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Abstract

Mechanicalcompressionandtearingtestsarecarriedout on crimpedglasswool samples.

Thedisplacementfield is determinedby usingdigital imagecorrelationbasedon imagestaken

at differentstagesof themechanicaltests.A multiscalealgorithmis usedto resolve accurately

fine detailsof thedisplacementfield. This techniquerevealsstrainheterogeneitiesandfurther

localisationin compressiontestswell below thepeakstress.Crackformationsareidentifiedin

tearingtests. Reliability andresolutionof the displacementandstrainfields arevalidatedby

usingdifferentwindow sizesin thecorrelationanalysis.
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Notations
 : in-planedisplacementvector�
: noise�
: signal
 : shiftedsignal�
: cross-correlation� : integer� : in-planedisplacementvector� � : local displacementcomponentalongthe1-direction� : positionvector��� : positionvectorassociatedto scaleno. �
�

: in-planestraintensor�����
: integers�

: windowing matrix��� �
: graylevel matrixof thezoneof interest

! : constant"
: constant#
: shift betweentwo neighbouringZOIs$&%

: correctionof in-planetrial displacementvector$('
: sub-pixel correctionof in-planetrial displacementvector) : in-planeglobalstrain) �*� : local normalstrainalongthe1-direction+-, : displacementresolution+/. : strainresolution%

: in-planetrial displacementvector%10
: initial evaluationof in-planetrial displacementvector
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% � : interpolationat scale� of thein-planedisplacementfield

2 : cross-correlationoperator

‘.’: dummyvariable

1 Intr oduction

To modelthemechanicalpropertiesof materials,oneneedsconstitutiveequationsvalidatedthanks

to mechanicaltests. To carry out tests,different measurementtechniquescan be used,namely,

acousticemissionlocation [1] that correspondsto microcrackingeventsin brittle or quasi-brittle

materialssuchas concrete,compositesor rocks, replica techniques[2] that enableone to iden-

tify fatiguedamageat thesampleface,or opticalmethods.Sinceopticalmethodsarenon-contact

measurements[3], they have a largefield of applicationin materialsandstructuralmechanics[4].

Becauseof the size of the analysedregion, the measureddisplacementfields can reveal hetero-

geneitiesat the surfaceof the sampleduring mechanicaltests. Theseheterogeneitiescanbe the

onsetof strain localisation. Crackscanalsobe analysedby thesetypesof techniques[5, 6]. As

optical methodsprovide a local evaluationof kinematicfields, local strainsand/ordisplacements

canbefollowedduringthetestandthenstrainlocalisationcanbeidentifiedataveryearlystage[7].

Theaim of thepresentpaperis to analysemechanicaltestson very soft materialssuchasmineral

wool. So-calledcompressionandtearingtestsaretwo meansfor assessingthemechanicalproper-

tiesof thisclassof materials[8, 9]. Duringthesetests,it will beshown thateitherstrainlocalisation

or crackingoccur, sothatfull-field measurementtechniquesareneeded.Amongmany opticaltech-

niques[10, 11, 12, 13], digital imagecorrelation(DIC) [14, 15, 16] is chosenin thepresentcase.

The DIC techniqueis particularlysuitedfor the analysisof “soft” solidswherestraingaugescan

bedifficult to positionor maydisturbtheresponseof thematerial(e.g., polymers[17, 18], mineral

wool [19, 20], woodandpaper[21]). Furthermore,thestrainlevelsaregreaterthana few percents,

therebypreventingtheuseof someof theabove-mentionedopticaltechniques.
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DIC methodsareeasyto useandhave proven to be an efficient tool whoseresolutioncanbe ex-

tendedmuchbelow the pixel value(i.e., 35476 � pixel or below in somecases[22]). Whenthe dis-

placementbetweentwo imagesusedfor thecalculationis too important,classicalmethodsfail to

give an accurateresult. In that case,a multiscaleapproachof DIC [20] canbe usedto allow for

large displacementsbetweenimageswith both a very goodrobustnessandresolution. Section2

introducesthecrimpingprocessof mineralwool. Theaim of this industrialprocessis to getbetter

mechanicalperformancesfor a givendensityof thematerial.Section3 dealswith two DIC meth-

ods. Theconventionalapproachandthemultiscalealgorithmarediscussed.A resolutionanalysis

is performedto choosethe relevantcorrelationparameters.Last, the mechanicaltestscarriedout

on crimpedglasswool samplesareanalysedin Section4. Compressiontestsareperformedup to8:9 4 % globalstrain.Tearingtestsarealsocarriedoutonthesamekind of samplesupto 35; % global

strain.

