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ABSTRACT

We proposeadamageanodelwith aprobabilisticapproacHor laminatesnadeof unidirectionafibrereinforced
plies. Statisticalinformationis collectedthroughmultiple crackingtests.The defectsareconsideredstrans-
versematrix cracksandwe studythemby examining[03/903]s, [02/602/ — 602]s @and[02/902/ — 455/45,]5
laminates.

Parametersf acumulatvedistributionfunctionof thefailurestrengtharedeterminedProbabilisticparameters
of the cumulatve distribution are chosento be independenbf the ply thicknessand multiaxial loading to
have intrinsic valuesfor describingthe ply. Probabilisticparametergound previously areintroducedinto a
finite elementcomputationof laminatesusinga StatisticalVolume Element(SVE). As experimentalresults,
numericalonespresentdispersiorof thefailurestress.
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INTRODUCTION

Thefracturebehaiour of fibre reinforcedcompositesasaninherentvariability which resultsfrom the pres-
enceof defectsin the constituents.A probabilisticmodelincluding failure criteria, taking into accountthe
presencef defectdor predictingthe statisticalfracturebehaiour is proposedor a compositdaminateunder
multiaxial loading.

Thestudiedcompositdaminateis a stackof plieswhereeachply is madeof unidirectionalcarbonfibre (T300)
embeddedn anepoxymatrix (914). Differentstackingsof compositdaminates03/903)s, [02/605/ — 605,

and[02/90,/ — 45,/45,]s are subjectedo mechanicaloadswhich leadto damage. The damages known

to consistof intralaminarcracks(fibre breaks axial andtrans\ersecracks)andinterlaminarcracksformedby
local separatiorof plies (delamination). We focus on trans\ersecrackswhich give a variability of fracture
properties.



In orderto predictfailure stressesn compositdaminatesijt is necessaryo take into accounthe probabilistic
natureof defects.Suchanapproackconsistsf two parts:identificationof a populationof defectsandsimu-
lation of the statisticalbehaiour of the materialundermultiaxial loading. The statisticalaspecis introduced
in finite elementcalculationwith the StatisticalVolume Element(SVE) describedby Baxevanakiset al. [1].
Thepaperis organizedn thefollowing way. Thefirst partdescribesheidentificationof trans\ersecracksand
amultiaxial fracturecriterion. The secondpartpresentghe numericalsimulationof thefractureof alaminate
composite.

TRANSVERSE CRACKING

Description of the test

Theaim of thetestis to estimatethe populationof defectsthatgeneratesrans\ersecracksduringthe damage
procesf compositdaminates.The materialusedin this studyis a carbonfibre reinforcedepoxy(T300,914)
with the ply propertieseportedon Tah 1.

TABLE 1: MECHANICAL PROPERTIES OF CARBON/EPOXY PLY.

| Material | E, (GPa) | Er (GPa) | Gy (GPa) | vir | or (MPa) | e (%) |
[ Py | 140 | 95 [ 32 J031] 2150 | 1.1 |

In a symmetriclaminate,an axial load producesanin-planestressstatein off-axis plies consistingof normal
stressegparallelandperpendiculato fibresandshearstressesFollowing the orientationandthe stacking the
stressstatevaries. To have differentstressstatewe considerthreelaminates: [03/90s]s, [02/602/ — 6055,

[02/90/ — 45,/455]s laminates.Sampledrom the laminatesarecut andtestedn anInstrontestingmachine.
Axial andtrans\ersestrainsaremeasuredisingstraingauges.Oncethe edgesof the specimenarepolished,
thespecimensreloadedio aselectedtrainlevel. Thepositionof every crackis measuredh situby atraveling

optical microscopgFig. 1). The positionandthe numberof cracksare collectedfor eachply andfor each
level of deformatioruntil the specimerfails.

Results

To determindhelocalfailure stressstateresultingfrom the globalstressappliedexperimentallywe accurately
simulateexperimentsby introducingcracksexactly at the positionsand at the deformationlevels they were

found experimentally Figure2 shavs how we calculatethe stressesn eachply for a deformationlevel at

which acrackappears.

We choosdhedamagevariabledefinedoy Thionnet[2] asW¥ = d x t (d : numberof cracksperunitlengthand

t : thethicknesf the ply) andwe definea quadraticcriteriono. g = (/0% + at? (o7 is thetrans\ersestress
andr.7 isthesheaistressn thelocalreferenceinda is a coeficientrepresentingheeffect of defectsonshear)
for describingthe defectpopulationin a ply (Fig. 3 a). Thesevariablesarechoseno describehe population
of defectsindependentlyof the ply thicknessand multiaxial loading. First from the curvesof Fig. 3 a, we
determines = 0.45, this valueis consistento whatis obsenedin literaturefor a deterministicmesoscopic
Tsai-Hill criterion.

Next, we gatherthe informationon defectscomingfrom differentplies. This is possibleonly if trans\erse
crackswereobsenedjust beforethe occurrencef thedelaminatiorbecaus®ur pseudo-tridimensionalalcu-
lation doesnot take into accountthis phenomenonThis is the reasonwhy Figure 3 b) shavs the additionof
two populationsn [03/903]; and[02/605/ — 60, laminates The populationof cracksof [05/905/ — 455 /455]
laminateis removedbecaus¢hedelaminatiorappearstthesametime astrans\ersecracks.Then,thepossible
modelof distributionfor thetrans\ersecracksis a sigmoidaldistribution representetly theEq. 1 :

U(op) = AL = (=" (1)
with A = 0.47 is themaximumnumberof defectgnondimensional),

0, = 64.82 scaleparamete(MPa),
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Figure 2: Meshof thethicknesof thelaminatewith cracks(pseudo-tridimensionalalculation)

m = 5.39 ashapeparametefnondimensional).

