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DAMAGE FIELD IDENTIFICATION USING FULL-FIELD DISPLACEMENT MEASUREMENTS
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Summary It is proposedto determinedamageparametersin two dimensions(surfaceof a material)or threedimensions(in thebulk of
a solid) by usingfull-field displacementmeasurements.A finite-elementapproachis developedto evaluatepiece-wiseconstantelastic
parametersmodeledby anisotropicdamagevariable.Two setsof examplesarediscussed.Thefirst seriesdealswith mechanicalfields
obtainedby finite elementsimulationsto assesstheperformanceof theapproach.Thesecondseriesis concernedwith displacement
measurementsperformedduringa biaxial testona compositematerial.

INTRODUCTION

The currentdevelopmentof reliabledisplacementfield measurementtechniquesenablesoneto bettercharacterizethe
behavior of materialsandthe responseof structuresto external loadings. Homogeneousmaterialsundercomplex load
historiesor heterogeneousmicrostructuresinducekinematicfields that requirefull-field analysesto understandthe in-
teractionsbetweenthe materialmicrostructureandthe external loading. Full-field measurementsoften needinversion
techniquesto determinethemechanicalpropertiesfield of thematerials.Updatingtechniquesbasedupontheconstitutive
equationerror [1, 2, 3] have beenusedin the analysisof vibrations[4], the determinationof damagefields [5] or to
studyheterogeneoustests(e.g., Brazilian test[6]). Similarly, the so-calledvirtual field methodhasbeenusedto iden-
tify homogeneouspropertiesof composites[7, 8] (i.e., in anisotropicelasticity). Anotherprocedureis baseduponthe
reciprocitygap[9] thatcanalsobeusedto determinethe local elasticfield or to detectcracksin elasticmedia[10]. An
alternativemethodthatonly needsdisplacementfield datais proposed.In thepresentcase,thein-planedisplacementsare
measuredonsurfacesof samplesby digital imagecorrelation.It thereforeconsistsin identifyingelasticpropertyfieldson
thesurfaceof asample.

THE EQUILIBRIUM GAP METHOD

An identificationformulation is derived in which the displacements�����	� areknownandthe elasticpropertiesareun-
known. This problemsettingis unconventionalin the sensethat classicalFE formulationsassumeknown mechanical
propertiesandtry to determinethe displacementfield for differenttypesof boundaryconditions. The potentialenergy
theoremallowsfor aweakformulationof theequilibriumequations,whichis linearlydependentonthedisplacementsand
elasticproperties.Quadraticsquareelementsareconsideredfor which eachnodecorrespondsto a measurementpoint.
This hypothesisallows usto derivea specificformulationin which only middlenodesareconsidered.Whenthedamage
parameter
�� is constantfor agivenelement
 occupying a domain ��� , theelementarystiffnessmatrixcanbewrittenas
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where
� ��� ����� is the elementarystiffnessmatrix of an undamagedelement. Similarly, the strainenergy  � � canbe

writtenas
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where # � �"% is thenodaldisplacementcolumnvectorand ( the matrix transposition.In the absenceof externalloadon
theconsiderednodes,aresidualforce +�, for eachmiddlenode‘ - ’ of two neighboringelements‘ � ’ and‘ . ’ ariseswhen
equilibriumis not satisfied
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 5� !$# � 5 � % � , where� 1 is thedisplacementvectorof the
consideredmiddlenode‘ - ’, 
 2� !�
 5� arethe damagevariablesin elements‘ � ’ and‘ . ’, respectively. In Eqn.(3), the
nodaldisplacements# � 2� % and # � 5 � % areequalto the correspondingmeasurements# � 2� % and # � 5� % . Theequilibrium
gapmethodconsistsin minimizinganormof theresiduals+�, with respectto theunknowns 
 2� and 
 5� . By considering
all theequilibriumequations,a global (over-determined)linearsystemis obtained[11]. Basedupontheresiduals,local
errorindicatorsareintroduced.Of those,a wholefamily canbedefinedwhentheexactsolutionis unknown.



APPLICATIONS

A first seriesof computationsconsidersa structurediscretizedwith quadraticelements.Threeedgesareclampedand,in
themiddleof thefourth one,a point-forceis applied.A uniform damagedistribution is chosenandvariesbetween0 and
0.9.Thefirst stepconsistsin runningaconventionalFEanalysis.Thenodaldisplacements(i.e., the“measurements")are
storedandconstitutetheinputsto thedamageidentificationprocedure.Theaimis to usethenon-standardFEformulation
to recover the damagefield. Sincethe damagefield is known, an RMS error betweenthe prescribedand identified
damagevaluescanbe used. For morethan2400elements,a maximumerror of 5.1%is observed for all the analyzed
configurations[11].
Second,a vinylestermatrix reinforcedby E glassfibersis studied.A quasi-uniformdistribution of orientationsleadsto
an isotropicelasticbehavior prior to matrix crackingandfiber breakage,which arethe main damagemechanisms.A
cross-shapedspecimenis loadedin a multiaxial testingmachine(Fig. 1-a). Theexperimentis performedin sucha way
thattheforcesappliedalongtwo perpendiculardirectionsareidentical.Thedisplacementfield of Fig. 1-b is measuredby
digital imagecorrelation.Each“measurementpoint” correspondsto thecenterof aninterrogationwindow of size 9�:<;=9>:
pixels,equivalentto a surfaceof about8 mm? . At this scale,thematerialis not homogeneous(seeFig. 1-a). Theshift
betweentwo neighboringmeasurementpointsis 32 pixels. A sub-pixel algorithmis used.It enablesfor a displacement
resolutionof a few hundredthsof onepixel for 8-bit pictures.To achievea betterrobustness,aniterative andmulti-scale
versionwasused[12]. Figure1-c shows the damagefield computedfrom the measureddisplacementfield. From the
analysisof Fig. 1-b,a crackclearlyappearson thetop left cornerfor thelast loadlevel beforefailure. This crackcanbe
observedby thethreedarkelements.
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Figure 1. a-Samplein the testingmachineASTRÉEandmicrostructureof the studiedcomposite.b-Displacementfields measured
by digital imagecorrelationfor oneload level closeto failure. c-Correspondingdamagefield R�SUTWVYX identifiedwith the proposed
approach.
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