2 Crimped glasswool

Mineral wool is a productmadeof fibres,whoseaveragediameteris micrometricandlengthmilli-

to centimetric. Entangledfibresareboundwith a formo-phenolicresin. As produced,the wool

hasa laminatedstructurewith clearlyvisible densitydifferencesthroughtheproductthickness.As

such,thecompressionandtearingresistancesof thewool arepoorevenatmediumdensities.To in-

creasethemechanicalperformances,“crimping” is performed.Thisconsistsin imposinganon-line

compressionalongthestratificationplaneto rotatetheanisotropy axisalongthe thicknessaxisor

to bucklethesedenseplanesfor amoreisotropictexture(Fig. 1). In bothcases,for agivendensity,

muchbettermechanicalperformancesareachieved. Compressive strengthcanbe enhancedby a

factorof two or moreby crimping. This underlinesthekey role of theproducttexture for its me-

chanicalbehaviour, andhenceapropercharacterisationof boththelocal texture,andthelocalstrain

(andtheir interdependence),is requiredto optimisetheproduct.This motivatesthestudydetailed

in Section4.
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3 Displacementmeasurementby digital imagecorrelation

DIC is basedon the useof an imagematchingalgorithm(i.e., correlationproduct),which canbe

performedeither in the physicalspace[16, 23] or in Fourier space[24, 25, 26]. In the present

case,Fourier computationsareused.The in-planedisplacementfield is evaluatedwith the cross-

correlationof an interrogationwindow in the picture of the deformedsurfacewith respectto a

referenceone.Oneadvantageof suchamethodcomesfrom themultipurposeequipmentnecessary

to its practicaluse,namely: a CCD camera,a fastdataacquisitioncard,a computeranda white

light source.

To determinethedisplacementfield of oneimageof thedeformedsurfacewith respectto areference

image,oneconsidersasub-imagewhichwill bereferredto asaZoneOf Interest(ZOI). Theaimof

thecorrelationmethodis to matchtheZOIs in thetwo images(Fig. 2). Thedisplacementof a ZOI

with respectto the otheroneis a two-dimensionalshift of an intensitysignaldigitisedby a CCD

camera.Oneconsiderssignals
 thataremerelyperturbationsof a shiftedcopy of somereference

signal
� 
=< �1>1? � < � 8 ��>A@ � < �B> (1)

where� is anunknown in-planedisplacementvectorassumedto beconstantlocally and
�

arandom

noise. To evaluatethe displacement� , one may minimise the norm of the differencebetween� < � 8 % > and 
=< �1> with respectto a trial displacement
%CEDGFH <�I�
J<LK > 8 � <MK 8 % > I � > (2)

If onechoosestheusualquadraticnorm I � I � ?ONPNRQ � < �1>5Q �TS � , thepreviousminimisationproblem

is equivalentto maximizingthequantity
� <VU >� < % >W? <X
 2 � > < % >1YOZ[Z 
=< �1> � < � 8 % > S � (3)

Furthermore,when
�

is awhitenoise,thepreviousestimateis optimal.
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3.1 Conventional Approach

In practice,two imagesareconsidered.Thefirst one,referredto as“referenceimage”andthesec-

ondone,called“deformedimage”. Thereferenceimage,schematicallyshown in Fig. 3, is meshed

by ZOIs that form the region of interest(ROI). The sub-ROI of area 9]\_^`9ba pixels, is extracted

from the ROI in the referenceimagewith the largestvaluesof
�

and
�

. A first FFT correlation

is carriedout on thesub-ROI. Themaximumvalueof thecross-correlationproductenablesoneto

estimatethe averagedisplacement
%10

. The ROI in the deformedimageis thencentredat a point

correspondingto thecentreof theROI in thereferenceimagemovedby anamount
%W0

. A second

analysisis thenperformedfor eachZOI independently. Eachmaximumof the calculatedcross-

correlationfunctiongivesa first valueof the in-planedisplacementcorrection
$&%

. Thecentresof

theZOI in thedeformedimagearethenmovedby anadditionalamount
$&%

.

A sub-pixel iterativeschemecanbeusedto haveestimationsfor whichtheresolutionis of theorder

of ahundredthof pixel for c -bit pictures[27]. An additionalcross-correlationis performed.A sub-

pixel correctionof the displacement
$('

is obtainedby determiningthe maximumof a parabolic

interpolationof thecorrelationfunction. The interpolationis performedby consideringthemaxi-

mumpixel andits eightnearestneighbours.Therefore,oneobtainsa sub-pixel value.By usingthe

“shift-modulation”propertyof Fourier transform,thedeformedZOI canbe movedby an amount$('
. Sincean interpolationis used,onemay inducesome(small) errorsrequiringto re-iterateby

consideringthe new “deformed” ZOI until convergence.The procedureusedcheckswhetherthe

maximumof the interpolatedcorrelationfunction increasesasthe numberof iterationsincreases.

