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Abstract

Mechanicalcompressiorandtearingtestsare carriedout on crimpedglasswool samples.

Thedisplacementield is determinedy usingdigital imagecorrelationbasedn imagestaken

at differentstagesf the mechanicatests.A multiscalealgorithmis usedto resole accurately

fine detailsof the displacementield. This techniquerevealsstrainheterogeneitieandfurther

localisationin compressionestswell below the peakstress.Crackformationsareidentifiedin

tearingtests. Reliability andresolutionof the displacementind strainfields are validatedby

usingdifferentwindow sizesin the correlationanalysis.
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Notations

a: in-planedisplacementector

b: noise

f: signal

g: shiftedsignal

h: cross-correlation

n: integer

u: in-planedisplacemenvector

u1: local displacementomponentalongthe 1-direction
x: positionvector

x,. positionvectorassociatedo scaleno.n

A: in-planestraintensor
P, Q: integers
'W: windowing matrix

ZOI: graylevel matrix of the zoneof interest

a: constant

B constant

0: shift betweertwo neighbouringZOls

dv: correctionof in-planetrial displacemenvector

dw: sub-pixel correctionof in-planetrial displacementector
€. in-planeglobalstrain

€11. local normalstrainalongthe 1-direction

oy displacementesolution

o.. strainresolution

v: in-planetrial displacemenvector

vy: initial evaluationof in-planetrial displacemenvector



v, interpolationat scalen of thein-planedisplacementield

*. Cross-correlatiomperator

‘.. dummyvariable

1 Intr oduction

To modelthe mechanicapropertiesof materials oneneedsonstitutve equationsralidatedthanks
to mechanicakests. To carry out tests,different measurementechniquescan be used,namely
acousticemissionlocation[1] that correspondso microcrackingeventsin brittle or quasi-brittle
materialssuchas concrete,compositesor rocks, replicatechniqued2] that enableone to iden-
tify fatiguedamageat the sampleface,or optical methods.Sinceoptical methodsarenon-contact
measurement], they have alargefield of applicationin materialsandstructuralmechanicg4].
Becauseof the size of the analysedregion, the measuredlisplacementields canreveal hetero-
geneitiesat the surfaceof the sampleduring mechanicatests. Theseheterogeneitiesan be the
onsetof strainlocalisation. Crackscanalso be analysedoy thesetypesof techniqued5, 6]. As
optical methodsprovide a local evaluationof kinematicfields, local strainsand/ordisplacements

canbefollowedduringthetestandthenstrainlocalisationcanbeidentifiedatavery earlystagd7].

The aim of the presentpaperis to analysemechanicatestson very soft materialssuchasmineral
wool. So-calledcompressiormndtearingtestsaretwo meandor assessinghe mechanicaproper

tiesof this classof materialg8, 9]. Duringthesetests,t will beshavn thateitherstrainlocalisation
or crackingoccur sothatfull-field measuremertechniquesareneeded Amongmary opticaltech-
niques[10, 11, 12, 13, digital imagecorrelation(DIC) [14, 15, 16] is chosenin the presentcase.
The DIC techniqueis particularly suitedfor the analysisof “soft” solidswherestraingaugescan
bedifficult to positionor may disturbtheresponsef the material(e.g., polymers[17, 18], mineral
wool [19, 20], woodandpaperf21]). Furthermorethe strainlevelsaregreateithanafew percents,

therebypreventingthe useof someof theabove-mentioneapticaltechniques.



DIC methodsare easyto useandhave provento be an efficient tool whoseresolutioncanbe ex-
tendedmuch below the pixel value(i.e., 10~2 pixel or below in somecaseq22]). Whenthe dis-
placemenbetweentwo imagesusedfor the calculationis too important,classicaimethodsfail to
give an accurateresult. In that case,a multiscaleapproachof DIC [20] canbe usedto allow for
large displacementdetweenimageswith both a very good robustnessand resolution. Section2
introduceghe crimping procesof mineralwool. Theaim of this industrialprocesss to getbetter
mechanicaperformancesor a givendensityof the material. Section3 dealswith two DIC meth-
ods. The conventionalapproachandthe multiscalealgorithmarediscussedA resolutionanalysis
is performedto choosethe relevant correlationparametersLast, the mechanicatestscarriedout
on crimpedglasswool samplesareanalysedn Section4. Compressioriestsare performedup to
—20% globalstrain. Tearingtestsarealsocarriedout onthe samekind of samplesip to 15% global

strain.

2 Crimped glasswool

Mineralwool is a productmadeof fibres,whoseaveragediameteris micrometricandlengthmilli-

to centimetric. Entangledfibres are boundwith a formo-phenolicresin. As produced the wool
hasa laminatedstructurewith clearlyvisible densitydifferenceghroughthe productthickness As
such,thecompressiomndtearingresistancesf thewool arepoorevenat mediumdensities.To in-
creaseahe mechanicaperformances'crimping” is performed.This consistsn imposinganon-line
compressioralongthe stratificationplaneto rotatethe anisotropy axis alongthe thicknessaxis or
to bucklethesedenseplanesfor a moreisotropictexture (Fig. 1). In bothcasesfor a givendensity
much bettermechanicaperformancesre achieved. Compressie strengthcanbe enhancedy a
factorof two or moreby crimping. This underlineshe key role of the producttexture for its me-
chanicabehaiour, andhencea propercharacterisationf boththelocaltexture,andthelocal strain
(andtheir interdependenceis requiredto optimisethe product. This motivatesthe studydetailed

in Section4.



