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ABSTRACT

Failure of concretein tensionandcompresionis simulatedby meansof a local (with fractureenegy adjuste-
ment) and a nonlocal damage-plasticityconstitutve model. A three-pointbendingtest, representingensile
failure, and a prism subjectedo eccentriccompressia, representinggompressie failure, areanalysed.The
meshsizeis variedto study whetherthe local andnonlocd modelare capableto describethe failure process
independentlyof the meshsize.

The resultsfor tensilefailure areindepenént of the meshsizefor both models. Compressie failure, on
the otherhand,cannotbe describedy thelocal model. The resultsof this modd arepollutedby pathologcal
meshsizedepemlence sincethesizeof theregion of localizedstrainsdoesnot depencbntheelementsize. The
nonlocal model,however, is capableo describecompressie failureindependentlyfrom the meshsize.

1 INTRODUCTION

Failure of plain conaetein tensionandcomgessionis characterize by softenirg, whichis accom-
paniedby the developmentof regions of highly localizedstrains. In the presentpapera local and
nonlacal damageplasticity corstitutive model is usedto simulatetensileandcompressve failure of
plain concete. It is investigatedwhetherthesemodelsarecapalte to describethe failure processn
anobjective way.

The constitutve modelis basedon three-d@mensiona elasto-plasticitywith the yield condtion
written in ternsof the effective stresscombired with a scalardamagenodelwith thedamag evo-
lution driven by the plasticstrain. This modelwasdevelgpedin anearlierstudyby theauthas [1].
The plasticity modelis characterizeé by a pressuresensitie yield condtion, non-associatedlow
andpressuradepenénthardeing. Softeniry is describe by thedamag model,usinganequialent
strainmeasurdasednthevolumetricplasticstrain,whichlinks, for instancetheplasticvolumetric
exparsionin compessionto the evolution of dama@. The damag history variable definedasthe
maximum equialentstrainreachedn the history of the material,is relatedto the damagevariabe
by anexponentialsofteninglaw.

In thecontext of the standaratontinwum theory a constitutie law with softeningleadsto local-
izationof inelasticstrainsinto a layerof width h. For tensilefailure hy is relatedto the sizeof the
finite elementsTherearetwo mainappoachego overcometheresultingpatholaical sensitvity of
the numericalresultsto thediscretization:

¢ Adjustmen of thesoftenimg law with respecto h, sothatthedissipateanegyisindegenden
of thesizeof thefinite elementssee[2].

¢ Application of alocalizatian limiter, whichleadsto asizeof thelocalizationzoneindegenden
of thediscretization



Thefirst apprach,denote aslocal,assumes nunerically represetedfracture processzoneof
width A, whichis meshsizedepemnlent. In the presentstudy the value h wasdetermind asthe
projectian of theelementsizenorma to the directian of themaxinmum principd strain.

Thelocalizationlimiters enface a specificsize of theregion of inelasticstrainsindepeientof
thediscretization We usetheintegral-typenonlacal model,which achievesthis by weightedspatial
averagiry of a suitablestatevarizble. In the presenstudythe equialert straine ¢ wasaveragel, as
propcedby PijaudierCabd andBazant[3] for nonlacal damag:
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whereés is the norlocal equivalert strain, o is the weight functionandV is the spatialdomain
representig thebody. Theweightfunctionis definedas
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Thefunction a, is thebell-shapd truncatedpolynomial function
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Theenegy perunit areadissipatedby the noriocal mockl in a uniaxal tensiontestis Gy = kRgr
whereR is the noriocal interaction radiws, gr is the areaunderthe local stress-strairturve and k
is a proportiorality factor which rangesetweenl.6and2 depandingon the shapeof the softening
curve,seef4].

In the following, boththe local andthe nonlacal appr@achesare usedto modelthe tensileand
compessve failureof plain concrée specimens.

2 STRUCTURAL EXAMPLES OF TENSILEAND COMPRESSIVH-AILURE

Two structurdexamples of tensileandcompessve failureareusedto studythe performarce of the
local andnonlacal damag-plasticitymodel. Of specialinterestarethe regions of localizedstrains,
in which eitherthe damagepart or the plasticity part or both areactive. Therefore,we call them
active regions. Triangular plane-strairfinite elementswith linear displacenentinterpdation were
usedto discretizethe specimen. Themeshsizewasvaried

Thefirstexanpleis athreepoint bendirg testof asingle-egenotchedeamestedoy Kormeling
andReinhard [5], seeFig. 1a. The materialparanetersarethe Yourg’s modulus E = 30 GPa, the
Poissors ratio v = 0.2, thetensilestrengthf, = 2.4 MPaandthefractue enegy G = 113 J/n®.
Thenonlacal interaction radius wassetto R = 25 mm andthe proportiorality factorto k£ = 1.6.

Threemeshewf differert elemensizewereused.Theload-displacemencurvesof thelocaland
nonlccal analyseswith the coarsemeshare comparedto the expaimentalbound in Fig. 1b. The
load-dsplacementurves for the analyseswith the threedifferert meshsizesareshowvn in Fig. 2a
andb for thelocal andnonlacal mockl, resp. The correspndingactive regions areshavn in Fig. 3
andFig. 4.