Otherwise,the iterationschemeis stopped.To limit the influenceof edgeeffects,a windowing of

theZOI canbeperformed. It consistsin constructingaperiodicZOI, d�B� � , by averagingthepixels

on theedgesof theinitial ZOI (i.e., “blurring” theedges)d�B� � ? � �B� �=�
(4)

wherethematrix
�

is equalthe identity matrix apartfrom thefour “corners”,which areequalto3fe 9 .
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This first approachis well-suitedfor smallperturbations,but if displacementsaretoo large,thein-

formationin theZOI of thereferenceimagewill bepartially lost in theZOI of thedeformedimage,

i.e., thereis not enoughinformationto determinea reliablecorrection
$/%

. To usethe methodin

thedomainof largestrains,asfor thecaseof mineralwool, a largeZOI sizeshouldbeused,whose

maindrawbackis to averagedisplacementsovera largersurface.However, theaim of acorrelation

calculationis to determinedisplacementfields at the scaleof texture heterogeneities.The maxi-

mummeasurabledisplacementfor thealgorithmto converge to thepropersolutionhasthento be

increased.This is achievedby usingamultiscalealgorithm.

3.2 Multiscale algorithm

The aim of the multiscalealgorithmis to improve thespatialresolution(i.e., to decreasethe ZOI

size),yetallowing for alargedisplacementbetweentwoconsecutiveimages.Thepreviousapproach

is recursively appliedon imagesat differentscales.Figure4 shows the constructionof imagesat

differentscales.Scaleno. 4 correspondsto the consideredimageandscaleno. 3 to the region of

interest.Scaleno. 9 , extractedfrom the ROI, is determinedby the largestvaluesfor
�

and
�

so

that the correspondingareaof the sub-ROI is 9]\_^`9ba pixels (Fig. 3). From scaleno. g on, each

transitionis characterisedby thedefinitionof super-pixels. Thelatteraredefinedrecursively from

onescaleto thenext by averagingthegray levelsof 9E^h9 neighbouringpixels. This procedureis

carriedout until theminimumsizeof thesub-imageis equalto 128pixels. Theanalysisstartsat,

say, scaleno. i andendsatscaleno. 3 . Thisallowsoneto obtainamaximummeasurablestrainfour

timeslargereven if themaximummeasurabledisplacementis still limited [20], asin thestandard

approach,only to thecoarserscale(herescaleno.4).

Startingon the highest(i.e., coarser)scale,for which the sub-imagesize is at leastequalto 128

super-pixels(seeFig. 4), a first correlationis performed.Fromthis first computation,thedisplace-

mentfield
% � is interpolatedas % � < �j�k>W? � ���l@m
 (5)
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Tocheckthisfirst estimate,thecentresof eachROI of the“deformed”imagearerelocatedaccording

to thesefirst estimates.A new correlationis performedandcorrectionsto thepreviousdisplacement

field areevaluated.The iterationsarestoppedassoonasthereis no new correctionbetweentwo

iterationsfor any ZOI analysed.This iterative procedurewasimplementedto make the displace-

mentevaluationmorerobust. This robustnessis a key to thesuccessof theprocedure.If ever the

displacementis not properlyevaluatedon higherscales,thereis no chanceof gettinga goodfinal

result[20]. Consequently, thefirst evaluationshave to beperformedverycarefully.

Whenthe iterative procedurestopson scaleno. � , it proceedsto scaleno. ( � 8 3 ). Having identi-

fied a first estimateof thedisplacementfield, it is usedto positiontheZOIs on scaleno. ( � 8 3 ),
accordingto thetransformationrulesassociatedto eachscaletransition.Thesameiterativescheme

is followedfor scalesno. ( � 8 3 ) to 2. In practice,theusercanchoosebetweena first evaluation

that is very fastsinceit remainson thepixel (or super-pixel) level, andanaccurateevaluationre-

quiring several iterations. On scaleno. 1, the userselectseithera pixel or a sub-pixel resolution

of thedisplacementby following theabovedescribedsub-pixel procedure,therebyallowing for the

measurementof small levelsof strainsaswell aslargelevelsthatwill beevaluatedin thefollowing

section.

Whena sequenceof morethantwo imagesis analysed,two routescanbe followed. Thefirst one

consistsin consideringthe samereferenceimage. It follows that theerrorsarenot cumulatedbut

thereexistsa maximumstrainlevel above which themethodfails. Thesecondoneconsidersthat

the referenceimageis the deformedimageof the previousstep(i.e., updatingprocedure).Under

thesehypotheses,thereis no real limitation, apartfrom thefact that theerrorsarenow cumulated.

