3 is themaximumstrainreachedduringtheunload-reloadcycle.

· ε4 is thestrainatwhich reloadingstarts.

Openingandclosingof cracksbothoccurat zerostress.Whenstrainsexceedε2, cracksare

assumedto open.With perfectcrackclosure,they wouldcloseagainwhenthestrainreturned

to ε2. However, with imperfectcrackclosure,compressionwould begin to betransmittedat

a lowerstrain,ε4. This reloadingstressis calculatedasfollows.

ε4 = ε2 + r(ε3− ε2) (8.5)

where:r is theproportionof thecrackÞlledby sediment,0≤ r ≤ 1.0, (ε3− ε2) ≤ cmax, and

ε3 ≤ 0.0.

If reloadingstopsbeforereachingtheenvelope(Figure8.4(a),point F), unloadingoccursat

a stiffnessequalto the latestvalueof Eu. If unloadingstopsbeforethe stresshasreached

zero(pointG), thenreloadingfollowsastraightline from thereversalpoint to (ε1, f1).

Themodelingparametersthatcanbevariedto inßuencethereloadingresponseof thecon-

cretearer andcmax. Theeffect of varying r is illustratedin Figure8.6. In this Þgurer is varied

from 0.0 to 1.0,while cmax is heldconstant.A valueof r = 0.0 assumesperfectcrackclosureand

resultsin a modelidenticalto themodeldescribedin Section7.1. An increasein r assumesthat

crackswill begin closingsooneruponreversal.Thecrackis assumedto closeimmediatelyupon

reversalwhenr = 1.0. Similarly, the effectsof cmax aredemonstratedin Figure8.7. A valueof

cmax= 0.0 alsoassumesperfectcrackclosure.
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125



0 100 200 300 400
!7

!6

!5

!4

!3

!2

!1

0
x 10

!3

datapoint

ε c

Fig. 8.5 Strain history for demonstrationof imperfect crack closureproperties

!7 !6 !5 !4 !3 !2 !1 0

x 10
!3

!1

!0.8

!0.6

!0.4

!0.2

0

0.2

!
/f

c,

"
c

r = 0.00
c

max
 = 0.0050

!7 !6 !5 !4 !3 !2 !1 0

x 10
!3

!1

!0.8

!0.6

!0.4

!0.2

0

0.2
σ

/f
c,

ε
c

r = 0.33
c

max
 = 0.0050

!7 !6 !5 !4 !3 !2 !1 0

x 10
!3

!1

!0.8

!0.6

!0.4

!0.2

0

0.2

σ
/f

c,

ε
c

r = 0.67
c

max
 = 0.0050

!7 !6 !5 !4 !3 !2 !1 0

x 10
!3

!1

!0.8

!0.6

!0.4

!0.2

0

0.2

!
/f

c,

"
c

r = 1.00
c

max
 = 0.0050

Fig. 8.6 Effect r on concretestress-strainresponse

126



−7 −6 −5 −4 −3 −2 −1 0

x 10
−3

−1

−0.8

−0.6

−0.4

−0.2

0

0.2
!

/f c,

"
c

r = 1.00
c

max
 = 0.0000

!7 !6 !5 !4 !3 !2 !1 0

x 10
!3

!1

!0.8

!0.6

!0.4

!0.2

0

0.2

!
/f

c,

"
c

r = 1.00
c

max
 = 0.0007

!7 !6 !5 !4 !3 !2 !1 0

x 10
!3

!1

!0.8

!0.6

!0.4

!0.2

0

0.2

σ
/f

c,

ε
c

r = 1.00
c

max
 = 0.0013

!7 !6 !5 !4 !3 !2 !1 0

x 10
!3

!1

!0.8

!0.6

!0.4

!0.2

0

0.2

!
/f

c,

"
c

r = 1.00
c

max
 = 0.0020

Fig. 8.7 Effect effect cmax on concretestress-strainresponse

8.2.2 Parametric Study of Imperfect Crack ClosureParameters

For this project,a parametricstudywascarriedout to demonstratethe effectsof r andcmax on

modelaccuracy. For thisstudy, thelumped-plasticitycolumn-modelingstrategy wasusedwith the

Mohle andKunnath(2006)steelto modelthe8 columntestsperformedby LehmanandMoehle

(2000).ThemodiÞedconcretemodelwasused,andtheparametersr andcmaxweresystematically

varied to demonstratetheir inßuence. The effect of r is demonstratedin Figure 8.8. For this

analysescmax wasset to 0.005. In this Þgure,the meanvaluesof Ef orce andEenergy areplotted

versusmultiple valuesof r. As seenin thisÞgure,r doesnotsigniÞcantlyaffectEf orce. In contrast,

r doesseemto affectEenergy. As r increases,Eenergy getsfurtheraway from 0.0.At r = 1.0, Eenergy

is nearly15%smaller(i.e., lessaccurate)thanwhenr = 0.0.
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In a similar fashion, themeanvaluesof Ef orce andEenergy areplottedversuscmax. For this

analysisr = 0.5. The parametercmax doesnot signiÞcantlyinßuenceEf orce; however it slightly

affectsEenergy. As cmax increasesfrom 0.0to 0.005,Eenergy decreasesby 15%.
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Fig. 8.8 Effect of r on overall modelaccuracy(lumped-plasticity, Kunnath steel)

This study indicatesthat imperfectcrackclosuredoesnot have a signiÞcanteffect on the

accuracy of pseudo-staticreinforcedconcretecolumnmodels. However, this phenomenonmay

affect thecalculateddynamicresponseof columnsmoresigniÞcantly. This will bestudiedfurther

in a laterchapter(Chapter10).

8.3 SUMMARY

The cyclic modelinginaccuraciesidentiÞedin Chapter7 wereaddressedin this chapter. A steel

materialmodelproposedby Mohle andKunnath(2006),which accountsfor degradationdueto

cycling, waspresented,calibrated,andevaluated.Theuseof this morecomplex steelconstitutive

modelimprovedtheaccuracy of thelumped-plasticitycolumn-modeling strategy. Themeanforce

error (Ef orce) decreasedfrom 15.7%with thestandardsteelmodelto 12.6%with theMohle and

Kunnath(2006) steelmodel and calibratedparameters(Cf = 0.26 andCd = 0.45). The mean

energy error(Eenergy) wasimprovedfrom -19.9%to -4.5%.
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Fig. 8.9 Effect of cmax on overall modelaccuracy(lumped-plasticity, Kunnath steel)

A concretemodelthat accountsfor imperfectcrackclosurewasalsodevelopedandevalu-

ated. The modiÞcationsto the standardKarsanandJirsacyclic materialbehavior to accountfor

imperfectcrackclosuredid notsigniÞcantlyaffect theaccuracy of thelumped-plasticitymodeling

strategy. It is possiblethatthesemodiÞcationswill affect thecalculatedresidualdisplacementsfor

shake-tabletests(Chapter10).
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9 Column Flexural Damage

To implementperformance-basedearthquake engineeringfor reinforcedconcretebridges,it is

necessaryto accuratelypredictcolumndamageandassessthe probability of reachingparticular

levelsof damage.This chapterdevelopsandevaluatesseveralmethodsthatcorrelateengineering

demandparametersto damagemeasures.Theengineeringdemandparametersconsideredin this

chapteraredrift ratio,plasticrotation,andlongitudinalstrain.

Thedamagemeasuresconsideredin this reportarecoverspalling,longitudinalbarbuckling,

andlongitudinalbar fracture. This reportconsideredconcretecover spalling(Figure9.1(a))be-

causeit representstheÞrstßexural damagestatein which therearemarginal safetyimplications,

theremaybeapossibleshort-termlossof function,andthecostto repairconcretespallingcouldbe

signiÞcant.Bucklingandfractureof thelongitudinalbars(Figure9.1(b))werealsoconsideredbe-

causetheselevelsof damagerepresentdamagestatesin which safetyimplicationsaresigniÞcant,

partialreplacementmayberequired,anda longer-termlossof functionmayoccur.

9.1 ESTIMATES BASED ON DRIFT RATIO

BerryandEberhard(2003)developedempiricalequationsto 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 becausetheseequationswere as

accurateasthemorecomplex methods,thedrift-ratio equationswerechosenasthemostsuitable

for many practicalsituations.The bar-buckling equationsweremodiÞedin Berry andEberhard

(2005). The resultingequationsfor the drift ratio at the onsetof cover spalling (∆spall
L ) andbar
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(a) Spallingof coverconcrete (b) Longitudinal barbuckling

(c) Longitudinal barfracture

Fig. 9.1 Key ßexural damagestates(Ranf, 2006)

buckling (∆bb
L ) areprovidedbelow.

∆calc
sp

L
(%) ∼= 1.6

$
1− P

Ag f ′c

% $
1+

L
10D

%
(9.1)
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(9.2)

whereke = 40 for rectangularcolumnsand150for spiral-reinforcedcolumns,ρef f = ρs
fys
f ′c

, ρs is

thevolumetrictransversereinforcementratio, fys is theyield stressof thetransversereinforcement,

f ′c is theconcretecompressive strength,db is thediameterof the longitudinalreinforcement,D is

thecolumndepth,P is theaxial load,Ag is thegrossareaof thecrosssection,andL is thedistance
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from thecolumnbaseto thepointof contraßexure.

Thedatasetoriginallyusedin thecalibrationof thespallingequationcontained102rectangular-

reinforcedcolumnsand40spiral-reinforcedcolumns.Theratiosof themeasureddisplacementsat

coverspalling to thedisplacementscalculatedwith theproposedmodel(Equation9.1)hadamean

of 0.97for rectangularcolumnswith a c.o.v. of 43%,anda meanof 1.07with a c.o.v. 35% for

spiral-reinforcedcolumns(BerryandEberhard2003).

Thedatasetoriginallyusedin thecalibrationof thebucklingequationcontained62rectangular-

reinforcedcolumnsand42spiral-reinforcedcolumns.Theratiosof themeasureddisplacementsat

barbuckling to thedisplacementscalculatedwith theproposedmodel(Equation9.2) hada mean

of 1.01 anda coefÞcientof variation of 25% for rectangular-reinforcedconcretecolumns. The

correspondingmeanandcoefÞcientof variationfor spiral-reinforcedcolumnswere0.97and24%,

respectively (BerryandEberhard2005).