3 Displacementmeasurementby digital imagecorrelation

DIC is basedon the useof animagematchingalgorithm(i.e., correlationproduct),which canbe
performedeitherin the physicalspace[16, 23] or in Fourier space[24, 25, 26]. In the present
case,Fourier computationsareused. The in-planedisplacementield is evaluatedwith the cross-
correlationof an interrogationwindow in the picture of the deformedsurface with respectto a
referenceone.Oneadwantageof sucha methodcomesfrom the multipurposesquipmennecessary
to its practicaluse,namely: a CCD camerasa fastdataacquisitioncard,a computerand a white

light source.

To determinghedisplacementield of oneimageof thedeformedsurfacewith respecto areference
image,oneconsidersa sub-imagavhichwill bereferredto asaZoneOf Interest(ZOIl). Theaim of
the correlationmethodis to matchthe ZOls in thetwo images(Fig. 2). The displacemenof a ZOl
with respecto the otheroneis a two-dimensionakhift of anintensity signaldigitisedby a CCD
camera.Oneconsiderssignalsg thataremerelyperturbationf a shiftedcopy of somereference
signal f

9(x) = f(x - u) + b(x) (1)
whereu is anunknown in-planedisplacementectorassumedo beconstantocally andb arandom
noise. To evaluatethe displacements, one may minimise the norm of the differencebetween

f(x — v) andg(x) with respecto atrial displacement

min((lg() — /(. — v)[1?) 2)
If onechoosesheusualquadrationorm|| f||> = [ | f(x)|*d, the previous minimisationproblem

is equivalento maximizingthe quantityh(v)

hv) = 9+ H(w) = [ [ 9@)f(e - vida 3)

Furthermorewhenb is awhite noisethe previous estimates optimal.



3.1 Conventional Approach

In practice two imagesareconsideredThefirst one,referredto as“referenceimage”andthe sec-
ondone,called“deformedimage”. Thereferencamage,schematicallyshovn in Fig. 3, is meshed
by ZOls that form the region of interest(ROI). The sub-ROI of area2” x 29 pixels, is extracted
from the ROI in the referenceamagewith the largestvaluesof P and@. A first FFT correlation
is carriedout on the sub-ROI. The maximumvalueof the cross-correlatioproductenableoneto
estimatethe averagedisplacement,. The ROl in the deformedimageis thencentredat a point
correspondingo the centreof the ROI in the referencemagemoved by anamountv,. A second
analysisis then performedfor eachZOl independently Eachmaximumof the calculatedcross-
correlationfunction givesa first value of the in-planedisplacementorrectiondv. The centresof

theZOl in thedeformedmagearethenmovedby anadditionalamountdv.

A sub-pixeliteratve schemecanbe usedto have estimationdor which theresolutionis of theorder
of ahundredthof pixel for 8-bit pictures[27]. An additionalcross-correlatioms performed.A sub-
pixel correctionof the displacemendw is obtainedby determiningthe maximumof a parabolic
interpolationof the correlationfunction. Theinterpolationis performedby consideringthe maxi-
mum pixel andits eightnearesteighboursTherefore oneobtainsa sub-pixel value. By usingthe
“shift-modulation” propertyof Fourier transform,the deformedZOIl canbe moved by anamount
dw. Sinceaninterpolationis used,one may inducesome(small) errorsrequiringto re-iterateby
consideringthe new “deformed” ZOI until corvergence. The procedureusedcheckswhetherthe
maximumof the interpolatedcorrelationfunction increasessthe numberof iterationsincreases.
Otherwise theiterationschemes stopped.To limit theinfluenceof edgeeffects,a windowing of
theZOI canbeperformed It consistan constructinga periodicZOl, ZO1, by averagingthepixels

ontheedgef theinitial ZOl (i.e., “blurring” theedges)
ZOI = W ZOIW (4)

wherethe matrix W is equalthe identity matrix apartfrom the four “corners”, which are equalto

1/2.



Thisfirst approachs well-suitedfor small perturbationsbut if displacementaretoo large,thein-
formationin the ZOI of thereferencemagewill bepartially lostin the ZOI of thedeformedmage,
i.e., thereis not enoughinformationto determinea reliable correctiondv. To usethe methodin
thedomainof large strains,asfor the caseof mineralwool, alarge ZOl sizeshouldbe usedwhose
maindravbackis to averagedisplacementsver alarger surface.However, theaim of a correlation
calculationis to determinedisplacementields at the scaleof texture heterogeneitiesThe maxi-
mum measurablelisplacementor the algorithmto corverge to the propersolutionhasthento be

increasedThisis achiazedby usinga multiscalealgorithm.

