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Summary It is proposedo determinedamageparameter@ two dimensiongsurfaceof a material)or threedimensiongin thebulk of
asolid) by usingfull-field displacemenmeasurements\ finite-elementpproachs developedto evaluatepiece-wiseconstanelastic
parametersnodeledby anisotropicdamagevariable. Two setsof examplesarediscussedThefirst seriesdealswith mechanicafields
obtainedby finite elementsimulationsto assesshe performanceof the approach.The secondseriesis concernedvith displacement
measurementserformedduring a biaxial teston a compositematerial.

INTRODUCTION

The currentdevelopmentof reliable displacemenfield measurementechniquesnablesoneto bettercharacterizehe
behaior of materialsandthe responsef structuredo externalloadings. Homogeneousnaterialsundercomplex load
historiesor heterogeneoumicrostructuresnducekinematicfields that requirefull-field analysego understandhe in-
teractionsbetweenthe materialmicrostructureand the externalloading. Full-field measurementsften needinversion
techniquego determinghe mechanicapropertiedield of the materials.Updatingtechniquedasediponthe constitutve
equationerror [1, 2, 3] have beenusedin the analysisof vibrations[4], the determinationof damagefields [5] or to
study heterogeneoutests(e.g., Brazilian test[6]). Similarly, the so-calledvirtual field methodhasbeenusedto iden-
tify homogeneoupropertiesof compositeq7, 8] (i.e., in anisotropicelasticity). Another procedures baseduponthe
reciprocitygap[9] thatcanalsobe usedto determinethelocal elasticfield or to detectcracksin elasticmedia[10]. An
alternatve methodthatonly needdisplacementield datais proposedIn the presentasethein-planedisplacementare
measurean surfacesnf sampledy digital imagecorrelation.lt thereforeconsistsn identifying elasticpropertyfieldson
the surfaceof asample.

THE EQUILIBRIUM GAP METHOD

An identificationformulationis derivedin which the displacements.(x) areknownandthe elasticpropertiesare un-
known. This problemsettingis uncorventionalin the sensethat classicalFE formulationsassumeknown mechanical
propertiesandtry to determinethe displacementfield for differenttypesof boundaryconditions. The potentialenegy
theoremallows for aweakformulationof theequilibriumequationswhichis linearly dependenvnthedisplacementand
elasticproperties.Quadraticsquareelementsare consideredor which eachnodecorrespondso a measurementoint.
This hypothesisallows usto derive a specificformulationin which only middle nodesareconsideredWhenthedamage
parametetD, is constanfor agivenelement occupying adomain(,, the elementanstiffnessmatrix canbe written as

[Kme](De) =(1- De)[KmeO] 1)

where[K 0] is the elementarystiffnessmatrix of an undamagedtlement. Similarly, the strainenegy E,,. canbe
written as

Eme(De, {ue}) = . _2De {ue}t[KmeO]{ue}: 2)

where{u.} is the nodaldisplacementolumnvectorand? the matrix transposition.In the absencef externalload on
theconsideredodesaresidualforce F',. for eachmiddlenode’' £+’ of two neighboringelements—' and‘+' ariseswhen
equilibriumis not satisfied

F, = f”imi (D7, DF {uz} = {ug}, {uf} = {uh}), 3)
+

with B, (D7, D}, {u; },{utr}) = Ene(D;,{u;}) + En.(DF,{uf}), whereu is thedisplacementectorof the
consideredniddle node‘+’, D;, D} arethe damagevariablesin elements —' and‘+’, respectiely. In Eqn.(3), the
nodaldisplacement§u, } and{u}} areequalto the correspondingneasurementéu,,, } and{w;,}. Theequilibrium
gapmethodconsistsn minimizing anormof theresidualsF', with respecto theunknovns D, andD. By considering
all the equilibrium equationsa global (over-determined)inear systemis obtained[11]. Basedupontheresidualsjocal
errorindicatorsareintroduced.Of those,a wholefamily canbe definedwhenthe exactsolutionis unknown.




APPLICATIONS

A first seriesof computationgonsidersa structurediscretizedwvith quadraticelements Threeedgesareclampedand,in
themiddle of thefourth one,a point-forceis applied.A uniform damagedistribution is choserandvariesbetweerD and
0.9. Thefirst stepconsistdn runninga conventionalFE analysis.The nodaldisplacement§.e., the“measurements'are
storedandconstitutetheinputsto thedamagedentificationprocedure Theaimis to usethenon-standaréE formulation
to recover the damagefield. Sincethe damagefield is known, an RMS error betweenthe prescribedand identified
damagevaluescanbe used. For morethan 2400 elementsa maximumerror of 5.1%is obsened for all the analyzed
configurationg11].

Seconda vinylestermatrix reinforcedby E glassfibersis studied.A quasi-uniformdistribution of orientationdeadsto
an isotropic elasticbehavior prior to matrix crackingand fiber breakagewhich arethe main damagemechanisms.A
cross-shapedpecimeris loadedin a multiaxial testingmachine(Fig. 1-a). The experimentis performedin sucha way
thattheforcesappliedalongtwo perpendiculadirectionsareidentical. Thedisplacementield of Fig. 1-bis measuredby
digital imagecorrelation.Each“measuremenpoint” correspond$o the centerof aninterrogatiorwindow of size64 x 64
pixels, equivalentto a surfaceof about8 mm?. At this scale the materialis not homogeneougseeFig. 1-a). The shift
betweerntwo neighboringmeasuremerpointsis 32 pixels. A sub-pixel algorithmis used.It enabledor a displacement
resolutionof afew hundredth®f onepixel for 8-bit pictures.To achieve a betterrobustnessaniterative andmulti-scale
versionwasused[12]. Figure1-c shavs the damagefield computedfrom the measuredlisplacemenfield. Fromthe

analysisof Fig. 1-b, a crackclearlyappear®n thetop left cornerfor thelastload level beforefailure. This crackcanbe
obsenedby thethreedarkelements.
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Figure 1. a-Samplen the testingmachineASTREE and microstructureof the studiedcomposite. b-Displacemenfields measured

by digital imagecorrelationfor oneload level closeto failure. c-Correspondinglamagefield (1 — D) identifiedwith the proposed
approach.
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