SIMULATION OF THE FRACTURE OF A LAMINATE COMPOSITE

Satistical Volume Element (SVE)

The StatisticalMolumeElement(SVE) givesthe possibilityto introducethe stochasti@aspecin the numerical
simulation. It is definedashaving onecritical defectwhich is in our casea crack. During experimentswe

obseredthatthe geometryof the crackhadthethicknessf theply (0.246mmto 0.738mm) andthewidth of

thesampleg(25mm). Sotwo dimension®of the SVE aredirectly defined.Thethird dimensiorof the SVE s the

intercrackspacingat saturation.Only the[03/903], laminatehasits cracksat saturation1.41mm), laminates
with off-axis pliesundego delaminationJeulin[3] assumethatdefectsaredistributedaccordingo a Poisson
pointprocesandthatSVE breakswith thewealestlink assumptiordescribedy Weibull [4] soits probability
to breakis givenby Eq. 2:

PT (O-R) = 1 —e fSVE‘ ‘I/(UR)d’U (2)

Knowing ¥ (o) from the experimentaktudy(Eg. 1) andusinga uniformrandomvariableP, betweer0D and
1, we associatéo eachSVE afracturevalueogsy  Obtainedoy Eq. 3 :
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Figure 3: a) Cumulatve damagevariableV for cracksin differentlaminates.b) Cumulatve damagevariable
U for cracksin [03/903]s, [02/602/ — 605]s laminates.
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Damage model for numerical simulation

Figure4 shavs two meshef a platerepresentinghe samplestudiedexperimentally: a finite elementmesh
and a statisticalmesh. The finite elementsare usedto calculateunder classicallaminationtheory [5] the
stressanddisplacemenstates.The statisticalmeshis madeof SVE’'s which areintroducedto give thefailure
stressvariability of the sample.The differentgray levelsrepresenthe valuesof the fracturecriterionozsy

associateavith eachSVE. Thetwo meshesresuperimposetb give theinputfor numericalcalculation.

The appearancef damagen the laminateis simulatedasfollows. If in one SVE, the criteriono.sy 5 which
is the meanof the criterion o;; of all finite elementwhich belongto the SVE reachesrzsy r accordingto
Eq. 4, thedamageof theseelementss simulatedhumericallyby a stiffnessreductiondescribedy Renardand
Thionnet[6].

VielOeiel
OeSVE = Z ;sve;e > ORSVE (4)

Numerical results

A numericalsimulationis madeon [03/903]s and[0,/60,/ — 60,]; laminateswith the modeldescribedpre-
viously, to compareit with experimentalresults. For both laminatesve have a low variability on behaiour
laws so the stress-straicurves arelessinterestingthanthe densityof cracksrepresentedh Fig. 5, whereis
plottedthe damagevariable(also calledthe cumulatve density ) againstthe criteriono.i ( 0er = OrsvE

for numericalresults).In the caseof [03/903]s laminate the SVE breaksn the sameway asexperimentallyas
shovnin theFig. 5 a).

In thecaseof [02/602/ — 60], laminate(Fig. 5 b), theexperimentahndnumericalcurvesarenotsimilar, since
we do notreachexperimentallythe saturationthe calculationbeingdonewith the sizeof the SVE of [03/903]

laminate. Numerically by usingthe sizeof SVE of [03/903]s laminate,we introducemore cracksthanthere
arein reality. In addition,the parametersisedfor the statisticalmodelpenalizethis laminateconfiguration.

CONCLUSION

We proposedxperimentaland numericalschemedor the determinatiorof defectspopulationparametersn
aply. At the sametime, we defineda multiaxial criterion o, = (02 + a7?;)'/?, with a = 0.45. More
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Figure 4: Inputfor thenumericalsimulation

we have informationon defectsmorethe parameter®f populationandthe parameter will be preciseand
realistic. Next, we built a probabilisticdamagemodelby introducingstochastidailure stressesvith the SVE.
Numericalresults03/90s], gave acumulatve densitysimilarto theexperimentabne.Concerning0s/60o/ —
60-], laminate the cumulative densitywashigherbecausef the choiceof the sizeof the SVE. To modelthe
cumulatve densitymorepreciselywe have to accounfor thetridimensionaktressstate jn orderto includethe
delaminatiorphenomenosothatthe classicalaminatetheoryassumptionsouldnot be consideregnymore.

Theongoingwork is to apply the modelfor high stressegradientzones(notchedplates).Figure6 shovs
the numericalinput. The failure criterionis changed.Eq. 5 takesinto accountthe factthatwe have a higher
probabilityto breakin thevicinity of thecircularhole.

N f[)iele_(%_od)m %
OesvE = 00 |—In | B TA— > ORSVE (5)
el SVE
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Figure5: Comparisorof numericalandexperimentatesultsfor a) [03/903]s andb) [0, /60,/ — 605]s laminates.
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Figure 6: Exampleof realizationof o sy for anotchedplates.
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