3.2 Multiscale algorithm

The aim of the multiscalealgorithmis to improve the spatialresolution(i.e., to decrease¢he ZOI
size),yetallowing for alargedisplacemenbetweertwo consecutieimages.Thepreviousapproach
is recursvely appliedon imagesat differentscales.Figure4 shavs the constructionof imagesat
differentscales.Scaleno. 0 correspondso the consideredmageandscaleno. 1 to the region of
interest. Scaleno. 2, extractedfrom the ROI, is determinedoy the largestvaluesfor P and( so
that the correspondin@reaof the sub-ROl is 2 x 29 pixels (Fig. 3). Fromscaleno. 3 on, each
transitionis characterisetby the definition of supefpixels. The latteraredefinedrecursvely from
onescaleto the next by averagingthe graylevelsof 2 x 2 neighbouringpixels. This procedures
carriedout until the minimum size of the sub-imagds equalto 128 pixels. The analysisstartsat,
say scaleno.4 andendsatscaleno. 1. Thisallows oneto obtaina maximummeasurablstrainfour
timeslargerevenif the maximummeasurabl@isplacemenis still limited [20], asin the standard

approachgnly to the coarseiscale(herescaleno. 4).

Startingon the highest(i.e., coarser)scale,for which the sub-imagesizeis at leastequalto 128
superpixels(seeFig. 4), afirst correlationis performed.Fromthis first computationthe displace-
mentfield v,, is interpolatedas

v,(x,) =Ax,+a (5)



To checkthisfirst estimatethecentreof eachROI of the“deformed”imagearerelocatedaccording
to thesefirst estimatesA new correlationis performedandcorrectiondo thepreviousdisplacement
field are evaluated. The iterationsare stoppedas soonasthereis no new correctionbetweentwo
iterationsfor any ZOI analysed.This iterative procedurevasimplementedo make the displace-
mentevaluationmorerobust. This robustnesss a key to the succes®f the procedure.If everthe
displacemenis not properly evaluatedon higherscalesthereis no chanceof gettinga goodfinal

result[20]. Consequentlythefirst evaluationshave to be performedvery carefully.

Whentheiterative procedurestopson scaleno. n, it proceedgo scaleno. (n — 1). Having identi-
fied a first estimateof the displacementield, it is usedto positionthe ZOls on scaleno. (n — 1),
accordingto thetransformatiorrulesassociatedo eachscaletransition. The sameterative scheme
is followed for scalesno. (n — 1) to 2. In practice,the usercanchoosebetweena first evaluation
thatis very fastsinceit remainson the pixel (or superpixel) level, andan accuratesvaluationre-
quiring several iterations. On scaleno. 1, the userselectseithera pixel or a sub-pixel resolution
of thedisplacemenby following the above describedsub-pixel proceduretherebyallowing for the
measuremerdf smalllevelsof strainsaswell aslargelevelsthatwill be evaluatedn thefollowing

section.

Whena sequenc®f morethantwo imagesis analysedfwo routescanbe followed. Thefirst one
consistan consideringthe samereferenceamage. It follows thatthe errorsare not cumulatedout

thereexists a maximumstrainlevel abose which the methodfails. The secondoneconsiderghat
the referencamageis the deformedimageof the previous step(i.e., updatingprocedure).Under
thesehypotheseshereis no reallimitation, apartfrom the factthatthe errorsarenow cumulated.
Strainsof the orderof 1 andmoreareroutinelyobseredin afull-field assessmemenwith acon-
ventionalDIC techniqudg18]. The procedureCORRELFMT, is implementedn MATLAB™ [28].

On artificially deformedimages,strainsof the orderof +30% canbe measured20, 29] between

two pictures.



3.3 Performanceof the algorithm

Theaim of this partis to estimateheresolutionof the correlationalgorithmusedherein. Two kine-
maticquantitiesaregoingto beanalysednamelydisplacementandstrains theresolutionof which
will be estimatedvhenthe correlationparametersremodified. To have independenéstimatef

thedisplacements thefollowing analysesthe shift § is equalto the ZOl size(i.e., § = 2™ pixels).

First, the displacementesolutionis estimated.In the presenicase,a constantdisplacemenvary-
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 andthe standardieviation thatof the correspondingesolution.Thesepropertiesareassociated
to the analysedexture. Figure5 shavs the averageerrorandthe correspondingtandardieviation
asafunctionof theapplieddisplacementor differentZOl sizes.For agivenZOI size,themaximum
erroris reachedvhenthe prescribeddisplacemenis equalto 0.5 pixel. In this case theinforma-
tion betweereachZOl in thereferenceanddeformedpicturesis the mostbiased.Furthermorethe
larger the ZOl, the smallerthe error. However, if the ZOI sizeincreasesthe spatialresolutionis
degraded,.e., lessindependenmeasuremerypointsare obtained. Second the strainresolutionis
determinedby usingthe samesequencef pictures. From the displacementfield, the strainsare
evaluatedby usinga classicalfinite differenceschemesothatthe spatialresolution(i.e., thegauge
length)is equalto 2 x 4, i.e., 2"*! pixels. In all casesthe meanstrainis lessthan4 x 10=°. The
strainresolutionis moresensitveto ¢ (hereequalto the ZOI size)thanthe displacementesolution

to theZOl size(Fig. 6-a).