The bridgecolumndatasetusedin this report is a subsetof the datasetoriginally usedto

calibratethedrift-ratio equationsdescribedabove. Theaccuracy statisticsof thedrift-ratio equa-

tions (9.1 and9.2) appliedto the bridgecolumndatasetusedin this report (29 observationsof

cover spallingand33 observationsof bar buckling) arepresentedin Table9.1. In this tableand

throughoutthis chapter, thesubscriptdamis usedto indicatea generaldamagestate.For exam-

ple, ∆meas
dam would be ∆meas

sp for the cover-spallingdamagestate. For the bridgedataset,the ratios

Table9.1 Key accuracystatisticsof drift-ratio equationswith bridge column dataset

Statisticsof ∆meas
dam / L% Statisticsof ∆meas

dam / ∆calc
dam

Dataset DamageState min max mean cov (%) min max mean cov (%)

OriginalDataset CoverSpalling 0.61 4.51 2.30 44.2 0.48 1.75 1.07 34.9
BarBuckling 2.31 14.62 6.59 43.2 0.46 1.62 0.97 24.0

BridgeColumns
CoverSpalling 0.75 4.17 2.34 38.9 0.48 1.75 1.07 34.9
BarBuckling 3.75 14.58 7.39 37.1 0.64 1.62 1.01 24.7
BarFracture 3.75 12.30 7.63 25.9 0.60 1.48 0.97 20.0

of themeasureddisplacementsatcoverspallingto thedisplacementscalculatedwith theproposed

model(Equation9.1)haveameanof 1.07andacoefÞcientof variationof 35%.Thecorresponding

meanandcoefÞcientof variationfor barbuckling is 1.01and25%,respectively. Theaccuracy of

equations9.1and9.2arenearlyidenticalwhenappliedto thesmallerbridgecolumndataset.

As part of this project,an equationwasdevelopedto predict the drift ratio at the onsetof
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barbuckling by recalibratingthecoefÞcientsof Equation9.2 with thebridgecolumnsubset.The

resultingequationis asfollows.

∆calc
bf

L
(%) = 3.5

$
1+ 150ρef f

db

D

%$
1− P

Ag f ′c

% $
1+

L
10D

%
(9.3)

ThecoefÞcientof variationof the ratiosof measuredto calculated(from Equation9.3) displace-

mentsat theonsetof barfracturewas20.0%(Table9.1).

Fragility curvesarehelpful in thedesignandassessmentin performance-basedearthquake

engineering.Fragility curveshelpadesigneranswerthefollowing question:

For a particular levelof columndeformation,whatis thelikelihoodthat thelongitudi-

nal reinforcementwill havebegunto buckle?

Figure9.2 shows the fragility curvesfor cover spalling, bar buckling, andbar fracturein spiral-

reinforcedcolumnsfor thedatasetusedin thisproject.In theseÞgures,theY-axisis thecumulative

probabilityof cover spallingor barbuckling,andtheX-axis is theratio of ∆meas
dam

∆calc
dam

. If thedatabaseis

assumedto berepresentativeof theentirepopulationof spiral-reinforcedcolumns,thisratiocanbe

interpretedas ∆demand
dam
∆calc

dam
. Theseplotsalsoshow thenormalcumulative distribution functions(CDF)

andthelognormalcumulativedistribution functions.

In somesituations,thenormalCDFmayÞtthedatabetterthanthelognormalCDF. However,

thenormalCDF allows negativevaluesof ∆demand
dam / ∆calc

dam at low probabilities.

Theratiosof measuredto calculateddisplacementsat theonsetof cover spalling,barbuck-

ling, andbar fractureareplottedversuskey columnpropertiesin Þgures9.3 and9.5 to evaluate

theeffectof thesepropertieson theaccuracy of theproposedequations.As seenin Figure9.3,the

ratiosof measuredto calculateddisplacementsincreasewith an increasein effective conÞnement

ratio anddecreasewith an increasein concretecompressive strength.The effect of conÞnement

on cover spalling is addressedlater in this chapter. With respectto bar buckling (Figure 9.4),

the ratiosincreaseslightly with an increasein aspectratio, longitudinal-reinforcementratio, and

concretecompressivestrength.No signiÞcanttrendsareobservedin thebar-fractureratios.
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Fig. 9.2 Fragility curvesfor cover spalling, bar buckling, and bar fractur eusing drift-ratio
equations
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Fig. 9.3 Effect of keycolumn propertieson accuracyof drift-ratio cover-spalling equations

136



0 5 10
0

0.5

1

1.5

2

L/D

∆
bbm

ea
s
 / 
∆

bbca
lc

R2 = 0.16

0 0.01 0.02 0.03 0.04
0

0.5

1

1.5

2

ρ
l

∆
bbm

ea
s
 / 
∆

bbca
lc

R2 = 0.12

0 0.1 0.2 0.3 0.4
0

0.5

1

1.5

2

P/f
c
A

g

∆
bbm

ea
s
 / 
∆

bbca
lc

R2 = 0.0018

0 0.1 0.2 0.3 0.4
0

0.5

1

1.5

2

ρ
eff

∆
bbm

ea
s
 / 
∆

bbca
lc

R2 = 1.1e−005

0 10 20 30 40 50
0

0.5

1

1.5

2

f
c

∆
bbm

ea
s
 / 
∆

bbca
lc

R2 = 0.11

0 1 2 3 4 5
0

0.5

1

1.5

2

S/d
b

∆
bbm

ea
s
 / 
∆

bbca
lc

R2 = 0.074

Fig. 9.4 Effect of keycolumn propertieson accuracyof drift-ratio bar-buckling equations
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Thedrift-ratio equationsprovide a practicalcorrelationbetweenanengineeringdemandpa-

rameterandkey damagestates.However, thedrift-ratio equationsmaynot alwaysbeapplicable,

suchascasesin which thedistanceto thepoint of contraßexure is unknown or varies.Therefore,

similar damageestimateswill bedevelopedfor other, moreversatileengineeringdamageparame-

ters:plasticrotationsandlongitudinalstrain.

9.2 DAMA GE ESTIMATES BASED ON PLASTIC ROTATION

Empiricalequations,similar to thedrift-ratio equations,canbedevelopedfor theplasticrotation

at the onsetof particulardamagestates.This engineeringdemandparametermay be morever-

satilethandrift ratio becauseplasticrotationscanbecalculatedin a complex modelmoreeasily.

Theplasticrotationscalculatedwith thedistributed-plasticitymodelingstrategy (with nobondslip

component)shouldbe identicalto the plasticrotationscalculatedwith the lumped-plasticityfor-

mulationif theplasticcurvaturescalculatedfrom thedistributed-plasticity strategy areadjustedto

accountfor localizationin accordanceto themethodpresentedin Section3.1.1.If thezero-length

bond-slipsectionis usedin the distributed-plasticitymodelingstrategy, the rotationdueto bond

slip mustbeaddedto therotationsrecordedat the integrationpoints,becausetheserotationswill

berelative rotations,andthefollowing equationsweredevelopedfor total rotations.

Berry and Eberhard(2003) demonstratedthat the plastic rotation at the onsetof damage

(θcalc
p dam) shouldincreasewith anincreasein aspectratio (L/ D) andkey longitudinal-reinforcement

properties( fydb/ D), anddecrease with an increasein axial-loadratio (P/ Ag f ′c), as indicatedin

Equation9.4.

θcalc
p dam = C0(εdam)

$
1+ C1

P
Ag f ′c

%−1$
1+ C2

L
D

+ C3
fydb

D

%
(9.4)

whereεdam is thestrainat theonsetof cover spalling(εsp) or barbuckling (εbb), and C0−C3 are

constantsto becalibratedwith experimentalresults.

In thefollowing subsections,Equation9.4will becalibratedfor coverspalling,barbuckling,

andbarfracture.Thecorrespondingequationswerecalibratedby obtainingvaluesof C0−C3 such

thatthecoefÞcientsof variationof theratiosof measuredto calculateddisplacementsat theonset

of theparticulardamagestates(∆meas
dam / ∆calc

dam) wereminimized.Thecalculateddisplacementsat the

onsetof the damagestatesarethe displacementsassociatedwith the calculatedvaluesof θcalc
p dam

from Equation9.4.

139



9.2.1 Cover Spalling

Theobservedplasticrotationsat theonsetof cover spalling,θ meas
p sp , (calculatedfrom theobserved

displacementsat cover spalling) have a meanvalue of 1.50%with a coefÞcientof variation of

49.7%(Table9.2). Themeanvalueof theratiosof themeasureddisplacementsto thecalculated

displacementsassociatedwith the meanvalueof θmeas
p sp is 0.98 with a coefÞcientof variationof

33.9%.

This estimateof theplasticrotationat theonsetof cover spallingcanbe improvedby con-

sideringthe trendsproposedin Equation9.4. For cover spalling,εsp is not expectedto vary with

theamountof traverseor longitudinal reinforcement;thereforetheplasticrotationat theonsetof

coverspallingcanbeapproximatedwith thefollowing simpliÞedexpression.

θcalc
p sp = C0

$
1+ C1

P
Ag f ′c

%−1$
1+ C2

L
D

+ C3
fydb

D

%
(9.5)

This equationwascalibratedwith themethoddiscussedpreviously. TheresultingcoefÞcientsand

accuracy statisticsarepresentedin Table9.2. For comparison,the table includesthe estimates

basedon the displacementscalculatedwith the meanvalueof the plasticrotationat the onsetof

theparticulardamagestates.This methodis equivalentto settingC0 in Equation9.5 to themean

valueof θmeas
p sp , andsettingtheothercoefÞcientsto zero.

Table9.2 Resultsof plastic-rotation calibration

CoefÞcients θmeas
p sp / θcalc

p sp ∆meas
dam / ∆calc

dam

Methodology C0 C1 C2 C3 C4 mean cov (%) mean cov (%)

meanθp 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 accuracy is gainedby utilizing the expectedtrendsin plasticrotationat the onsetof

cover spalling(Equation9.5). The coefÞcientof variationof ∆meas
sp / ∆calc

sp with Equation9.5 was

33.3%,whichis only slightly moreaccuratethanusingthemeanvalueof θp sp (1.50%)to calculate

thedisplacementat theonsetof coverspalling,∆mean
sp (33.9%).Additionally, aslightly smallerco-

efÞcientof variationcanbeobtainedusingaconstantplasticrotationof 1.20%(32.5%).Therefore,

this valuerecommendedfor calculatingtheplasticrotationat theonsetof coverspalling.

Fragility curvesfor estimatesof theplasticrotationsat theonsetof coverspallingareshown
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in Figure9.6.TheÞgureontheleft is thefragility curvefor θmeas
p sp / θcalc

p sp, whereθcalc
p sp = 1.20%.The

fragility curveontheright is for ∆meas
sp / ∆calc

sp , where∆calc
sp is thecalculateddisplacementassociated

with θcalc
p sp = 1.20%.
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Fig. 9.6 Fragility curvesfor cover spalling and bar buckling using plastic rotation

Theratiosof measuredto calculateddisplacements(at thecalculatedplasticrotation)at the

onsetof coverspallingareplottedversuskey columnpropertiesin Figure9.7to evaluatetheeffect

of thesepropertieson the accuracy of the proposeddamageestimate.As seenin the drift-ratio

estimates,theratiosof measuredto calculateddisplacementsincreasewith anincreasein effective

conÞnementratioanddecreasewith anincreasein concretecompressivestrength.
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9.2.2 Bar Buckling

The meanvalueandcoefÞcientof variationof the observed plastic rotationsat the onsetof bar

buckling(θ meas
p bb ) were6.50%and39.1%,respectively. ThemeanandcoefÞcientof variationof the

ratiosof measureddisplacementsat theonsetof barbuckling to thedisplacementsassociatedwith

themeanvalueof θmeas
p bb were0.99and34.4%,respectively.