Strainsof theorderof 1 andmoreareroutinelyobservedin a full-field assessmentevenwith acon-

ventionalDIC technique[18]. Theprocedure,CORRELIn5ojp , is implementedin MATLAB pqo [28].

On artificially deformedimages,strainsof the orderof rsgk4 % canbe measured[20, 29] between

two pictures.
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3.3 Performanceof the algorithm

Theaimof thispartis to estimatetheresolutionof thecorrelationalgorithmusedherein.Two kine-

maticquantitiesaregoingto beanalysed,namelydisplacementsandstrains,theresolutionof which

will beestimatedwhenthecorrelationparametersaremodified. To have independentestimatesof

thedisplacementsin thefollowing analyses,theshift
#

is equalto theZOI size(i.e.,
# ? 9 � pixels).

First, the displacementresolutionis estimated.In the presentcase,a constantdisplacementvary-

ing between0 and 1 pixel, with an incrementof 0.1 pixel is applied artificially by using the

shift/modulationpropertyof Fourier transforms[27]. The averagegivesan evaluationof the er-

ror andthestandarddeviation thatof thecorrespondingresolution.Thesepropertiesareassociated

to theanalysedtexture. Figure5 shows theaverageerrorandthecorrespondingstandarddeviation

asafunctionof theapplieddisplacementfor differentZOI sizes.For agivenZOI size,themaximum

error is reachedwhentheprescribeddisplacementis equalto 0.5 pixel. In this case,the informa-

tion betweeneachZOI in thereferenceanddeformedpicturesis themostbiased.Furthermore,the

larger the ZOI, the smallerthe error. However, if the ZOI sizeincreases,the spatialresolutionis

degraded,i.e., lessindependentmeasurementpointsareobtained.Second,thestrainresolutionis

determinedby usingthe samesequenceof pictures. From the displacementfield, the strainsare

evaluatedby usingaclassicalfinite differencesschemesothatthespatialresolution(i.e., thegauge

length)is equalto 9E^ # , i.e., 9 �5t � pixels. In all cases,themeanstrainis lessthan i ^ 354q6qu . The

strainresolutionis moresensitiveto
#

(hereequalto theZOI size)thanthedisplacementresolution

to theZOI size(Fig. 6-a).

Figure6-b shows the changeof the meandisplacementandstrain resolutionswith the ZOI size

whenthedisplacementrangevariesbetween0 and1 pixel. For �Rv i apowerlaw with anexponent

of theorder 8 3 is obtainedfor themeandisplacementresolution+-,
+-, ? ! �9 � (6)

with ! ? 4 Kxw i pixel, therebyindicatingthat for a largerangeof ZOI sizes,thedisplacementreso-
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lution andthespatialresolutionaretheresultof a compromisedescribedby Eqn.(6). Let usnote

thatEqn.(6) shows a non trivial dependence.Sucha formulacanbeunderstoodin thecontext of

thecentrallimit theorem,whendeviationsfrom a uniform translationcanbedescribedasa white

noisewith a correlationlengthsmallerthat theZOI size. In that case,the resolutionvariesasthe

inversesquarerootof thenumberof pixelsin theZOI (i.e., 3fe7y 9 � ^R9 � ). This resultwill bewrong

assoonaslong rangecorrelations(e.g., power-law decay)will exist at largescales.Moreover, the

meanstrainresolutionis inverselyproportionalto
#

(hereequalto theZOI size)sothat

+/. ? " +-,9 # (7)

with
" ? 3 K ; w , so thatan increaseof the “gaugelength” 9 # yieldsa betterstrainresolution,yet a

poorerspatialresolution. Equation(7) is in agreementwith the resultsshown in Fig. 6-b sincea

power law with anexponent 8:9 is foundwhentheshift parameter
#

is equalto theZOI size. The

origin of suchadependencecanbeunderstoodby thefactthatthefinite differenceoperationrelates

the resolutionof the displacement+-, andthat of the strain +/. asproportionalto eachother, and

inverselyproportionalto 9 # . Let usnotethat this equationalsosurvivesin thecaseof long range

correlations(with a differentprefactor
"

). Consequently, displacementandstrainresolutionsare

simply relatedin all casesby Eqn.(7).