Figure 6-b shavs the changeof the meandisplacemenand strain resolutionswith the ZOI size
whenthedisplacementangevariesbetweerD and1l pixel. Forn > 4 apowerlaw with anexponent

of theorder—1 is obtainedfor the meandisplacementesolutiono,

C¥2

Oy = 2—n (6)

with o = 0.64 pixel, therebyindicatingthatfor alarge rangeof ZOI sizes,the displacementeso-



lution andthe spatialresolutionarethe resultof a compromisedescribecoy Eqn.(6). Let usnote
thatEqn. (6) shavs a nontrivial dependenceSucha formula canbe understoodn the contet of
the centrallimit theoremwhendeviationsfrom a uniform translationcanbe describedasa white
noisewith a correlationlengthsmallerthatthe ZOI size. In thatcase theresolutionvariesasthe
inversesquareroot of thenumberof pixelsin the ZOI (i.e., 1/1/2" x 27). Thisresultwill bewrong
assoonaslong rangecorrelationge.g., power-law decay)will exist atlarge scales.Moreover, the

meanstrainresolutionis inverselyproportionalto § (hereequalto the ZOl size)sothat

ou

= 855 7)

O¢

with 8 = 1.56, sothatanincreaseof the “gaugelength” 2§ yields a betterstrainresolution,yet a
poorerspatialresolution. Equation(7) is in agreemenwith the resultsshovn in Fig. 6-b sincea
power law with anexponent—2 is found whenthe shift parametep is equalto the ZOI size. The
origin of sucha dependenceanbeunderstoody thefactthatthefinite differenceoperatiorrelates
the resolutionof the displacement;; andthat of the straino, asproportionalto eachother and
inverselyproportionalto 26. Let us notethatthis equationalsosurvivesin the caseof long range
correlations(with a differentprefactor 3). Consequentlydisplacemenaind strainresolutionsare

simply relatedin all casedy Eqn.(7).

Let us note that the displacementesolutionis analogoudo a frequeng (or spectral)resolution,
namely the highest(or Nyquist) frequeng controlsthe displacementesolution. To improve the
resolutionin displacementsr strains,onehasto increaseahe ZOI sizeasmuchaspossible.Simul-
taneouslysinceaveragesaretakenoverlargerandlargerzonesall informationon spatiallocaliza-
tion is lost. For the latter, the natural“spatial resolution”is simply givenby the ZOlI size. Sucha
competitionbetweenspatialand spectralresolution(wherethe latter controls,in the presentcase,
the strainresolution)is a ubiquitouspropertyat play in a wide variety of differentcontexts, from
Heisenbay's principlein quantunmechanicgo signalprocessing30], wherethis questions atthe
very heartof theinventionof wavelets[31]. Hereasimilarlimitation is encountereth the questfor

botha spatiallyresoledandanaccuratekinematicmeasurement.
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A goodcompromisdor the presenstudyis givenby aZOl sizeof 32 pixels(i.e., n = 5) for which
anaveragedisplacementesolutionlessthan0.015pixel is achieved. In termsof strains,the corre-
spondingaverageresolutionis lessthan4 x 10~* with a spatialresolutionof 64 pixels. It should
berememberedhatall the resultsdiscussedo far were obtainedwith the samereferencepicture.
Whenlarge strainsoccuror severetexturevariationg[20], anupdatingprocedures preferred.Con-

sequenththeresolutiongraduallydegradesasthe numberof analysedicturesincreases.

With the chosencorrelationparameterstwo casesare now studied. An averagestrainof 2% and
20% is appliedby using a linear interpolationof eachgray level to constructthe artificially de-
formedimages.To determinethe averagestrain,the displacementield is linearly interpolatedand
the slopecorresponddo the estimatedaveragestrain. From this interpolation,the displacement
residualsare obtainedasthe differencebetweenthe measuredlisplacemenandthe interpolation.
The correspondingstrain resolutionis estimatedoy the standarddeviation of strainassociatedo
theresidualdisplacemenfield. For ary correlationparamete8 < n < 7, thereis a differenceof
3 x 10~* atmostbetweerthe measuredneanstrainandits prescribedsalue(i.e., 2 x 1072). When
n = 5, the correspondingesolutionis lessthan3 x 103. For a prescribedstrainof 2 x 10}, the
differencebetweerthe meanmeasuredtrainandthe prescribedvalueis lessthan10~2 for all the
correlationparametersThe strainresolutionis of the orderof 1072 whenn = 5. In the following
section,this multiscaletechniqueis appliedto the analysisof mechanicakestson crimpedglass

wool samplewith n = 5.