Estimatesof theplasticrotationat theonsetof barbucklingcanbeimprovedby considering

thetrendsproposedin Equation9.4. Theplastic-rotationequationcanbeextendedfurtherfor bar

buckling by consideringtheeffect of theconÞningsteelon thestrainat barbuckling. Thestrain

at theonsetof barbuckling is expectedto increasewith anincreasein effective conÞnementratio

(ρef f = ρs fys/ f ′c) asin thefollowing equation.

εbb = χ1 + χ2ρef f (9.6)

By combiningEquation9.6 with Equation9.4, simplifying, andcombiningconstants,the

following equationfor theplasticrotationat theonsetof barbuckling is obtained.

θp bb = C0
+
1+ C4ρef f

,
$

1+ C1
P

Ag f ′c

%−1$
1+ C2

L
D

+ C3
fydb

D

%
(9.7)

The coefÞcientsin the bar-buckling equation(Equation9.7) werepreviously calibratedby

Berry andEberhard(2005).However thecoefÞcientsobtainedin their studyweredevelopedfor a

differentmodelformulationanddataset.Therefore,theequationswererecalibratedaspartof this

studywith thebridgecolumndatasetandnew modelformulation.

TheresultingcoefÞcientsandaccuracy statisticsarepresentedin Table9.3.For comparison,

thetableincludestheestimatesbasedonthedisplacementscalculatedwith themeanvalueof θmeas
p bb.

This methodis equivalentto settingC0 in equation9.7 to themeanvalueof θmeas
p bb, andsettingthe

othercoefÞcientsto zero. The coefÞcientsfor Equation9.7 previously calibratedby Berry and

Eberhard(2005)arealsoincludedin thetable.

As seenin Table9.3, Equation9.7 providesanaccuratemeansof estimatingbarbuckling.

The coefÞcientof variationof the ratiosof measuredto calculateddisplacementsat the onsetof

barbucklingwas21.1%.This is animprovementto the25%coefÞcientof variationobtainedusing
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Table9.3 Resultsof plastic-rotation calibration

CoefÞcients θmeas
p bb/ θcalc

p bb ∆meas
dam / ∆calc

dam

Methodology C0 C1 C2 C3 C4 mean cov (%) mean cov (%)

meanθmeas
p bb 0.0650 - - - - 1.00 39.1 0.99 34.4

BerryandEberhard,2005 0.006 3.1 0.65 0.23 7.19 0.93 24.9 0.94 22.1
Eq (9.7) 0.0010 1.30 1.30 3.00 7.30 0.98 23.3 1.02 21.1
Eq (9.8) 0.0009 - 1.30 3.00 7.30 1.01 24.1 1.01 21.6

thedrift-ratio equationsin theprevioussection(Equation9.2).

Equation9.7, with the previously calibratedcoefÞcientsfrom Berry andEberhard(2005),

doesnot accuratelypredict (on average)the displacementat the onsetof bar buckling for the

smallerbridgecolumndatasetusedin this report.Themeanvalueof ratiosof measuredto calcu-

lateddisplacementsis 0.94with acoefÞcientof variationof 22.1%.Thisis similarto thecoefÞcient

of variationobtainedfor the recalibratedequation,but the meanis not 1.00. The reasonfor this

differenceis becausethesmallerdatasetusedin this projectdoesnot includehigh axial loadtests,

whereasthepreviousdatasetdid. All of thecolumnsin thesmallerdatasethave P
Ag f ′c

≤ 0.30 (Sec-

tion 1.3).By removing thehigheraxialloadtests,thepreviouslycalibratedequationis lessaccurate

becausethe inßuenceof theaxial-loadratio termwassosigniÞcant.Theaxial-loadcoefÞcientin

therecalibratedcoefÞcientsis smallerthanin theoriginal equation,anddoesnot signiÞcantlyaf-

fect thecalculatedrotation. Therefore,for columnwith axial-loadratioslessthan0.30,a simpler

equationin which theaxial-loadtermis neglectedcanbedeveloped.

θp bb = C0
+
1+ C4ρef f

,
$

1+ C2
L
D

+ C3
fydb

D

%
(9.8)

Theaccuracy statisticsandcalibratedcoefÞcientsfor thisequationareprovidedin Table9.3.Little

accuracy is lostusingthisequation.ThecoefÞcientof variationof measuredto calculateddisplace-

mentsincreasedslightly from 21.1%usingEquation9.7 to 21.6%usingEquation9.8. Simpler

equationsincludingonly oneandtwo columnpropertieswerealsostudied.Thebestestimateof

θcalc
p bb usingonly two columnpropertiesincludedtheeffectsof L/ D andρef f , asin the following

equation.

θp bb = C0
+
1+ C4ρef f

,
$

1+ C2
L
D

%
(9.9)

Theaccuracy statisticsandcalibratedcoefÞcientsfor this equationarealsoprovidedin Table9.3.
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As seenin the table,if only two columnpropertiesareusedin the estimate,the accuracy of the

damageestimateis reduced.The coefÞcientof variationof the measuredto calculateddisplace-

mentsarereducedfrom 21.6%usingEquation9.8to 27.3%usingEquation9.9.

Thebestonepropertyestimateof θcalc
p bb includedtheeffectsof thecolumnaspectratio (L/ D)

asin thefollowing equation.

θp bb = C0

$
1+ C2

L
D

%
(9.10)

ThecalibratedcoefÞcientsandaccuracy statisticsfor this equationarealsoprovidedin Table9.3.

In this case,the coefÞcientof variationof the ratiosof measuredto calculateddisplacementsis

29.5%,signiÞcantlylargerthanthe21.6%usingthreecolumnproperties.

Equation9.8providesapracticalcompromisebetweensimplicity andaccuracy; thisestimate

is simplerthanEquation9.7,andlittle accuracy is lostwhenusingthissimplerequation.However,

this equationwas developedfor columnswith axial-loadratios lessthan 0.30. This shouldbe

consideredwhen applying this equationbecauseprevious research(Berry and Eberhard2005)

indicatesthataxial loadinßuencestheplasticrotationat theonsetof damage.

For comparisonand simplicity, an equationwas developedthat hasa similar form to the

simpliÞeddrift-ratio equationsof theprevioussection(Equation9.2). Theresultingequationis as

follows.

θcalc
p bb(%) = 2.75

+
1+ 150ρef f db/ D

, +
1−P/ Ag f ′c

,
(1+ L/ 10D) (9.11)

Using this equation,themeanandcoefÞcientof variationof the ratiosof measuredto calculated

plasticrotationswere1.01with a coefÞcientof variationof 28.3%,whereasthemeanandcoefÞ-

cientof variationof the ratiosof measureddisplacementsto calculateddisplacementsassociated

with therotationscalculatedwith Equation9.12were1.01with acoefÞcientof variationof 24.3%.

Fragility curvesfor estimatesof theplasticrotationsat theonsetof barbuckling areshown

in Figure9.8. TheÞgureon theleft is thefragility curve for θmeas
p bb/ θcalc

p bb, whereθcalc
p bb is calculated

with Equation9.8andcoefÞcientsin Table9.3. Thefragility curve on theright is for ∆meas
bb / ∆calc

bb ,

where∆calc
bb is thecalculateddisplacementassociatedwith θcalc

p bb.
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Fig. 9.8 Fragility curvesfor bar buckling usingplastic rotation

Theratiosof measuredto calculateddisplacements(from thecalculatedplasticrotation)at

the onsetof bar buckling areplottedversuskey columnpropertiesin Figure9.9 to evaluatethe

effect of thesepropertieson theaccuracy of theproposeddamageestimate.No signiÞcanttrends

areobservedin thedata.

9.2.3 Bar Fractur e

Theplastic-rotationequationsdevelopedfor theonsetof barbuckling(equations9.7and9.8)were

calibratedto estimatetheonsetof barfracture.Theresultsof thiscalibrationarepresentedin Table

9.4.

Table9.4 Resultsof plastic-rotation calibration

CoefÞcients θmeas
p bf / θcalc

p bf ∆meas
dam / ∆calc

dam

Methodology C0 C1 C2 C3 C4 mean cov (%) mean cov (%)

meanθp bf 0.0650 - - - - 1.00 39.1 0.99 34.4
Eq (9.7) 0.0010 1.0 2.4 1.7 6.7 1.00 17.5 0.98 15.2
Eq (9.8) 0.0009 - 2.4 1.7 6.7 0.99 18.3 0.99 16.0
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Fig. 9.9 Effect of keycolumn propertieson accuracyof plastic-rotation bar-buckling
equation
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As seenin thistable,estimatesof plasticrotationsattheonsetof barfracturearesigniÞcantly

improvedby consideringtheeffectsof thekey columnproperties.ThecoefÞcientof variationof

measuredto calculateddisplacementsis reducedfrom 34.4%using the meanvalue of θmeas
p bf to

15.2%usingEquation 9.7,and16.0%usingEquation9.8.Little accuracy is gainedby considering

the axial load term in the bar-fractureestimates.Therefore,Equation9.8 is recommendedfor

columnswith axial ratios≤ 0.30.

A simpliÞedequationsimilar to theequationdevelopedfor thedrift ratio at theonsetof bar

fracture(Equation9.3)wasdevelopedfor theplasticrotationasfollows.

θcalc
p bf (%) = 3.0

+
1+ 150ρef f db/ D

, +
1−P/ Ag f ′c

,
(1+ L/ 10D) (9.12)

Themeanvalueof theratiosof measuredto calculatedplasticrotationswere0.97with acoefÞcient

of variationof 22.7%,whereasthecorrespondingmeanandcoefÞcientof variationfor the ratios

of measuredto calculateddisplacementswere0.97and19.6%.

Fragility curves for this damagestateandengineeringdemandparameterareprovided in

Figure9.10,andtheratiosof measuredto calculateddisplacementsareplottedversuskey column

propertiesin Figure9.11. Theonly signiÞcanttrendobservedin thedatais aslight increasein the

ratiosof measuredto calculateddisplacementswith anincreasein concretecompressivestrength.