Let us note that the displacementresolutionis analogousto a frequency (or spectral)resolution,

namely, the highest(or Nyquist) frequency controlsthe displacementresolution. To improve the

resolutionin displacementsor strains,onehasto increasetheZOI sizeasmuchaspossible.Simul-

taneously, sinceaveragesaretakenover largerandlargerzones,all informationon spatiallocaliza-

tion is lost. For the latter, thenatural“spatial resolution”is simply givenby theZOI size. Sucha

competitionbetweenspatialandspectralresolution(wherethe latter controls,in thepresentcase,

thestrainresolution)is a ubiquitouspropertyat play in a wide varietyof differentcontexts, from

Heisenberg’sprinciplein quantummechanicsto signalprocessing[30], wherethisquestionis at the

veryheartof theinventionof wavelets[31]. Hereasimilar limitation is encounteredin thequestfor

bothaspatiallyresolvedandanaccuratekinematicmeasurement.
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A goodcompromisefor thepresentstudyis givenby aZOI sizeof 32pixels(i.e., � ? ; ) for which

anaveragedisplacementresolutionlessthan0.015pixel is achieved. In termsof strains,thecorre-

spondingaverageresolutionis lessthan i ^ 354q67z with a spatialresolutionof 64 pixels. It should

berememberedthatall the resultsdiscussedsofar wereobtainedwith thesamereferencepicture.

Whenlargestrainsoccuror severetexturevariations[20], anupdatingprocedureis preferred.Con-

sequentlytheresolutiongraduallydegradesasthenumberof analysedpicturesincreases.

With the chosencorrelationparameters,two casesarenow studied.An averagestrainof 2% and

20% is appliedby usinga linear interpolationof eachgray level to constructthe artificially de-

formedimages.To determinetheaveragestrain,thedisplacementfield is linearly interpolatedand

the slopecorrespondsto the estimatedaveragestrain. From this interpolation,the displacement

residualsareobtainedasthedifferencebetweenthemeasureddisplacementandthe interpolation.

The correspondingstrainresolutionis estimatedby the standarddeviation of strainassociatedto

theresidualdisplacementfield. For any correlationparameterg|{ � {~} , thereis a differenceofg ^ 3�4 67z atmostbetweenthemeasuredmeanstrainandits prescribedvalue(i.e., 9�^ 354 6 � ). When� ? ; , thecorrespondingresolutionis lessthan g ^ 354 6q� . For a prescribedstrainof 9E^ 354 6 � , the

differencebetweenthemeanmeasuredstrainandtheprescribedvalueis lessthan 354q6q� for all the

correlationparameters.Thestrainresolutionis of theorderof 3�4q6 � when � ? ; . In thefollowing

section,this multiscaletechniqueis appliedto the analysisof mechanicaltestson crimpedglass

wool sampleswith � ? ; .
4 Experiments: mechanicaltestson crimped glasswool

To assessthemechanicalpropertiesof crimpedglasswool, mechanicaltestsarecarriedout. All the

testsreportedhereinaredisplacement-controlled(or equivalently, theglobalstrain ) is controlled;

it is definedasthe ratio of thedisplacementbetweenthe two platensdividedby the initial height

of thesample).A uniaxialcompression(in the1-direction)up to 8:9 4 % globalstrain,is appliedon
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parallelepipedicsamples,whosedimensionsare 9 4k4 ^ 354b4 ^ ck4 mm� , ck4 mm beingtheheightof

thesampleandtearingtests(in the1-direction)up to approximately3f; % globalstrain,appliedon

parallelepipedicsamples,whosedimensionsare 9 4k4 ^�9 4k4 ^ ck4 mm� . For thetests,imagesof the

sampleilluminatedwith direct light have beentakenfor differentglobalstrainlevels(with 8 4 K ; %
incrementsin compressionand @ 4 K ; % in tearing). In thepresentcase,no specialpreparationwas

neededsincethe natural(random)texture of the studiedmaterialwassufficient to determinedis-

placementfieldsandsubsequentlystrainfields.

For thecompressiontests,themain informationis givenby the local strainto becomparedto the

global level. The straindistribution will be analysedwith respectto the overall force vs. global

strain.In tearingtests,macroscopiccracksinitiateandpropagate.Consequently, therelevantquan-

tity to studyis thedisplacementfield so that theabove-mentionedstagesof crackingcanbemon-

itored. In all the experimentsreportedherein,two typesof fields areshown. First, the so-called

cumulativefieldsfor which theanalysedkinematicquantityis evaluatedfor a referencegivenprior

to thebeginningof theexperiment.This quantityis generallygivento describeanexperiment.To

studyactive zonesincrementally, thefieldsarealsoevaluatedbetweena currentstateandthepre-

viousstatefor which a picturewastaken(i.e., for a globalstrainincrementof rs4 K ; %). In termsof

results,thesamerelative resolutionis to beexpectedfor thetwo typesof fieldssincethesametype

of textureis consideredwith thesame(i.e., multiscale)procedure.