Thelocal modé overestimateghe load capacityandductility obsered in the experiments,see
Fig. 1b. This might be explained by the shapeof the active region, which is not a straightlayer,
but is forcedto follow the unstructued meshlines. The resultsof the norlocal modelis in better
agreemenwith the expeiimentalbounds, sinceherethe active zoneis not influened by the mesh
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Figurel: a) Geometryandloadingsetupof thethreepoint berding test.b) Compaisonof thelocal
andnonlccal FE analysesvith the experimentalbounds.
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Figure2: Theloaddisplacemencurvesfor differentmeshsizesfor a) the local modé andb) the
nonlacal model
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Figure3: Theactive regions of the 3 point bendng testfor thelocal mocel at 1/10 of the peakload
in thepost-pakregime.
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Figure4: The active regions of the 3 point bendng testfor the noriocal mockl at 1/3 of the peak
loadin the postpeakregime.

lines. Nevetthelesshothmodelsgive analmostmeshsizeindependem descriptionof tensilefailure
(Fig. 2), wheretheloaddisplacemencurves corvergeto alower bourd with decreaingmeshsize.

The secondexanple is a conceteprismloadedin eccentriccompessiontestedby Deberrardi
andTaliano[6]. Thegeonetry andloading setupis shawvn in Fig. 5a.
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Figure5: a) Geomety andloadirg setupof the eccentriccompresiontest. b) Comparisorof the
load meancunaturecunesof thelocal andnoriocal mocel with theexperimentalones.

The materialpraopertieswerechoserasthe Younds modulus E = 30 GPa, the Poissoré ration
v = 0.2, thecompessve strengh f. = 56 MPa, thetensilestrengthf; = 4 MPa andthefracture
enegy in uniaxal tensionGr = 100 J/n?. The norlocal interadion radiuswassetto R = 0.025
andthe proportionality factorto k = 1.6.

Theresultsarepreseted by meanof loadmeancurvaturerelationsin threedifferentregions of
thespecimensseeFig. 5a,. Themeancunatureis definal astheaveraye strainmeasureantheleft
andright boundaryof theregion divided by the distancebetweerthe two edges.The expelimental
resultsarepresentedn Fig. 5b. Theresultsof thefinite elementsarenot directly compaedto the
experimentalresults sinceplanestrainfinite elementsvereusedin the analysesThe compessve
respons®f concetein plain strainis charaterizedby a significantlygreaterductility thanin plane
stresswhich would bettercorresjpndto the expeimentalsetup.However, a planestressversionof
the constitutve mocel is not yet available. Two mesheof different elemen size wereused. The
load-men curvaturecurveswith the correspondig active region plots are presetedin Fig. 6 and
Fig. 7 for thelocalandnonloal model,resp.
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Figure6: a) Theload-meancurvature curvesof the local modelfor threedifferentmeshsizes. b)
Theactive region plotsof the coarseandmediummeshat 170kN in the postpeakregime.
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Figure7: a) Theload-meancurvature curves of the nonlo@al modé for two differentmeshsizes.b)
Theactive region plotsof the coarseandmediummeshat 170kN in the postpeakregime.

The gereral betavior is well captued by the analyses. The strainsin the compresive zone
localize in region 2, which is manifestedby a reductio of the load acconpaniedby increasing
cunatue. Regions1 and3, onthe contrary, shav anunloadng responsén form of decrasingload
accompaiedby decreasig cunature.A similarrespmsewasobseredin the experiments.

Theresultsof theanalysesvith thelocal modelfor thedifferentmeshsizes(seeFig. 6a)shov a
clearmeshdepenlencethefinerthemeshthemore ductiletherespmse.This trendwasconfimed
by an addtional analysiswith a very coarsemesh. The resultsof the analyseswith the norlocal
model,onthecontray, shav almostnomeshdepaexdence Thetwo meshesesultin almostthesame
responseén form of the load-meancurveture relations,depictedin Fig. 7a. The meshdependence
of thelocal modelcanbe explained by the active regions plottedin Fig. 6b. The sizeandshapeof
theactive regionsin thecompessve zoneis almostmeshsizeindegenden. Thus,thefundanental
assumptiorof a mesh-@pendenactive regionis violatedandthe local mockel exhibits pathdogical
meshdepeidence. The norocal model, on the otherhand,relies on an mesh-inépendat active



region. Thus,this model gives mesh-inépenént results,whenmodelirg conpressve failure of
plainconcrée.

3 CONCLUSIONS

Theevaluatian of theperfamanceof alocalandnorlocal danage-plasticitymodel in describinghe
tensileandconypressve failure of plain concretdeadsto thefollowing condusions:

¢ Boththelocal andnonlo@l mockelsareableto describeensilefailure,exenplified by athree
pointbendirg test,indepeently of the meshsize.

e Compressve failure, exemgified by an eccentic compresiontest,canonly be modeledby
the nonlo@l apprach. The resultsof the local model are polluted by pathdogical mesh
depemlence.This meshdepewlenceis causedy a diffuseregion of inelasticstrains,which
violatesthe assumptiorof localizationmadefor the adjustmentof the softenirg modulus.

Theseconclwsionsneedto be confirmedby further investigdions. In particuar, additioral example
of compessve failureshouldbe studied
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