9.3 DAMA GE ESTIMATES BASED ON STRAIN

Longitudinalstrainsintroducemoreinformationinto thepredictionprocess,andthusmayprovide

moreversatileandaccuratepredictionsof damage.Additionally, theempiricalequationsbasedon

drift ratio andplasticrotationdevelopedin the previous sectionsmay not be applicableto some

modelingsituations,suchascaseswherethedistanceto thepointof contraßexurevaries,theaxial

load varies,or there is biaxial bending. This sectionwill focus on developing and evaluating

damagepredictionsbasedon longitudinalstrain.

Testsshow that the onsetof cover spallingcorrelatesto the maximumcompressive strain

in thecover concrete(LehmanandMoehle2000),thereforethis parameteris chosenasthe local

engineeringdemandparameterfor this damagestate.Thetensilestrainin theextremereinforcing

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

parameteris suggestedby multiple researchersincluding Moyer andKowalsky (2001),Priestley

etal. (1996),andLehmanandMoehle(2000).Tensilestrainis chosenfor barfracturebecausebar

fractureoftenoccursimmediatelyafterbucklingof thelongitudinalreinforcement.

The lumped-plasticitymodelingstrategy developedin this reportwill be usedto evaluate

the effectivenessof usingmaximumconcretecompressive strain to estimatecover spalling,and

maximumlongitudinal-reinforcementtensilestrainto estimatebarbuckling andbarfracture.Key

statisticsandfragility curveswill bepresented.Thecalibrationof theproposedplastic-hingelength

in this reportconsideredtheestimationof thesedamagestates,andthereaderis referredto Section

6.3for detailson thisprocedure.

Theevaluationwill notbecarriedout for bothmodelingstrategiesproposedin thisreportbe-

causethelongitudinalstrainscalculatedwith thedistributed-plasticitymethodaresubjectto strain

concentrationsin columnswith perfectly-plasticor degradingbehavior, as indicatedin Section

3.1.1. Strainestimatesbasedon this methodologyareonly valid for columnswith hardeningre-

sponses,andall of thecolumnsin thebridgedatasetdo not portraythis typeof response,whereas

thestrainsestimatedwith thelumped-plasticityformulationareobjective for all sectionresponses.
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Fig. 9.11 Effect of keycolumn propertieson accuracyof plastic-rotation bar-fractur e
equation
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9.3.1 Cover Spalling

Themeanvalueof thecompressive strainsat theonsetof cover spalling(εmeas
sp ) was0.008with a

coefÞcientof variationof 48.6%.Themeanvalueof theratiosof observedspallingdisplacements

to thedisplacementassociatedwith themeanvalueof εmeas
sp was0.99with acoefÞcientof variation

of 34.7%(Table9.5).

Table9.5 Cover-spalling estimatesbasedon longitudinal compressivestrain

εmeas
sp / εcalc

sp ∆meas
sp / ∆calc

sp

Methodology mean cov (%) mean cov (%)

meanεsp = 0.008 1.00 48.6 0.99 34.7
Eq (9.13) 0.99 39.6 1.0 27.5

Thestrainat theonsetof coverspallingis notexpectedto increasewith anincreaseof effec-

tive conÞnementratio. However, if εsp is plottedversusρef f , a signiÞcanttrendcanbeobserved

(Figure9.12).ThebestÞt line for this trendis asfollows.

εcalc
sp = 0.0004+ 0.045ρef f (9.13)

The R2 value for this correlationis 0.42. The effective conÞnementratio may be affecting the

compressive strainat theonsetof cover spallingby conÞningthelateralexpansionof theconcrete

coreandlongitudinalreinforcement.If this trendis includedin theestimateof thedisplacementat

theonsetof coverspalling(∆calc
sp ), asigniÞcantlybetterestimatecanbeobtained.As seenin Table

9.5, thecoefÞcientof variationof the ratiosof measuredto calculateddisplacementsat theonset

of spallingcanbe reducedfrom 34.5%to 27.5%. This phenomenonrequiresa more thorough

investigationbeforethismethodis recommendedfor use.

Fragility curves for estimatesof the compressive strain at the onsetof cover spalling are

shown in Figure9.13.TheÞgureon theleft is thefragility curve for εmeas
sp / εcalc

sp , whereεcalc
sp is the

meanvalueof theobservedstrain0.008.Thefragility curve on theright is for ∆meas
sp / ∆calc

sp , where

∆calc
sp is thecalculateddisplacementassociatedwith themeanvalueof εsp (0.008).
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Fig. 9.13 Fragility curvesfor cover spalling and bar buckling using longitudinal strain
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Theratiosof measuredto calculateddisplacements(from thecalculatedcompressive strain)

attheonsetof coverspallingareplottedversuskey columnpropertiesin Figure9.14to evaluatethe

effect of thesepropertieson theaccuracy of theproposeddamageestimates.As mentionedearlier

in thissectionandin previoussectionsof thischapter, theratioof measuredto calculateddisplace-

mentsincreasewith an increasein effective conÞnementratio. As notedfor the drift ratio and

plastic-rotationestimates,theratiosdecreasewith anincreasein concretecompressivestrength.

9.3.2 Bar Buckling

Themeanvalueof thetensilestrainsattheonsetof barbuckling(εmeas
bb ) was0.081with acoefÞcient

of variationof 30.1%.ThemeanandcoefÞcientof variationof theratiosof observeddisplacements

to displacementsassociatedwith themeanvalueof εmeas
bb were1.00and28.1%,respectively (Table

9.6).

Table9.6 Buckling estimatesbasedon longitudinal-r einforcementtensilestrain

εmeas
bb / εcalc

bb ∆meas
bb / ∆calc

bb

Methodology mean cov (%) mean cov (%)

meanεbb = 0.081 1.00 30.1 1.00 28.1
Eq9.14 1.00 25.4 1.0 23.6

Berry andEberhard(2005)proposedthat the strainat the onsetof bar buckling shouldin-

creasewith anincreasein effectiveconÞnementratio,asin Equation9.14.

εcalc
bb = χ1 + χ2ρef f ≤ 0.15 (9.14)

To verify this expectedtrend,εbb is plottedversustheeffectiveconÞnementratio in Figure9.15.

Equation9.14wascalibratedin Section6.3,andthefollowing equationwasobtained.

εcalc
bb = 0.045+ 0.25ρef f ≤ 0.15 (9.15)

The accuracy of predictingthe displacementat the onsetof bar buckling asa function of

straincanbe increasedby including this trendin the estimate.To includethis trend, the calcu-

lateddisplacementsat the onsetof bar buckling could be determinedby (1) calculatingεcalc
bb for
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eachcolumnusingEquation9.15,andthen(2) calculatingthedisplacementsassociatedwith these

calculatedstrainvalues(∆calc
bb ).

Key accuracy statisticsfor estimatingthedisplacementat theonsetof barbuckling utilizing

this methodarepresentedin Table9.6. The coefÞcientof variationof the ratiosof measuredto

calculateddisplacementscanbereducedfrom 28.1%usingthemeanvalueof εbb (0.08)to 23.6%

usingtheεcalc
bb from Equation9.15.

Fragility curvesfor estimatesof thetensilestrainat theonsetof cover spallingareshown in

Figure9.16. The Þgureon the left is the fragility curve for εmeas
bb / εcalc

bb , whereεcalc
bb is calculated

from Equation9.15.Thefragility curveontheright is for ∆meas
bb / ∆calc

bb , where∆calc
bb is thecalculated

displacementassociatedwith εcalc
bb .

Theratiosof measuredto calculateddisplacements(from theεcalc
bb ) at theonsetof barbuck-

ling areplottedversuskey columnpropertiesin Figure9.17to evaluatetheeffect of theseproper-

tieson theaccuracy of theproposeddamageestimates.As seenin theÞgures,theratiosdecrease

slightly with an increasein axial-loadratio, and increaseslightly with an increasein concrete

compressivestrength.
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Fig. 9.16 Fragility curvesfor bar buckling using longitudinal tensilestrain
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Fig. 9.17 Effect of keycolumn propertieson accuracyof strain estimatesof bar buckling
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9.3.3 Bar Fractur e

Themeanvalueof thetensilestrainat theonsetof bar fracture(εmeas
bf ) was0.087with acoefÞcient

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

displacementsto calculateddisplacementsassociatedwith themeanvalueof εmeas
bf were1.00and

27.5%,respectively.

Table9.7 Bar-fractur eestimatesbasedon longitudinal-r einforcementtensilestrain

εmeas
bf / εcalc

bf ∆meas
bf / ∆calc

bf

Methodology mean cov (%) mean cov (%)

meanεbf = 0.087 1.00 28.8 1.00 27.5
Eq (9.16) 1.00 22.5 1.00 21.2

The tensilestrain at the onsetof bar fractureis expectedto increasewith an increasein

effective conÞnementratio. This trendis veriÞedin Figure9.18. In a similar fashionasthebar-
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Fig. 9.18 Effect of effectiveconÞnementratio on εbf

buckling damagelevel, an equationwas developedto predict the tensilestrain at the onsetof

longitudinalbarfractureasafunctionof effectiveconÞnementratio(Equation9.18).Theresulting

equationis nearlyidenticalto theequationdevelopedfor barbuckling; thereforethesameequation

will beusedfor bothdamagestatesfor simplicity.

εcalc
bf = 0.045+ 0.30ρef f ≤ 0.15 (9.16)
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By accountingfor theeffect of effective conÞnementratio with Equation9.16,theaccuracy

of thebar-fractureestimatesareimproved(Table9.7). ThecoefÞcientof variationfor εmeas
bf / εcalc

bf

is reducedfrom 28.8%usingthemeanvalueof εmeas
bf , to 21.8%usingEquation9.16. Similarly, the

ratio of measuredto calculateddisplacementsarereducedfrom 27.5%to 20.5%.Fragility curves

for this damagestateandengineeringdemandparameterareprovidedin Figure9.19.
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Fig. 9.19 Fragility curvesfor bar fractur eusing longitudinal tensilestrain
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9.4 COMPARISON OF DAMA GE ESTIMATES

Damageestimatesbasedon threeengineeringdemandparameters(i.e., drift ratio, plastic rota-

tion, andlongitudinalstrain)wereevaluatedin the previous sections.In Table9.8, this studyis

summarizedandtheaccuracy of usingthevariousengineeringparametersarecompared.