4.1 Uniaxial compressiontests

Theresultof the testis shown in Fig. 7. The “plastic” plateausuggeststheexistenceof localised

strains.This impliesto studythestrainfield of thematerialwith agoodspatialresolution.In Fig. 8,

strainfields areshown. The calculation,which is performedwith ZOIs of size g 9 pixels with ag 9 -pixel shift
#
, correspondsto thecomponent) �*� for differentglobal strainlevels,namely, 8 i %

for Fig. 8(a), 8 w(K ; % for Fig. 8(b) and 8�� % for Fig. 8(c), respectively. In Fig. 7, thecorresponding

pointsare locatedat the endof the elasticdomain,at the beginning of the “plastic” plateauand
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wherethe“plastic” plateauis well-defined.

Figures8 show thechangeof thestrainfield duringthetest. From 8 i % globalstrainin Fig. 8(a),

strainheterogeneitiescanbe identifiedat thesurfaceof thematerial.After a globalstrainlevel of8�� %, a well-marked localisedzonesplits into two bandson the left of the sample.More impor-

tantly, precursorsof this localisedbandcanbeseenatearlierstages(Fig. 8(b)clearly, andFig. 8(a)

morefaintly). All alongthetest,thestrainfluctuationsarelocatedonly in theidentifiedbands,and

their width remainsconstantasthe testgoeson. Furthermore,the incrementalstrain levels vary

within the bandduring the test. Thesetwo phenomenacanbe observedon the incrementalstrain

mapsin Figs.8. At theendof thetest,thelocalisationbandis about c mm wide, i.e., onetenthof

theheightof thesample.

4.2 Tearing tests

Theoverall resultof a tearingtestis shown in Fig. 9. Theendof theelasticdomaincorrespondsto

theinceptionof cracking.As thetestproceeds,anothercrackappearsat thesurfaceof thematerial,

whichpreventstheopeningof thefirst onebecauseof stressshielding.In Fig.10,correlationresults

areshown. The calculation,performedwith ZOIs of size g 9 pixelswith a g 9 -pixel shift between

two ZOIs,correspondsto theverticaldisplacementfield � � for differentglobalstrainlevels,namely,i % for Fig. 10(a), i K ; % for Fig. 10(b)and ; K ; % for Fig. 10(c),respectively.

In Fig. 10(a), the displacementfield � � at the surfaceof the samplecorrespondsto the inception

of the first crack. At that moment,the displacementfield becomesheterogeneous.In Fig. 10(b),

discontinuitiesin the incrementalandcumulative vertical displacementfield � � canbe observed.

Thediscontinuitycorrespondsto anopeningcrack. In Fig. 10(c),anothercrackappearsat thesur-

face. This correspondsto the displacementdiscontinuitythat canbe observed on the cumulative

displacementmap.In theincrementaldisplacement,thediscontinuityalsoappearsandonecansee

thatthefirst crackstopsopening,beingshieldedby thesecondone.At theendof thetest,thecrack
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completelytraversesthesample,andconstitutesthefinal failuremode.This multiscalecorrelation

calculationenablesoneto revealdisplacementdiscontinuitiesor cracks,at thesurfaceof themate-

rial. As it is a surfacemeasurement,onecannotexcludethatcracksmayhave beeninitiatedearlier

in thebulk of thematerialwithout intersectingwith theanalysedfaceof thesample.

4.3 Influenceof correlation parameterson results

Correlationcalculationsarealsoperformedwith otherparameters(a smallershift
#

betweentwo

consecutiveZOIs) to studytheir influenceon theresults.Thetwo testsareanalysedagain.

For thecompressiontest,onecanexpect,for instance,that thewidth of the localisationbandwill

dependon theshift betweentwo consecutive ZOIs. A calculationwith a 16-pixel shift
#

hasbeen

performed.Figure11showsthecorrelationresultsfor thesameglobalstrainastheresultspresented

for a 32-pixel shift in Section4.1. For sucha calculation,for thesameROI, thenumberof ZOIs in

theheightof theimageis twiceasimportantasfor a32-pixel shift. Whentheresultsarecompared,

onecanobservethatstrainlocalisationappearsfor thesameimageandthatthetwo identifiedbands

areidenticallypositioned.Moreover, in Figs.11and8, thewidth of thebandsarethesamewhereas

the numberof ZOIs belongingto the bandsaredifferent. If strain levels arecompared,the two

calculationshave the samescalesto analysethe results. In the presentcase,the influenceof the

correlationparametersis small whenthe scaleof the measurementis relevant with respectto the

underlyingmechanism(e.g., strainlocalisation).