4 Experiments: mechanicaltestson crimped glasswool

To assesthe mechanicapropertief crimpedglasswool, mechanicatestsarecarriedout. All the
testsreportedhereinaredisplacement-controllefbr equialently, the global straine is controlled;
it is definedasthe ratio of the displacemenbetweenthe two platensdivided by the initial height

of thesample).A uniaxialcompressiorfin the 1-direction)up to —20% globalstrain,is appliedon

11



parallelepipedicsamplesywhosedimensionsare200 x 100 x 80 mm?, 80 mm beingthe heightof
the sampleandtearingtests(in the 1-direction)up to approximatelyl 5% global strain,appliedon
parallelepipedicsampleswhosedimensionsare200 x 200 x 80 mm?. For thetests,imagesof the
sampleilluminatedwith directlight have beentakenfor differentglobalstrainlevels (with —0.5%
incrementsn compressiorand-+0.5% in tearing). In the presenicase no specialpreparationvas
neededsincethe natural(random)texture of the studiedmaterialwas sufficient to determinedis-

placementieldsandsubsequentlgtrainfields.

For the compressionests,the maininformationis given by thelocal strainto be comparedo the
global level. The straindistribution will be analysedwith respectto the overall force vs. global
strain.In tearingtests macroscopicracksinitiate andpropagateConsequentlytherelevantquan-
tity to studyis the displacementield so thatthe abore-mentionedtagesof crackingcanbe mon-
itored. In all the experimentsreportedherein,two typesof fields areshavn. First, the so-called
cumulatvefieldsfor which the analysedkinematicquantityis evaluatedfor areferencegivenprior
to the beaginning of the experiment. This quantityis generallygivento describean experiment. To
studyactive zonesincrementally the fields arealsoevaluatedbetweena currentstateandthe pre-
vious statefor which a picturewastaken (i.e., for aglobal strainincrementof +0.5%). In termsof
resultsthe samerelative resolutionis to be expectedfor thetwo typesof fieldssincethe sametype

of textureis consideredvith the same(i.e., multiscale)procedure.

4.1 Uniaxial compressiontests

The resultof thetestis shavn in Fig. 7. The “plastic” plateausuggestshe existenceof localised
strains.Thisimpliesto studythestrainfield of the materialwith agoodspatialresolution.In Fig. 8,
strainfields are shavn. The calculation,which is performedwith ZOls of size 32 pixels with a
32-pixel shift §, correspondso the component; for differentglobal strainlevels, namely —4%
for Fig. 8(a),—6.5% for Fig. 8(b) and—9% for Fig. 8(c), respectrely. In Fig. 7, the corresponding

points are locatedat the end of the elasticdomain, at the beginning of the “plastic” plateauand

12



wherethe“plastic” plateaus well-defined.

Figures8 shav the changeof the strainfield duringthe test. From —4% global strainin Fig. 8(a),
strainheterogeneitiesanbeidentified at the surfaceof the material. After a global strainlevel of
—9%, a well-marked localisedzonesplits into two bandson the left of the sample. More impor-
tantly, precursor®f thislocalisedbandcanbe seenat earlierstagegFig. 8(b) clearly, andFig. 8(a)
morefaintly). All alongthetest,the strainfluctuationsarelocatedonly in theidentifiedbandsand
their width remainsconstantasthe testgoeson. Furthermorethe incrementalstrainlevels vary
within the bandduring the test. Thesetwo phenomena&anbe obsered on the incrementalkstrain
mapsin Figs. 8. At theendof thetest,thelocalisationbandis about8 mmwide, i.e., onetenthof

the heightof thesample.

4.2 Tearing tests

Theoverallresultof atearingtestis shovn in Fig. 9. Theendof the elasticdomaincorrespondso
theinceptionof cracking.As thetestproceedsanothercrackappearst the surfaceof the material,
which preventstheopeningof thefirst onebecausef stresshielding.In Fig. 10, correlationresults
areshavn. The calculation,performedwith ZOls of size 32 pixels with a 32-pixel shift between
two ZOls, correspondso theverticaldisplacementield u, for differentglobalstrainlevels,namely

4% for Fig. 10(a),4.5% for Fig. 10(b)and5.5% for Fig. 10(c),respectiely.

In Fig. 10(a), the displacementield «; at the surfaceof the samplecorrespondso the inception
of thefirst crack. At that moment,the displacementield becomesheterogeneousin Fig. 10(b),
discontinuitiesin the incrementaland cumulative vertical displacementield »; canbe obsened.
Thediscontinuitycorresponds$o anopeningcrack. In Fig. 10(c), anothercrackappearst the sur

face. This correspondso the displacementiscontinuitythat canbe obsened on the cumulatve
displacemeninap.In theincrementablisplacementhe discontinuityalsoappearandonecansee

thatthefirst crackstopsopening beingshieldedby thesecondne. At theendof thetest,the crack

13



completelytraverseghe sample andconstituteghe final failure mode. This multiscalecorrelation
calculationenablesoneto reveal displacementliscontinuitiesor cracks,at the surfaceof the mate-
rial. As it is asurlacemeasurementnecannotexcludethatcracksmayhave beeninitiated earlier

in the bulk of the materialwithoutintersectingwith theanalysedaceof the sample.

4.3 Influence of correlation parameterson results

Correlationcalculationsare also performedwith otherparameterga smallershift § betweentwo

consecutre ZOIs) to studytheirinfluenceon theresults.Thetwo testsareanalysecdagain.