Table9.8 Comparisonof damageestimates

∆meas
dam / ∆calc

dam

DamageState E.D.P. Equation mean cov (%)

CoverSpalling
∆calc

sp / L (% ) 1.6 (1−P/ Ag f ′c) (1+ L/ 10D) 1.07 34.9

(29columns) θcalc
p sp (%) 1.20 0.98 33.9

εsp 0.008 0.99 34.7

BarBuckling

∆calc
bb / L (% ) 3.25

+
1+ 150ρef f db/ D

,
(1−P/ Ag f ′c) (1+ L/ 10D) 1.01 24.7

θcalc
p bb (%) 0.0009

+
1+ 7.3ρef f

,
(1+ 1.3L/ D+ 3fydb/ D) 1.01 21.6

(33columns)
θcalc

p bb (% ) 2.75
+
1+ 150ρef f db/ D

,
(1−P/ Ag f ′c) (1+ L/ 10D) 1.01 24.3

εcalc
bb 0.045+ 0.25ρef f ≤ 0.15 1.00 23.6

BarFracture

∆calc
bf / L (% ) 3.5

+
1+ 150ρef f db/ D

,
(1−P/ Ag f ′c) (1+ L/ 10D) 0.97 20.0

θcalc
p bf (%) 0.0009

+
1+ 6.7ρef f

,
(1+ 2.4L/ D+ 1.7fydb/ D) 0.99 16.0

(20columns)
θcalc

p bf (% ) 3.0
+
1+ 150ρef f db/ D

,
(1−P/ Ag f ′c) (1+ L/ 10D) 0.97 19.6

εcalc
bf 0.045+ 0.30ρef f ≤ 0.15 0.96 20.5

As seenin the table,similar levels of accuracy canbe obtainedby estimatingthe onsetof

damageusingdrift ratio, plastic rotation,or longitudinalstrain. The coefÞcientof variation for

theratiosof measuredto calculateddisplacementsat theonsetof spallingwasapproximately34%

for all threemethods.The coefÞcientof variationsfor the onsetof bar buckling usingthe three

methodswere22-25%.For bar fracture,slightly betteraccuracy canbeobtainedby usingplastic

rotation(coefÞcientof variationof 16.0%)thandrift ratioor longitudinalstrain(≈ 21%).

Thedrift-ratio equationsprovide a practicalcorrelationbetweenanengineeringdemandpa-

rameterandkey damagestates.However, theapplicationof thismethod is limited to testsin which

thethedistanceto thepoint of contraßexuredoesnot vary, theaxial loaddoesnot vary, andthere

is only uniaxialbending.Althoughestimatesbasedon plasticrotationsuffer from thesamelimi-

tations,plasticrotationis amoreversatileengineeringdemandparameterbecauseit is moreeasily

calculatedin a complex model. Thedamageestimatesbasedon longitudinalstrainovercomethe
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limitations of the drift-ratio andplastic-rotationequations;however they requirea moredetailed

modelin whichstrainscanbemonitored.
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10 Application of Column-
Modeling Strategy to More Comple x
Structural Models

The column-modelingstrategiesdevelopedin this reportwerecalibratedandevaluatedwith ex-

perimentaltestsof single,equivalentcantilever bridgecolumns,loadedpseudo-staticallyin one

dimension. In this chapter, the proposedcolumn-modelingstrategies are appliedto two more

complex modelingsituations. First, the column-modelingstrategiesareemployed to model the

columnsof a singlebridgebent.Themodelingstrategiesarethenusedto modelshake-tabletests

of columnssubjectedto unidirectionalandbidirectionalbasemotions.

10.1 COLUMN BENT TESTS

Theproposeddistributed-plasticityandlumped-plasticitymodelingstrategieswereusedto model

theresponseof abridgebenttestperformedby Makido(2006)atPurdueUniversity(Figure10.1).

The geometricandmaterialpropertiesof the specimenareprovided in tables10.1and10.2, re-

spectively.

10.1.1 Distributed-Plasticity Model

Thedistributed-plasticitymodelof thecolumn-bentis illustratedin Figure10.2.Thecolumnswere

modeledwith theproposeddistributed-plasticitymodelingstrategy andstandardmaterialmodels

(Chapter4), with a slip-sectionat bothendsof thecolumnandwith 6 integrationpoints,which is

recommendedfor columnsunderdoublecurvature(Section3.1.1). Thecross-beamwasmodeled

asa rectangularforce-basedbeam-columnelementwith six integrationspoints. However, upon

163



Courtesyof Makido (2006)

Fig. 10.1 Test setup

thecompletionof theanalysis,it wasobservedthatthecrossmemberdid not crack,andtherefore

couldhavebeenmodeledasanelasticsectionwith grosssectionproperties.

Accuracy statisticsfor this modelingstrategy areprovidedin Table10.3,andthecalculated

enveloperesponseis comparedto the measuredenveloperesponsein Figure10.3(a). The basic

distributed-plasticitymodelingstrategy accuratelypredictsthemaximummoment(M.R. = 1.02),

but the modeloverestimatesthe initial stiffness(S.R. = 0.69), anddoesnot model the envelope

degradation.The calculatedandmeasuredcyclic responsesarecomparedin Figure10.3(b). As

seenin thisÞgure,thismethoddoesnotmodelthestrengthandstiffnessdegradationdueto cycling

at largedeformations.

Ranf (2006)analyzedthesamebridgebentin detail. Basedon strainmeasurementsin the

bentfooting,herecommendedbond-strengthratiosof λe = 0.6 (comparedwith λe = 0.9) andλi =

0.3 (comparedwith λi = 0.45), anda largerbond-compressiondepthof dcomp = 0.5D (compared

with 1/2 the neutralaxis depthat concretecompressive strainof 0.002). Using thesevaluesin

thebond-modelprovidesa betterestimateof thestiffnessratio (0.94)andthereforea betterEpush
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Table10.1 Geometricpropertiesof the Purdue bent

Category Property

ColumnDimensions

GrossDiameter(mm) 304.8
ClearCover (mm) 26.6
CoreDiameter(mm) 261.6
ColumnHeight(mm) 1524.0
Intra-BentColumnSpacing(mm) 1828.8

ColumnReinforcement

No. of LongitudinalBars 16
BarNo. 3
LongitudinalSteelRatio(%) 1.56
SpiralBar W2.9
SpiralSpacing(mm) 31.8
SpiralBarDiameter(mm) 4.9
SpiralBarArea(mm2) 18.7
TransverseVolumetricSteelRatio(%) 0.90

BeamDimensions
Length(mm) 3149.6
Width (mm) 812.8
Depth(mm) 457.2
ClearCover (mm) 25.4

BeamReinforcement
No. of LongitudinalBars 12
LongitudinalBarNo. 5
TransverseBarNo. 3
TransverseSpacing(mm) 152.4

Table10.2 Measuredmaterial propertiesfor the Purdue bent

Member Property

Column
f ′c (MPa) 29.8
fy (MPa) 482.6
Es (MPa) 2.00e5

Beam
f ′c (MPa) 46.9
fy (MPa) 434.32
Es (MPa) 2.00e5

value(8.43).Thestrengthestimatesdid notchange,but Ef orce andEenergy improvedslightly (Table

10.3).

To capturethe strengthand stiffnessdegradationdue to cycling at large deformations,a

materialmodel that accountsfor this phenomenonis needed. A steelmodel that accountsfor

cyclic degradationis proposedin Chapter8 (Mohle andKunnath2006).However, this modelcan

not beusedreliably in combinationwith this modelingstrategy becausethedistributed-plasticity

modelingstrategy is susceptibleto strainconcentrationsin columnswith degradingbehavior.
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Fig. 10.2 Bent modelwith distrib uted-plasticity column-modelingstrategy

10.1.2 Lumped-Plasticity Model

Themodelingstrategy for thebridgebentusingtheproposedlumped-plasticitycolumn-modeling

strategy (Chapter6) is illustratedin Figure10.4. A plastichingeis assumedto form at bothends

of eachcolumn,andthelengthof theplastichingewascalculatedasLp = 0.05Ls+ 0.1fydb/
'

f ′c,

whereLs is thedistancefrom columnÞxity to pointof contraßexure(L/ 2). For thesecolumns,the

calculatedplastic-hingelengthwas122.3mm, which is equalto 40%of thecolumndiameter. The

effective stiffnessof the elasticportion of the columnswascalculatedas(EI)ef f = öαsec(EI)sec,

Table10.3 Accuracy statisticsfor column-modelingstrategies

Strategy SteelModel Epush(%) S.R. M.R. D.R.(%) Ef orce(%) Eenergy(%)

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 1.1 8.2 19.8 -56.3
Lumped MohleandKunnath 8.5 0.9 1.0 8.1 13.4 -33.5
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Fig. 10.3 Force-deformation responseof bridge bent with distrib uted-plasticity modeland
standard steel

where öαsec =
α(L−3Lp)
L−3αLp

, and αsec = 0.35+ 0.1Ls/ D (sections6.2 and 5.5). For thesecolumns

(EI)ef f ≈ 0.15EcIg. As in the distributed-plasticitymodel, the crossbeamwas modeledas a

rectangular, force-basedbeam-columnelementwith six integrationspoints. However, upon the

completionof the analysisit was observed that the crossmemberdid not crack, and therefore

couldhavebeenmodeledasanelasticsectionwith grosssectionproperties.

Accuracy statisticsfor this modelingstrategy areprovidedin Table10.3,andthecalculated

andmeasuredenvelopesarecomparedin Figure10.5(a). The proposedmodelingstrategy accu-

rately modelsthe responseof thebridgebentat low levels of deformation;the initial stiffnessis

calculatedwithin 15%of themeasuredresponse,andthemaximummomentis calculatedwithin

5% of the measuredresponse.However, aswith the distributed-plasticitymethod,the lumped-

plasticitymethoddoesnotmodelthedegradingenvelopeaccurately. Thecalculatedandmeasured

cyclic responsesare comparedin Figure 10.5(b). As seenin the Þgure,this methoddoesnot

accountfor thedegradationdueto cycling at largedeformations.

To overcomethis limitation, themorecomplex steelmodel(Mohle andKunnath2006)de-

scribedin Chapter8 wasusedto modelthereinforcingsteel.Theenvelopecurvesandhysteresis

loopsfor this analysisarepresentedin Figure10.6(a)and10.6(b),andtheaccuracy statisticsare

provided in Table10.3. As seenin theÞguresandthetable,theMohle andKunnath(2006)steel
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Fig. 10.4 Bent modelwith lumped-plasticity column-modelingstrategy

modelsigniÞcantlyimprovestheestimatesof thecyclic responseof thebent.Thevaluesof Ef orce

andEenergy (13.4%and-33.5%)using the Mohle andKunnath(2006)steelmodelareapproxi-

mately60%of thevaluesusingthestandardsteelmodel(19.8%and-56.3%).
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Fig. 10.5 Force-deformation responseof bridge bent with lumped-plasticity modeland
standard steel
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Fig. 10.6 Force-deformation responseof bridge bent with lumped-plasticity modeland
Mohle and Kunnath (2006)steel
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10.1.3 Flexural Damage

The estimatesof cover spalling and bar buckling proposedin Chapter9 will be appliedto the

Purduebenttestin this section.The lumped-plasticityformulationwith thestandardsteelmodel

wasusedfor this study. Themeasureddrift ratiosat theonsetof cover spallingandbarbuckling

were 1.2%, 3.8% and 4.4% respectively. The calculatedengineeringdemandparameters(drift

ratio,plasticrotation,andlongitudinalstrain)arereportedin Table10.4.Thecalculateddrift ratios

associatedwith the calculatedengineeringdemandparametersare also reportedalong with the

ratiosof measuredto calculateddisplacements.As seenin thetable,theproposedmethodologies

Table10.4 Damageestimatesfor purdue bent test

DamageState E.D.P. E.D.P. (%) ∆calc
dam/ L(%) ∆meas

dam / ∆calc
dam

CoverSpalling
Drift Ratio 1.1 1.1 1.1
Plastic-Rotation 1.5 0.93 1.29
CompressiveStrain 0.8 1.24 0.96

accuratelypredicttheonsetof coverspallingandbarbuckling. For this testspecimen,longitudinal

strainwasthe mostaccuratemeansof predictingthe displacementat the onsetof cover spalling

(∆meas
sp / ∆calc

sp = 0.96), whereasdrift ratio andplastic-rotationwere the mosteffective meansfor

predictingbarbuckling (∆meas
sp / ∆calc

sp = 1.05and0.95,respectively).