For thetearingtest,thedifferencebetweentwo calculationswith differentshifts
#

is greaterbecause

crackscorrespondto discontinuitiesin thedisplacementfield. If thecrackbelongsto only oneZOI,

the discontinuityrepresentsthe whole crack, but if more than oneZOI makesup the crack, the

mouthof thecrackmight bevisible. Figure12 shows thecorrelationresultsfor a 16-pixel shift
#
.

Theresultsfor thesameglobalstrainrateasthosein Figs.10 areshown. On theincrementalfield,

it canbe observed that, for a 16-pixel shift, the displacementfield is moreheterogeneousat the
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surfaceof thesample.For a i K ; % globalstrain(Fig. 12(b)),thefirst crackcanclearlybeidentified.

The crackmouthappearsat the surfaceof the sample,which cannotbe seenfor a 32-pixel shift.

For thelattercalculation,thecrackis madeup of morethanoneZOI, andits openingis visible. In

Fig. 12(c), thesecondcrackcanbe seen.The resultsof thecorrelationcalculationdependon the

parameters.Their influenceaffectsthe results,however in a controlledmanner. If the methodis

usedto detectthe presenceof a crack,a coarsecalculation,with a shift betweentwo consecutive

ZOIsof thesamesizethantheZOI, is effectiveenough.If thesizeof thecrackis lookedfor, afiner

calculationis required.

5 Conclusion

An original approachof displacementandstrainfields identificationhasbeenpresented.Beyond

the conventionalDIC technique,which allows for a first evaluationof the displacementfield, the

imageis resizedandrelocatedto a coarserscaleto increaseboththerobustnessandthemaximum

measurabledisplacementandstrainbetweentwo consecutive images.A resolutionanalysisis per-

formedso that the correlationparameterscanbe chosen.This multiscaleapproachhasthenbeen

appliedto mechanicaltestsby usingtheupdatingprocedure.

First, it is appliedto a uniaxial compressionteston a crimpedglasswool sample.The technique

enablesoneto identify strainheterogeneityzones,andthenstrain localisationbands. If the cor-

relationparametersarechanged,the resultsarevery similar, namely, the strain level is the same,

heterogeneitiesappearfor thesameglobal level, andlocalisationbandshave thesamewidth for a

givenglobalstrainlevel.

Second,by usingthe sameprocedure,tearingtestshave beencarriedout on crimpedglasswool.

Discontinuitiesin thedisplacementfield, earlyonsetof tearingor thegrowth of a crackcanbeob-

served.Theinfluenceof calculationparametershasbeenquantified.If only thepresenceof acrack

or a localisationpatternis lookedfor, a coarseandquick calculationcanbeperformedwhereasif
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detailedanalysisis to becarriedout,afiner scalehasto beused.

Thecorrelationtechniqueappliedto crimpedglasswool showsthechangeof macrostructureduring

the tests. As crimpedglasswool is a highly texturedmaterial,the changein local orientationsof

constitutivefiberscanbecharacterisedto studythelink betweenthetextureandstrainlocalisation.

A furtherdevelopmentis thento relatetheobtaineddisplacementandstrainfields to local hetero-

geneitiesof the crimpedglasswool texture andto evaluatethe a priori mechanicalperformances

from thetexture,andhenceoptimisecrimping.

6 Acknowledgements

Thiswork hasbeensupportedby IsoverSaint-Gobainandby CNRSin aprojectentitled“Analyses
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[27] Périé, J.N., Calloch, S., Cluzel, C. and Hild, F. Analysis of a Multiaxial Test on a C/C

Compositeby UsingDigital ImageCorrelationandaDamageModel.Exp.Mech., 200242(3),

318-328.

[28] Matlab. Matlab5.3,theLanguageof TechnicalComputing, version5.3, (theMathWorks,inc.

(http://www.mathworks.com),1999).

[29] Chevalier, L. and Mar co, Y. Tools for Multiaxial Validationof Behavior Laws Chosenfor

ModelingHyper-Elasticityof Rubber-LikeMaterials.Polym.Eng. Sci., 200242(2), 280-298.

[30] Gabor, D. Theoryof Communication.J. IEE, 194693(3), 429-457.

[31] Mallat, S.A wavelettour of signalprocessing, (AcademicPress,SanDiego),1998.