For the compressioriest,one canexpect,for instance thatthe width of the localisationbandwiill
dependon the shift betweentwo consecutie ZOls. A calculationwith a 16-pixel shift § hasbeen
performed.Figurellshavsthecorrelationresultsfor thesameglobalstrainastheresultspresented
for a 32-pixel shift in Section4.1. For sucha calculation for the sameROI, the numberof ZOlsin
theheightof theimageis twice asimportantasfor a 32-pixel shift. Whentheresultsarecompared,
onecanobsene thatstrainlocalisationappeargor the samemageandthatthetwo identifiedbands
areidentically positioned Moreover, in Figs.11 and8, thewidth of thebandsarethesamewhereas
the numberof ZOls belongingto the bandsare different. If strainlevels are comparedthe two
calculationshave the samescalesto analysethe results. In the presentcase,the influenceof the
correlationparameterss small whenthe scaleof the measuremens relevantwith respecto the

underlyingmechanisn{e.g., strainlocalisation).

For thetearingtest,thedifferencebetweertwo calculationswith differentshiftsd is greatetbecause
crackscorrespondo discontinuitiesn thedisplacementield. If thecrackbelongso only oneZOl,
the discontinuity representshe whole crack, but if more than one ZOIl makes up the crack, the
mouthof the crackmight be visible. Figure 12 showvs the correlationresultsfor a 16-pixel shift 6.
Theresultsfor the sameglobal strainrateasthosein Figs.10 areshovn. Ontheincrementafield,

it canbe obsened that, for a 16-pixel shift, the displacementield is more heterogeneouat the

14



surfaceof thesample For a4.5% globalstrain(Fig. 12(b)),thefirst crackcanclearly beidentified.
The crackmouthappearsat the surfaceof the sample,which cannotbe seenfor a 32-pixel shift.
For the latter calculation the crackis madeup of morethanoneZOl, andits openingis visible. In
Fig. 12(c), the secondcrackcanbe seen. The resultsof the correlationcalculationdependon the
parametersTheir influenceaffectsthe results,however in a controlledmanner If the methodis
usedto detectthe presencef a crack,a coarsecalculation,with a shift betweentwo consecutre
ZOIs of thesamesizethanthe ZOl, is effective enough If thesizeof the crackis lookedfor, afiner

calculationis required.

5 Conclusion

An original approachof displacemenand strainfields identificationhasbeenpresented Beyond
the corventionalDIC techniquewhich allows for a first evaluationof the displacementield, the
imageis resizedandrelocatedo a coarseiscaleto increaseboth the robustnesandthe maximum
measurablelisplacemenandstrainbetweenwo consecutre images.A resolutionanalysisis per

formedso thatthe correlationparameterganbe chosen.This multiscaleapproachhasthenbeen

appliedto mechanicatestsby usingthe updatingprocedure.

First, it is appliedto a uniaxial compressionieston a crimpedglasswool sample. The technique
enablesoneto identify strain heterogeneityones,andthenstrainlocalisationbands. If the cor
relationparametersre changedthe resultsarevery similar, namely the strainlevel is the same,
heterogeneitieappearfor the samegloballevel, andlocalisationbandshave the samewidth for a

givenglobalstrainlevel.

Second by usingthe sameproceduretearingtestshave beencarriedout on crimpedglasswool.
Discontinuitiesin the displacementield, early onsetof tearingor the growth of a crackcanbe ob-
sened. Theinfluenceof calculationparametersasbeenquantified.If only the presencef a crack

or a localisationpatternis looked for, a coarseandquick calculationcanbe performedwhereasf
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detailedanalysisis to be carriedout, afiner scalehasto be used.

Thecorrelationtechniqueappliedto crimpedglasswool shavsthechangeof macrostructureuring
thetests. As crimpedglasswool is a highly textured material,the changein local orientationsof
constitutve fiberscanbe characterisetb studythelink betweerthe textureandstrainlocalisation.
A further developments thento relatethe obtaineddisplacemenandstrainfields to local hetero-
geneitiesof the crimpedglasswool texture andto evaluatethe a priori mechanicaperformances

from thetexture,andhenceoptimisecrimping.

6 Acknowledgements

Thiswork hasbeensupportedy Isover Saint-Gobairandby CNRSin a projectentitled“Analyses
multi-échelledlechampgledéformationpartraitementd’image: verslidentificationdechampsie
proprieesmécaniques. Theauthorsacknavledgeusefuldiscussionsvith O. Gaume C. Machelart

andJ.-B.Rieunier

16



References

[1]
[2]
[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Drouillard, T.F. A History of AcousticEmission.J. AcoustEm, 199614(1), 1-34.
ISO 3057-1974NDT-MetallographicReplicaTechnique®f SurfaceExaminations1974.
Rastogi,P.K., Edt. Photomehanics (Springer Berlin), 2000.

Jacquot, P. and Fournier, J.-M., Edts.Interferometryin Spe&le Light, Theoryand Applica-
tions, (Springer Berlin), 2000.