10.2 SHAKE-TABLE TESTS

The proposedcolumn-modelingstrategies were usedto model shake-tabletestsperformedby

Hachemetal. (2003)at theUniversityof CaliforniaatBerkeley.

10.2.1 TestSetupand Procedure

Theshake-tabletestsconsistedof four identicalcolumnssubjectedto unidirectionalandbidirec-

tional earthquake excitations.Thecolumnspecimensareillustratedin Figure10.7,andkey geo-

metricandmaterialpropertiesareprovidedin Table10.5.Hachemetal. (2003)providesdetailsof

thetests.

SpecimensA1 andB1 weresubjectedto unidirectionalexcitations,whereasA2 andB2 were

subjectedtoexcitationsin twodirections(Table10.6).Twohorizontalgroundmotiontimehistories
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Table10.5 Propertiesof shake-tablespecimens

Category Property

Column
GrossDiameter(mm) 406.0
ClearCover (mm) 13.0
ColumnHeight(mm) 1630.0

ColumnReinforcement

No. of LongitudinalBars 16
LongitudinalBarDiameter(mm) 12.7
LongitudinalSteelRatio(%) 1.17
SpiralBarDiameter 4.5
SpiralSpacing(mm) 31.8
SpiralBarDiameter(mm) 4.9
TransverseVolumetricSteelRatio(%) 0.53

MaterialProperties
f ′c (MPa) 39.3
fy (MPa) 499.9
fys (MPa) 620.5

wereusedin thetests,andfor simplicity, noverticalaccelerationswereconsidered.SpecimensA1

andA2 weresubjectedto variationsof theOlive View recordof the1994Northridgeearthquake,

whereascolumnsB1 andB2 weresubjectedto the1985Chile earthquake recordedat theLlolleo

station.Eachspecimenwasinitially subjectedto runsator below theyield level to helpidentify the

elasticresponseof thespecimens.Thespecimenswerethensubjectedto runswith accelerations

at thedesignlevel. Following theseruns,theaccelerationswereampliÞedto themaximumlevel,

whichmatchedthecapacityof thesimulator. Theamplitudeof therunsat themaximumlevel were

1.5-2.0timestheamplitudeof thedesignlevel. Thedesignandmaximumlevel runswererepeated

(in pairs)until failure. The base-accelerationhistoriesof the specimensin the longitudinaland

lateraldirectionsat thedesignlevel arepresentedin Figure10.8.Table10.6lists thepeakground

accelerations(PGA) for theÞrstdesignlevel andtheÞrstmaximumlevel. TheNorthridgerecord

representsa near-fault groundmotion with a high-velocity pulse,whereasthe Chile recordwas

chosento berepresentativeof a long-durationearthquake. Theresponsespectrafor thefour design

level excitationsarepresentedin Figure10.9(dampingratioof 5%).

Table10.6 Testmatrix with pga for 1st designlevel and 1st maximum level

PeakGround Accelerations(g)
Specimen History designlong. designlat. max long. max lat.

A1 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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Fig. 10.7 Column specimenand keydimensions(Hachemet al. 2003)
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Fig. 10.8 Base-accelerationrecordsfor test specimens
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Fig. 10.9 Responsespectrafor baseaccelerationswith a damping ratio of 5%

10.2.2 Modeling Strategies

The distributed-plasticityand lumped-plasticitymodelingstrategies for the shake-tabletestsare

illustratedin Figure10.10.In bothmodelingstrategies,themassof theblock waslumpedwith its

centerof gravity at a distance(LCG) of 812 mm(32 in.) above the top of the column. The mass

of theblock (m) was296Mg (0.169kip · s2/ in.), andtherotationalmomentof inertiaof themass

(mR) was26 Mg · m2 (234 kip · in. · s2). A rigid beamwasusedto link the top of the columnto

the lumpedmass. The columnsof the specimensweremodeledwith the strategiesproposedin

chapters4 (distributed-plasticity)and6 (lumped-plasticity).Rayleighdampingwasusedin the

model. Basedon thedampingobserved in theshake-tabletests,theRaleighcoefÞcientsα andβ

wereselectedsuchthatthedampingratiowas3.5%atperiodsof 0.1and1.0seconds(α = 0.4 and

β = 0.001).

Themodelsdescribedabove wereevaluatedat the Þrstdesignlevel andtheÞrstmaximum

level with thestandardcyclic materialmodels,andthemodiÞedmaterialmodelsproposedin Chap-

ter 8. To accountfor the effectsof preliminarygroundmotions,all runsprior to the Þrstdesign
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(a) Distributed-plasticity (b) Lumped-plasticity

Fig. 10.10 Modeling strategiesfor shake-tabletests

level andmaximumlevel wereconsideredin the analysis. Table10.7 describesthe six model-

ing variationsevaluatedin this study. Thedistributed-plasticitymodelwasevaluatedwith perfect

crackclosure(r = 0.0) andimperfectcrackclosure(r = 1.0) andthe standardsteelmodel. The

lumped-plasticitymethodwasevaluatedwith both variationsof crackclosureassumptions,and

the two proposedsteelmodels:Menegotto-PintoandMohle andKunnath(2006)(Cf = 0.26 and

Cd = 0.45).

10.2.3 ResponseMaxima and Hysteretic Energy

Maximumtip displacement,maximumbasemoment,maximumbaseshear, andhystereticenergy

wereusedto evaluatethe six modelingstrategies. The hystereticenergy is the areawithin the

hystereticforce-deformationcurvesandis calculatedwith Equation7.3.

The accuracy of eachmodel is shown graphically in Figure 10.11 (designlevel-lateral),

Figure10.12(designlevel-longitudinal),Figure10.13(maximumlevel-lateral),andFigure10.14

175



Table10.7 Modeling variations for shake-tablespecimens

Modeling Strategy SteelModel Crack Closure Name

Distributed Standard r = 0.0cmax= 0.0 DP-S-PC
Standard r = 1.0cmax= 0.01 DP-S-IC

Lumped

Standard r = 0.0cmax= 0.0 LP-S-PC
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 theÞgures,all column-modelingvariationspredictthe

maximumdisplacement,shearforce,andhystereticenergy within 30%of themeasuredresponse

for both earthquake recordsat both levels of excitation in the longitudinalandlateraldirections.

However, themodelingvariationswerelessaccuratewhenpredictingthemaximumbasemoments,

especiallythelumped-plasticitymethodsin thelateraldirection.Also seenin theÞgures,thecrack

closurevariationsdo not signiÞcantlyaffect any of theresponsemaxima,which leavestwo strate-

gies to compare: distributed plasticity to lumpedplasticity (both with standardsteel),and the

lumped-plasticityvariationwith standardsteelto the lumped-plasticityvariationwith degrading

steel.

No signiÞcanttrendscan be observed in the maximumdisplacements,and hystereticen-

ergy estimatescalculatedwith thedistributed-plasticityandlumped-plasticityestimates(bothwith

standardsteel)at eitherearthquake recordor excitation level. However, theratiosof measuredto

calculatedbasemomentsarelargerfor thedistributed-plasticitymethodologyfor bothearthquake

recordsat both levels of excitation in the longitudinaldirection. However the oppositetrend is

observed in the lateraldirection. Similarly, the ratiosof measuredto calculatedshearforcesare

larger(onaverage)for thedistributed-plasticitymethodologyfor both earthquakerecordsandboth

excitationlevelsin bothdirections.

On average,theratiosof measuredto calculatedbasemomentsandshearforcesaregreater

for thelumped-plasticitymethodologywith standardsteelthanwith thedegradingsteelmodel.No

othersigniÞcanttrendsareobservedwhencomparingthesetwo variations.
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10.2.4 ResidualDisplacements

To evaluatetheaccuracy of theresidualdisplacementscalculatedwith thesix modelingvariations,

the calculatedresidualdisplacements(∆rc/ L) in the longitudinaldirectionareplottedversusthe

measuredresidualdisplacements(∆rm/ L) for bothearthquake recordsat both levelsof excitation

(designandmaximum) in Figure10.15.
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Fig. 10.15 Comparisonof measuredand calculatedresidualdisplacements

Thefollowing canbeobservedin theÞgure.

1. Themodelvariationsaremoreaccurateatpredictingtheresidualdisplacementsat thedesign

level thanat themaximumlevel.

2. Thedistributed-plasticityvariationsoverestimate(onaverage)theresidualdisplacementsfor

bothearthquake recordsandbothlevelsof excitation.

3. The imperfectcrackclosurevariation improvestheestimatesof residualdisplacementsfor

thedistributed-plasticitymodel.

4. Theimperfectcrackclosureassumptiondoesnot improve theresidualdisplacementscalcu-

latedwith thelumped-plasticityvariationswith standardsteelor degradingsteel.

The normalizedresidualdisplacementerror (Erd) is usedto further evaluatethe effective-

nessof themodelingstrategiesÕabilities to predictresidualdisplacements.This errormeasureis

deÞnedasthedifferencebetweenmeasured(∆meas
res ) andcalculated(∆calc

res ) residualdisplacements
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normalizedby themaximummeasureddisplacement,asfollows.

Erd = abs
$

∆meas
res −∆calc

res

∆meas
max

%
(10.1)

Erd is plotted for eachmodelingstrategy and eachcolumn for the Þrst designlevel and

Þrstmaximumlevel in Figure10.16.As notedpreviously, theimperfectcrackclosureassumption

improvestheestimateof residualdisplacementsfor thedistributed-plasticitystrategy. However, the

samecannot besaidfor the lumped-plasticitymethodology;thereis no signiÞcanttrendfor this

methodology. The effect of the crackclosurevariationsmay be moreevident in the distributed-

plasticity methodologybecausethe stress-deformationresponseof the concretein the bond-slip

sectionwasmodeledwith the the crackclosurevariations,anda signiÞcantportion of the total

deformationis attributedto this section.Therefore,themodelis moresensitive to this parameter.