19



List of Figures

1 Lateralview of acrimpedglasswool product( 3 pixel ��4 K 3 w mm). . . . . . . . . 22

2 Zoneof Interest(ZOI) in reference(left) and“deformed”(right) images.Associated

displacementvector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Schematicof thereferenceimagewith thecorrelationparameters(ZOI area: 9 � ^9 � pixelsandshift
#
). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4 Differentscalesusedin themulti-scaleapproachfor aglasswool sample. . . . . . 25

5 Meandisplacementerror(a)andcorrespondingstandarddeviation(b) asafunction

of prescribedconstantdisplacementfor differentcorrelationparameters(ZOI size

= 9 � pixels,shift
# ? 9 � pixels). . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

6 -a- Standarddeviation of strainasa function of prescribedconstantdisplacement

for different correlationparameters.-b- Mean strain and displacementstandard

deviationsasafunctionof prescribedconstantdisplacementfor differentcorrelation

parameters(ZOI size= 9 � pixels,shift
# ? 9 � pixels). . . . . . . . . . . . . . . . . 27

7 Dimensionlessloadvs.globalstrainfor acompressiontestof crimpedglasswool. . 28

8 Cumulative and incremental) �*� -field for different levels of the global strain in a

compressiontest: ) �*� ? 8 i % (a), ) �*� ? 8 w(K ; % (b) and ) �*� ? 8�� % (c). Correlation

parameters:ZOI size= g 9 pixels,
# ? g 9 pixels.Scale: 3 pixel ��4 K 4kcP; mm. . . . 29

9 Dimensionlessloadvs.globalstrainfor a tearingtestof crimpedglasswool. . . . . 30

10 Cumulative andincrementaldisplacementfield � � expressedin pixelsfor different

levelsof global strainin a tearingtest: ) �*� ? i % for (a) , ) �*� ? i K ; % for (b) and) �*� ? ; K ; % for (c). Correlationparameters:ZOI size= g 9 pixels,
# ? g 9 pixels.

Scale: 3 pixel ��4 K 3 w mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

11 Cumulative and incremental) �*� -field for different levels of the global strain in a

compressiontest: ) �*� ? 8 i % for (a) , ) �*� ? 8 w(K ; % for (b) and ) �*� ? 8�� % for (c).

Correlationparameters:ZOI size= g 9�^ g 9 pixels,
# ? 3 w pixels.Scale: 3 pixel �4 K 4kcP; mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

20



12 Cumulative andincrementaldisplacementfield � � expressedin pixelsfor different

levelsof global strainin a tearingtest: ) �*� ? i % for (a) , ) �*� ? i K ; % for (b) and) �*� ? ; K ; % for (c). Correlationparameters:ZOI size= g 9 pixels,
# ? 3 w pixels.

Scale: 3 pixel ��4 K 3 w mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

21



�

�

��
��

Figure1: Lateralview of acrimpedglasswool product( 3 pixel ��4 K 3 w mm).
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Figure 2: Zone of Interest(ZOI) in reference(left) and “deformed” (right) images. Associated

displacementvector.
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Figure 6: -a- Standarddeviation of strain as a function of prescribedconstantdisplacementfor

differentcorrelationparameters.-b- Meanstrainanddisplacementstandarddeviationsasafunction

of prescribedconstantdisplacementfor differentcorrelationparameters(ZOI size= 9 � pixels,shift# ? 9 � pixels).
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Figure7: Dimensionlessloadvs.globalstrainfor acompressiontestof crimpedglasswool.
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Figure8: Cumulativeandincremental���=� -field for differentlevelsof theglobalstrainin acompres-
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= �,� pixels, �����,� pixels.Scale: � pixel ���V�����,� mm.
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Figure9: Dimensionlessloadvs.globalstrainfor a tearingtestof crimpedglasswool.
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Figure10: Cumulativeandincrementaldisplacementfield ý¸� expressedin pixelsfor differentlevels

of global strain in a tearingtest: �-�=�ä�þ� % for (a) , ���=�ÿ�þ�ã��� % for (b) and ���=� � �Ø��� % for (c).

Correlationparameters:ZOI size= �,� pixels, �����,� pixels.Scale: � pixel ���V�_�<� mm.
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Figure11: Cumulative andincremental�-�=� -field for differentlevelsof theglobal strainin a com-

pressiontest : ���=� � �~� % for (a) , ���=� � �~�V�³� % for (b) and ���=� � �~� % for (c). Correlation
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Figure12: Cumulativeandincrementaldisplacementfield ý¸� expressedin pixelsfor differentlevels

of global strain in a tearingtest: �-�=�ä�þ� % for (a) , ���=�ÿ�þ�ã��� % for (b) and ���=� � �Ø��� % for (c).

Correlationparameters:ZOI size= �,� pixels, ��� �<� pixels.Scale: � pixel ���V�_�<� mm.
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