Dawicke, D.S. and Sutton, M.S. CTOA andCrack-TunnelingMeasurements Thin Sheet
2024-T3Aluminum Alloy. Exp.Med., 199434, 357-368.

Humbert, L., Valle, V. and Cottron, M. ExperimentaDeterminatiorand Empirical Repre-
sentationof Out-of-PlaneDisplacement#n a Cracled ElasticPlateLoadedin Model. Int. J.

SolidsStruct, 200037, 5493-5504.

Desrues,J., Lanier, J. and Stutz, P. Localizationof the Deformationin Testson SandSam-

ples.Eng Fract. Med., 198521(4), 251-262.

EN 826. Thermalinsulatingproductdor building applications Determinatiorof compression

behaiour. Europearstandard1996.

EN 1607 Thermalinsulatingproductsfor building applications- Determinationof tensile

strengthperpendiculato faces Europearstandard1996.

Coker, E.G. and Filon, L.N.G. A Treatiseon Photoelasticity (CambridgeUniversity Press,
New York), 1931.

Guild, J. Diffraction Gratingsas MeasuringScales Practical Guideto Metrological Use of

Moiré Fringes (Oxford University PressOxford), 1960.
Smigielski, P. Holographieindustriellg (Teknea,Toulouse),1994.

Dudderar, T.D. and Simpkins, P.G. LaserSpecklePhotographyn a Fluid Medium. Nature,
1977270, 45-47.

17



[14] Burt, P.J., Yen,C. and Xu, X. Local CorrelationMeasuregor Motion Analysis: a Compar
ative Study In ProceedingdEEE Conf on Pattern Recanition and Image Processing1982,
pp.269-274.

[15] Peters,W.H. and Ranson,W.F. Digital ImagingTechniques$n ExperimentabtressAnalysis.
Opt.Eng, 198221, 427-431.

[16] Sutton, M.A., Wolters, W.J., Peters,W.H., Ranson,W.F. and McNeill, S.R.Determination
of Displacement&Jsingan Improved Digital CorrelationMethod.Im. Vis. Comp, 19831(3),
133-139.

[17] G'Sell, C., Hiver, J.-M., Dahnoun, A. and Souahi, A. Video-ControlledTensile Testingof
PolymersandMetalsBeyondthe NeckingPoint.J. Mat. Sci, 199227, 5031-5039.

[18] Chevalier, L., Calloch, S.,Hild, F. and Mar co, Y. Digital ImageCorrelationusedto Analyze
the Multiaxial Behavior of RubberLik e Materials.Eur. J. Med. A/Solids 200120, 169-187.

[19] Roux, S., Hild, F. and Berthaud, Y. CorrelationimageVelocimetry: A SpectralApproach.
Appl. Optics 200241(1), 108-115.

[20] Hild, F., Raka, B., Baudequin, M., Roux, S.and Cantelaube,F. Multi-ScaleDisplacement
Field Measurement®f Compressedineral Wool Samplesby Digital Image Correlation.

Appl. Optics 2002IP 41(32),6815-6828.

[21] Choi, D., Thorpe,J.L. and Hanna, R. ImageAnalysisto MeasureStrainin WoodandPaper
Wbod Sci. Technol,, 199125, 251-262.

[22] Sutton, M. A., McNeill, S.R., JangJ. and Babai M., Effectsof subpixel imagerestoration
ondigital correlationerrorestimatesOpt. Eng, 198827(10) 870-877.

[23] Chu, T.C., Ranson,W.F.,, Sutton, M.A. and Petters, W.H. Applicationsof Digital-Image-
CorrelationTechniquedo ExperimentaMechanicsExp.Med., 19853(25), 232-244.

[24] Chen,D.J., Chiang, F.P, Tan, Y.S.and Don, H.S. Digital Speckle-Displacememfleasure-
mentUsinga Complex SpectrumMethod.Appl. Opt., 199332, 1839-1849.

18



[25] Berthaud, Y., Scholz, J. and Thesing, J. Méthodesoptiqueset acoustiquesie mesures
descaracéristiquesmécaniquesProceedingsColloquenational MECAMAT ‘M écanismegt

mécaniquedesgrandesdéformations; 1996,pp. 77-80.

[26] Chiang, F.P,, Wang, Q. and Lehman, F. New Developmentsn Full-Field Strain Measure-
mentsUsing Specklesin Non-Taditional Methodsof SensingStress,Strain and Damage in

Materialsand Structues (ASTM, Philadelphia)1997,pp. 156-169.

[27] Périe, J.N., Calloch, S., Cluzel, C. and Hild, F. Analysisof a Multiaxial Teston a C/C
Compositeny UsingDigital ImageCorrelationanda DamageModel. Exp.Med., 200242(3),
318-328.

[28] Matlab. Matlab5.3,the Language of Technical Computingversion5.3, (the MathWorks,inc.
(http://www.mathworks.com),1999).

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

ModelingHyperElasticity of RubberLik e Materials.Polym.Eng Sci, 200242(2), 280-298.
[30] Gabor, D. Theoryof CommunicationJd. IEE, 194693(3), 429-457.