No othersigniÞcanttrendscanbeobservedin thedata.

Morework is neededto improveestimatesof residualdisplacements.Onepossibleimprove-

mentwould be to remove the limitation on the imperfectcrackclosureconcretemodelthatdoes

notallow compressionstressin theconcretewhile it still hastensilestrain.Thiswouldamplify the

effectof imperfectcrackclosure,andmayimproveestimatesof residualdisplacements.
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Fig. 10.16 Normalized residualdisplacementerrors at Þrst designlevel and Þrst maximum
level in longitudinal and lateral dir ections
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10.2.5 Flexural Damage

In Chapter9, equationsweredevelopedto predictthedrift ratio(∆dam/ L), plasticrotation(θp dam),

andlongitudinalstrain(εdam) at theonsetof cover spallingandbarbuckling. In this section,these

damageequationsareappliedto the shake-tableteststo evaluatetheir accuracy. The following

analysiswascarriedout with only onemodelvariation from the previous section: the lumped-

plasticityvariationwith standardsteelandperfectcrackclosure.

Application of the drift-ratio equationsto this structuralmodel is difÞcult becausethe dis-

tancefrom thebaseof thecolumnto thepointof contraßexurevariesthroughoutthedurationof the

earthquake. This phenomenoncomplicatesthecalculationof thedemanddrift ratio,aswell asthe

calculateddrift ratiosat theonsetof coverspallingandbarbuckling (from thedamageequations).

The varying inßexion point also complicatesthe calculationof the plastic rotation at the onset

of bar buckling. SomesimpliÞcationsmustbe madeto apply the drift-ratio andplastic-rotation

methodologiesto this structuralsystem.For a preliminaryanalysis,thesystemis assumedto act

asa cantilever system,wherethedistanceto thepoint of contraßexure is constantandis equalto

the heightof the column. This assumptionis not accurate,but is performedhereto demonstrate

theprocessof applyingthemethodologies.Thedamageestimatesbasedon strainovercomethis

limitation, andshould provide a moreeffective meansof estimatingdamagein morecomplicated

systems.

Theresultsof thepreliminarystudy aresummarizedin tables10.8(cover spalling)and10.9

(bar buckling). In thesetablesthe calculatedengineeringdemandparameters(from the damage

equations)at the onsetof the damagestatesare reported,along with the maximumcalculated

engineeringdemandparametersbefore(ÒpreÓ)andimmediatelyafter (ÒpostÓ)the run wherethe

damagestatewasobserved.Theprobability(basedonstatisticsfrom Chapter9) thatcoverspalling

or barbucklingwill haveoccurredbeforeandaftertheobserveddamagerunarealsoprovided.

As seenin Table10.8,theonsetof cover spallingis accuratelypredictedwith theproposed

drift-ratio andplastic-rotationmethodologies(with currentinßexion point assumption).Whereas,

thestrainestimatesaccuratelypredictcover spallingin specimensA1 andA2, but only estimatea

10%probabilityof spallingin B1 and30%probabilityin B2.

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

probabilityof barbucklingafterthereporteddamagerun,thesameprobabilityis calculatedfor the
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runsprior to theobserveddamagerun. Theseresultssuggestthatestimatesof barbucklingmaybe

improvedif cycling is considered.

Table10.8 Summary of spalling estimates

∆sp/ L (%) θp sp (%) εsp (%)

pre post pre post pre post

col. calc max pr. max pr. calc max pr. max pr. calc max pr. max pr.

A1 2.1 0.9 4% 4.9 100% 1.5 0.0 0% 3.8 100% 0.8 0.1 1% 1.5 100%
A2 2.1 0.9 5% 4.9 100% 1.5 0.0 0% 3.8 100% 0.8 0.1 1% 1.4 99%
B1 2.1 1.1 7% 3.0 81% 1.5 0.1 0% 1.9 78% 0.8 0.1 1% 0.4 10%
B2 2.1 1.3 12% 3.0 83% 1.5 0.3 1% 2.0 85% 0.8 0.2 1% 0.6 30%

Table10.9 Summary of bar-buckling estimates

∆bb/ L (%) θp bb (%) εbb (%)

pre post pre post pre post

col. calc max pr. max pr. calc max pr. max pr. calc max pr. max pr.

A1 6.0 6.2 54% 6.2 54% 5.9 5.2 27% 5.2 27% 6.7 4.5 8% 5.9 32%
A2 6.0 5.5 36% 5.5 36% 5.9 4.5 13% 4.5 13% 6.7 6.7 50% 6.7 50%
B1 6.0 3.0 2% 4.5 15% 5.9 1.9 0% 3.4 3% 6.7 3.4 2% 5.9 30%
B2 6.0 4.5 14% 4.5 14% 5.9 3.4 2% 3.4 2% 6.7 5.0 15% 5.0 15%
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11 Summary and Conclusions

It is importantto characterizetheperformanceof bridgesduringearthquakesbecausethey arein-

tegral componentsof transportationnetworks. Lossof bridgefunctioncanhave severeeconomic

consequences,andandconsequencesto life safetywhenbridgesarecritical links in lifelines to

emergency facilities,which areparticularlyimportantaftera disasters.Althoughdamageto other

bridgeelementscanhaveeconomicandlife-safetyimpacts,reinforcedconcretecolumnsareoften

themostvulnerableelementsin a bridge,andcolumnfailurecanhave catastrophicconsequences.

Excessivedeformationscanresultin spallingof coverconcrete,bucklingof longitudinalreinforce-

ment,barfracture,reductionof ßexural capacity, andeventually, structuralcollapse.

Theobjectiveof thisprojectwasto develop,calibrate,andevaluatecolumn-modelingstrate-

giesto accuratelymodelcolumnbehavior underseismicloading,includingglobal forcesandlo-

cal deformations,aswell asprogressionof damage.The modelswerecalibratedusing the ob-

served cyclic force-deformationresponsesand damageprogressionobservationsof 37 testsof

spiral-reinforcedcolumns,representative of modernbridgeconstruction(Section1.3). This effort

is an importantsteptoward implementingperformance-basedearthquake engineeringfor modern

reinforcedconcretebridges.

11.1 CROSS-SECTIONMODELING

The accuracy of the column-modelingstrategiespresentedin this reportdependon the accuracy

of the cross-sectionmodel,andin turn the accuracy of the material constitutive modelsandthe

cross-sectiondiscretizationstrategy. Uniform andnonuniformradialdiscretizationstrategieswere

presentedin Chapter2. Basedon convergenceconsiderations,the following conclusionswere
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drawn.

1. A uniform radial discretizationschemewith 10 radial core divisions, 20 transversecore

divisions, 1 radial cover division, and 20 transversecover divisionsprovides a sufÞcient

mesh(220totalÞbers)for modelingthesectionresponseof a reinforcedconcretecolumn.

2. A nonuniformdiscretizationschemewith a coarsermeshnearthecenterof thecolumncan

beusedwith aninsigniÞcantlossof accuracy. Therecommendednonuniformdiscretization

strategy has140 total Þbers.The coarsemeshat the centerof the columnhasa radiusof

half thecolumndepthwith 10 transversedivisionsand2 radialdivisions. Thedensercore

concretemeshhas20 transversedivisionsand5 radial divisions,while the cover concrete

has20 transversedivisionsand1 radialdivision.

11.2 ENVELOPE RESPONSEOF DISTRIB UTED-PLASTICITY COLUMN-MODELING
STRATEGY

A distributed-plasticitymodelingstrategy wasdescribed,calibrated,andevaluatedbasedon the

enveloperesponseof theelementin chapters3 and4. In theproposeddistributed-plasticitymod-

eling strategy, a nonlinearforce-basedÞberbeam-columnelement,a zero-lengthbond section,

andanaggregatedelastic-shearsectionwerecombinedto modeltheßexural, bondslip andshear

componentsof thetotal tip deßectionof acolumn.In this formulation,nonlineardeformationsare

allowed to form anywherealongthe heightof the column. The following conclusionsaremade

abouttheenveloperesponseof theproposeddistributed-plasticitymodelingstrategy.

1. The proposeddistributed-plasticitycolumn-modelingstrategy provided an accuratemeans

of estimatingenveloperesponseof thebridgecolumns.Key accuracy statisticsarepresented

in Table11.1.

2. Theoptimalmodelparameterswereasfollows.

· Strain-HardeningRatio,b = 0.01.

· ElasticandInelasticBond-StrengthRatios,λe = 0.9 andλi = 0.45.

· DevelopmentBarStress,σd = 0.25σy.

· Numberof IntegrationPoints,Np = 5 (Cantilever Columns),Np = 6 (DoubleCurva-

ture).

· Bond-ModelEffectiveCompressionDepth,dcomp = 1/2neutralaxisdepthatεc = 0.002.
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· Shear-StiffnessRatio,γ = 0.4.

3. Thecalculatedresponseof thedistributed-plasticitymodelingstrategy is not sensitive to the

integrationschemefor columnswith hardeningsectionbehavior. However, the calculated

local deformationsvaried with the integration schemefor columnswith perfectly-plastic

sectionresponses.For columnswith degradingsectionresponses,both the local deforma-

tions andglobal forcesvary with the integrationscheme.This subjectivity is dueto strain

localizationsthatoccurat theintegrationpointwith themaximummoment.

Table11.1 Accuracy statisticsfor enveloperesponseof column-modelingstrategies

Distributed-Plasticity Lumped-Plasticity
Statistic Epush(%) S.R. M.R. D.R. Epush(%) S.R. M.R. D.R.

Mean 7.4 0.84 1.03 -0.51 7.9 1.00 1.05 -1.11
c.o.v. (%) - 15.6 7.9 - - 16.1 8.4 -

11.3 ENVELOPE RESPONSEOF LUMPED-PLASTICITY
COLUMN-MODELING STRATEGY

Theenveloperesponseof a lumped-plasticitycolumn-modelingstrategy waspresented,calibrated,

andevaluatedin chapters5 and6. In this approach,the nonlineardeformationsof the lumped-

plasticityformulationareassumedto beconcentratedin theprescribedplastic-hingeregion of the

column.In thelumped-plasticityformulation,therearenotseparatemodelcomponentsto account

for theshearandbondslip componentsof thetotal tip deßection.Theeffectsof thesedeformation

componentsareaccountedfor in theplastic-hingelength.Thefollowing conclusionsweredrawn

abouttheenveloperesponseof theproposedlumped-plasticityformulation.

1. The enveloperesponseof modernreinforcedconcretebridgecolumnscanmodeledaccu-

rately with the proposedlumped-plasticitymodelingstrategy. Key accuracy statisticsare

providedin Table11.1.

2. Theeffective cross-sectionstiffness,(EI)ef f , of theelasticportionof the lumped-plasticity

columnmodelcanbe estimatedasa function of the grosscross-sectionstiffness,EcIg, or

secantstiffness,(EI)sec= My/ φy, with thefollowing equations.

(EI)ef f = αcalc
g EcIg (11.1)
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(EI)ef f = αcalc
sec (EI)sec (11.2)

whereEc is themodulusof elasticityof theconcrete,Ig is themomentof inertiaof thegross

crosssection.Theparametersαg andαsec arestiffnessmodiÞcationratiosthataccountfor

theeffectsof barslip, sheardeformation,andaxial load.Theseparameterscanbecalculated

with thefollowing equations.

αcalc
g = 0.15+ 0.03

L
D

+ 0.95
P

Ag f ′c
+ 0.08ρl ≤ 1.0 (11.3)

αcalc
sec = 0.35+ 0.1

L
D
≤ 1.0 (11.4)

whereL is thedistancefrom thepoint of maximummomentto thepoint of contraßexure,

D is thedepthof thecolumn, fy anddb aretheyield stressanddiameterof thelongitudinal

reinforcement,P is theaxial load,Ag is thegrossareaof thecrosssection,f ′c is theconcrete

compressivestrength,andρl is thelongitudinal-reinforcementratio.

3. The lengthof the plastic-hingeregion of the lumped-plasticitycolumn-modelingstrategy

canbecalculatedwith thefollowing equation.

Lp = 0.05L + 0.1
fydb'

f ′c
≤ L

4
(11.5)

11.4 CYCLIC RESPONSEOF MODELING STRATEGIES WITH STANDARD
MATERIAL MODELS

Theinitial calibrationandevaluationof theproposeddistributed-plasticity(Chapter4) andlumped-

plasticity(Chapter6) modelingstrategieswerebasedon theenveloperesponseof thecolumns.In

Chapter7, the cyclic responseof the modelingstrategies (with standardmaterialmodels)was

evaluated,andinaccuracieswereidentiÞed.Basedon this study, the following conclusionswere

made.

1. Similaraccuracy canbeobtainedusingeitherof thedistributed-plasticityor lumped-plasticity

column-modelingstrategieswith standardcyclic materialmodels(Giuffre-Menegotto-Pinto

steelandKarsan-Jirsaconcrete).Key accuracy statisticsarepresentedin Table11.2. The

meanvaluesof the force errors(Ef orce) were 16.1% and 15.7%for both the distributed-

plasticityandlumped-plasticitymodels,respectively. Themeanvaluesof theenergy errors
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(Eenergy) were-23.7%and-19.9%for thedistributed-plasticity andlumped-plasticitymod-

els,respectively.

2. Theproposedmodelingstrategieswith standardcyclic materialmodelsaccuratelypredictthe

cyclic responseof thecolumnsat low levelsof ductility andcycling. However, themodels

failedto capturetheeffectsof degradationdueto cycling athigh levelsof ductility.

Table11.2 Accuracy statisticsfor cyclic responseof column-modelingstrategies

Ef orce (%) Eenergy (%)

ModelingStrategy (SteelModel) mean min max mean min max

Distributed-Plasticity(Standard) 16.1 6.6 44.7 -23.7 -109.7 13.4
Lumped-Plasticity(Standard) 15.7 6.5 45.1 -19.9 -112.7 20.7
Lumped-Plasticity(MohleandKunnath) 12.6 5.9 23.9 -4.5 -47.2 31.6

11.5 IMPROVED CYCLIC MATERIAL MODELS

The cyclic modelinginaccuraciesidentiÞedin Chapter7 wereaddressedin Chapter8. A steel

materialmodelproposedby Mohle andKunnath(2006),which accountsfor degradationdueto

cycling, waspresented,calibrated,andevaluated.A concretemodelthat accountsfor imperfect

crackclosurewasalsodevelopedandevaluatedin this chapter. The following conclusionswere

madebasedon theresultsof this study.

1. Theuseof a morecomplex steelconstitutive model(Mohle andKunnath2006), which in-

cludesdegradationdueto cycling, improvedtheaccuracy of the lumped-plasticitycolumn-

modelingstrategy (Table11.2). The meanforce error (Ef orce) decreasedfrom 15.7%with

thestandardsteelmodelto 12.6%with theMohle andKunnath(2006)steelmodelandcal-

ibratedparameters(Cf = 0.26 andCd = 0.45). The meanenergy error (Eenergy) improved

from -19.9%to -4.5%.

2. Thedistributed-plasticitymodelingstrategy issusceptibletostrainconcentrationsin perfectly-

plasticor degradingmembers(Section11.2).Therefore,theMohleandKunnath(2006)steel

constitutive modelshouldbeusedto modeldegradationdueto cycling only in the lumped-

plasticitycolumn-modelingstrategy.

3. The modiÞcationto the standardKarsanandJirsacyclic materialbehavior to accountfor

imperfectcrackclosuredid not signiÞcantlyaffect the accuracy of the proposedmodeling
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strategies.

11.6 COLUMN FLEXURAL DAMA GE

In Chapter9,aseriesof damagemodelsweredevelopedthatlink threeengineeringdemandparam-

eters(drift ratio,plasticrotation,longitudinalstrain)with threedamagestates(cover spalling,bar

buckling,andbarfracture).Table11.3summarizesthisstudyandprovideskey accuracy statistics.

Table11.3 Comparisonof damageestimates

∆meas
dam / ∆calc

dam

DamageState E.D.P. Equation mean cov (%)

CoverSpalling
∆calc

sp / L (% ) 1.6 (1−P/ Ag f ′c) (1+ L/ 10D) 1.07 34.9

(29columns) θcalc
p sp (%) 1.20 0.98 33.9

εsp 0.008 0.99 34.7

BarBuckling

∆calc
bb / L (% ) 3.25

+
1+ 150ρef f db/ D

,
(1−P/ Ag f ′c) (1+ L/ 10D) 1.01 24.7

θcalc
p bb (% ) 2.75

+
1+ 150ρef f db/ D

,
(1−P/ Ag f ′c) (1+ L/ 10D) 1.01 24.3

(33columns)
εcalc

bb 0.045+ 0.25ρef f ≤ 0.15 1.00 23.6

BarFracture

∆calc
bf / L (% ) 3.5

+
1+ 150ρef f db/ D

,
(1−P/ Ag f ′c) (1+ L/ 10D) 0.97 20.0

θcalc
p bf (% ) 3.0

+
1+ 150ρef f db/ D

,
(1−P/ Ag f ′c) (1+ L/ 10D) 0.97 19.6

(20columns)
εcalc

bf 0.045+ 0.30ρef f ≤ 0.15 0.96 20.5

1. Similar levels of accuracy canbe obtainedby estimatingthe onsetof damageusingdrift

ratio,plasticrotation,or longitudinalstrain(Table11.3).ThecoefÞcientsof variationfor the

ratiosof measuredto calculateddisplacementsat theonsetof spallingwereapproximately

35%for all threemethods.ThecoefÞcientsof variationfor theonsetof barbuckling using

the threemethodswereapproximately24%. For bar fracture,the coefÞcientof variations

wereapproximately21%for all threemethods.

2. Thedrift-ratio equationsprovide a practicalcorrelationbetweenanengineeringdemandpa-

rameterandkey damagestates.However, theapplicationof this methodis limited to tests

in which thethedistanceto thepoint of contraßexuredoesnot vary, theaxial loaddoesnot

vary, andthereis only uniaxialbending.Althoughestimatesbasedon plasticrotationsuffer
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from thesamelimitations,plasticrotationis a moreversatileengineeringdemandparame-

ter becauseit is moreeasilycalculatedin a complex model. The damageestimatesbased

on longitudinalstrainovercomethe limitations of the drift-ratio andplastic-rotationequa-

tions, however they requirea moredetailedmodel in which strainscanbe monitored,and

thecalculatedstrainsdependon theassumedplastic-hingelength.

11.7 APPLICATION OF COLUMN-MODELING STRATEGIES TO MORE COMPLEX
STRUCTURES

Theproposedmodelingstrategieswereevaluatedfor usein morecomplex structuresin Chapter10.

ThemodelswereÞrstusedto modelthecolumnsof a two-columnbenttestperformedat Purdue

University(Makido2006).Themodelingstrategieswerethenusedto modelthedynamicresponse

of shake-tablespecimenstestedat theUniversityof Californiaat Berkeley (Hachem,Mahin, and

Moehle2003).Thefollowing conclusionsweredrawn from thisstudy.

1. Theproposedmodelingstrategiesprovidedanaccuratemeansof predictingtheforce-

deformationresponseanddamageprogressionof the columnbent tests(Table11.4). The

stiffnessestimatesimproved by usingthe bondpropertiesidentiÞedby Ranf (2006). The

Mohle andKunnath(2006) steelconstitutive modelprovided a moreaccurateestimateof

cyclic response.

Table11.4 Accuracy statisticsfor bent specimen

Strategy SteelModel Epush(%) S.R. M.R. D.R.(%) Ef orce(%) Eenergy(%)

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 1.1 8.2 19.8 -56.3
Lumped MohleandKunnath 8.5 0.9 1.0 8.1 13.4 -33.5

2. The proposedcolumn-modelingstrategies provided an accuratemeansof estimatingre-

sponsemaxima,hystereticenergy dissipation,andcover spalling in the shake-tablespec-

imenstestedat the University of California at Berkeley. However, the modelswere not

successfulat predicting residualdisplacementsnor theeffect of cumulative deformationon

barbuckling.
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3. Similaraccuracy canbeobtainedbyusingeitherthedistributed-plasticityor lumped-plasticity

column-modelingstrategies. It is necessaryto usethedistributed-plasticitymodelingstrat-

egy whenthe locationof the yielding is unknown (e.g.,modelinga columnpartially em-

beddedin the soil). In situationsin which the locationof the plastichingeis known (e.g.,

cantilevercolumn),thelumped-plasticitymethodis preferred.Thismethodis moreefÞcient

(only onenonlinearintegrationpoint) andthe localizationissuesaregovernedby a calcu-

latedplastichinge(which hasa physical interpretation),ratherthana selectedintegration

scheme.

11.8 RECOMMEND ATIONS FOR FURTHER WORK

Thefollowing suggestionsaremadefor furtherwork.

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

further.

2. Thereturndrift andreturnstrainmodelsproposedby Freytag(2006)to estimatebarbuckling

shouldbeusedto evaluatethecolumntestsin thebridgecolumndatasetusedin this report.

3. Theeffect of varyingthedampingratio on thecalculatedresponseof theshake-tablespeci-

mensshouldbeevaluated.

4. The imperfectcrack closuremodel proposedin Chapter10 shouldbe improved to allow

compressivestresswhile theconcreteis still in thetensilestrainregion.
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