[31] Mallat, S.A wavelettour of signal processing(AcademicPressSanDiego), 1998.

19



List of Figures

10

11

Lateralview of acrimpedglasswool product(l pixel +» 0.16 mm). . . .. .. .. 22
Zoneof Interest(ZOl) in referencéleft) and“deformed”(right) images.Associated
displacemenvector . . . . . . . . ... 23
Schematiof the referencamagewith the correlationparameter¢ZOl area: 2™ x

2" pixelsandshiftd). . . . . . .. 24
Differentscalesusedin the multi-scaleapproachor a glasswool sample. . . . . . 25
Meandisplacemeneérror(a) andcorrespondingtandardieviation (b) asafunction

of prescribedconstantdisplacementor differentcorrelationparametergZOl size

= 2" pixels,shiftd = 2" pixels). . . . . . .. ... ... 26
-a- Standarddeviation of strainasa function of prescribedconstantdisplacement

for different correlationparameters.-b- Mean strain and displacemenstandard
deviationsasafunctionof prescribeadonstantisplacementor differentcorrelation
parameter$ZOl size= 2" pixels,shifté = 2" pixels).. . . . . .. ... ... ... 27
Dimensionlessoadvs. globalstrainfor acompressionestof crimpedglasswool. . 28
Cumulatve and incrementale,,-field for differentlevels of the global strainin a
compressionestié;; = —4% (a), €1 = —6.5% (b) andé;; = —9% (c). Correlation
parametersZOl size= 32 pixels,§ = 32 pixels. Scale:1 pixel < 0.085 mm. ... 29
Dimensionlessoadvs. globalstrainfor atearingtestof crimpedglasswool. . . . . 30
Cumulatve andincrementablisplacementield «; expressedn pixelsfor different
levels of global strainin a tearingtest: €;; = 4% for (@), €;; = 4.5% for (b) and

€11 = 5.5% for (c). CorrelationparametersZOl size= 32 pixels,§ = 32 pixels.
Scale:l pixel <> 0.16 mm. . . . . . . . .. 31
Cumulatve and incrementale,-field for differentlevels of the global strainin a
compressioniest: €; = —4% for (a) ,¢;; = —6.5% for (b) andé;; = —9% for (c).
CorrelationparametersZOl size= 32 x 32 pixels,§ = 16 pixels. Scale:1 pixel <

0.0 MM, . . . . . e e e e e e 32

20



12 Cumulatve andincrementaldisplacementield u; expressedn pixelsfor different
levels of global strainin a tearingtest: €;; = 4% for (@), €;; = 4.5% for (b) and
€11 = 5.5% for (c). CorrelationparametersZOl size= 32 pixels,§ = 16 pixels.

Scale:l pixel<> 0.16 mm. . . . . . .. ... .. 33

21



Figurel: Lateralview of acrimpedglasswool product(1 pixel +» 0.16 mm).

Bergonnieretal.
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Figure 2. Zone of Interest(ZOl) in reference(left) and “deformed” (right) images. Associated

displacemenvector
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Figure3: Schematiof thereferencemagewith thecorrelationparameter§ZOl area:2™ x 2" pixels

andshift ¢).
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Figure4: Differentscalesusedin the multi-scaleapproacHor a glasswool sample.
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Figure5: Meandisplacemenerror (a) and correspondingtandarddeviation (b) asa function of
prescribedconstantdisplacementor differentcorrelationparametergZOIl size= 2" pixels, shift

0 = 2" pixels).
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Figure 6: -a- Standarddeviation of strainasa function of prescribedconstantdisplacementor
differentcorrelationparameters:b- Meanstrainanddisplacemenstandardieviationsasafunction

of prescribedcconstandisplacementor differentcorrelationparameter$ZOI size= 2™ pixels,shift

0 = 2" pixels).
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Figure7: Dimensionles$oadvs. globalstrainfor acompressionestof crimpedglasswool.
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Figure8: Cumulatve andincremental -field for differentlevelsof theglobalstrainin acompres-
siontest: ™~ % (a), ~ % (b) and™ % (c). CorrelationparametersZOl size

= pixels, pixels.Scale: pixel mm.
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Figure9: Dimensionlessoadvs. globalstrainfor atearingtestof crimpedglasswool.
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Figurel0: Cumulatve andincrementatlisplacementield  expressedn pixelsfor differentlevels
of global strainin a tearingtest: ~ % for (a), ~ % for (b) and™ % for (c).

CorrelationparametersZOl size=  pixels, pixels.Scale: pixel mm.
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Figure1l: Cumulatve andincremental -field for differentlevels of the global strainin a com-
pressiontest: ~ % for (a) ,” % for (b) and™ % for (c). Correlation

parametersZOl size= pixels, pixels.Scale: pixel mm.
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Figure1l2: Cumulatve andincrementablisplacementield  expressedn pixelsfor differentlevels
of global strainin a tearingtest: ~ % for (@), ~ % for (b) and™ % for (c).

CorrelationparametersZOl size=  pixels, pixels.Scale: pixel mm.
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