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ABSTRACT

Weproposeadamagemodelwith aprobabilisticapproachfor laminatesmadeof unidirectionalfibrereinforced
plies. Statisticalinformationis collectedthroughmultiple crackingtests.Thedefectsareconsideredastrans-
versematrix cracksandwe studythemby examining
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laminates.
Parametersof acumulativedistributionfunctionof thefailurestrengtharedetermined.Probabilisticparameters
of the cumulative distribution are chosento be independentof the ply thicknessand multiaxial loading to
have intrinsic valuesfor describingthe ply. Probabilisticparametersfound previously areintroducedinto a
finite elementcomputationof laminatesusinga StatisticalVolumeElement(SVE). As experimentalresults,
numericalonespresentadispersionof thefailurestress.
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INTRODUCTION

Thefracturebehaviour of fibre reinforcedcompositeshasan inherentvariability which resultsfrom thepres-
enceof defectsin the constituents.A probabilisticmodel including failure criteria, taking into accountthe
presenceof defectsfor predictingthestatisticalfracturebehaviour is proposedfor acompositelaminateunder
multiaxial loading.
Thestudiedcompositelaminateis astackof plieswhereeachply is madeof unidirectionalcarbonfibre(T300)
embeddedin anepoxymatrix (914). Differentstackingsof compositelaminates
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��� � ��	�� � ������� � ����� � ��� aresubjectedto mechanicalloadswhich leadto damage.The damageis known

to consistof intralaminarcracks(fibre breaks,axial andtransversecracks)andinterlaminarcracksformedby
local separationof plies (delamination).We focuson transversecrackswhich give a variability of fracture
properties.



In orderto predictfailurestressesin compositelaminates,it is necessaryto take into accounttheprobabilistic
natureof defects.Suchanapproachconsistsof two parts: identificationof a populationof defectsandsimu-
lation of thestatisticalbehaviour of thematerialundermultiaxial loading.Thestatisticalaspectis introduced
in finite elementcalculationwith the StatisticalVolumeElement(SVE) describedby Baxevanakiset al. [1].
Thepaperis organizedin thefollowing way. Thefirst partdescribestheidentificationof transversecracksand
a multiaxial fracturecriterion. Thesecondpartpresentsthenumericalsimulationof thefractureof a laminate
composite.

TRANSVERSE CRACKING

Description of the test
Theaim of thetestis to estimatethepopulationof defectsthatgeneratestransversecracksduringthedamage
processof compositelaminates.Thematerialusedin thisstudyis acarbonfibre reinforcedepoxy(T300,914)
with theply propertiesreportedonTab. 1.

TABLE 1: MECHANICAL PROPERTIES OF CARBON/EPOXY PLY.

Material �! (GPa) �#" (GPa) $% &" (GPa) '& (" )+* (MPa) ,�* (%)

Ply 140 9.5 3.2 0.31 2150 1.1

In a symmetriclaminate,anaxial loadproducesan in-planestressstatein off-axis pliesconsistingof normal
stressesparallelandperpendicularto fibresandshearstresses.Following theorientationandthestacking,the
stressstatevaries. To have differentstressstatewe considerthreelaminates:
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Axial andtransversestrainsaremeasuredusingstraingauges.Oncetheedgesof thespecimensarepolished,
thespecimensareloadedto aselectedstrainlevel. Thepositionof everycrackis measuredin situby atraveling
optical microscope(Fig. 1 ). Thepositionandthe numberof cracksarecollectedfor eachply andfor each
level of deformationuntil thespecimenfails.

Results
To determinethelocal failurestressstateresultingfrom theglobalstressappliedexperimentally, weaccurately
simulateexperimentsby introducingcracksexactly at the positionsandat the deformationlevels they were
found experimentally. Figure2 shows how we calculatethe stressesin eachply for a deformationlevel at
whichacrackappears.
Wechoosethedamagevariabledefinedby Thionnet[2] as 132�4�5.6 ( 4.7 numberof cracksperunit lengthand6!7 thethicknessof theply) andwe definea quadraticcriterion )98:*;2=< ) �"?>A@�B � &" ( )C" is thetransversestress
and B  &" is theshearstressin thelocalreferenceand @ is acoefficientrepresentingtheeffectof defectsonshear)
for describingthedefectpopulationin a ply (Fig. 3 a). Thesevariablesarechosento describethepopulation
of defectsindependentlyof the ply thicknessandmultiaxial loading. First from the curvesof Fig. 3 a, we
determine@ 2 �CD����

, this valueis consistentto what is observed in literaturefor a deterministicmesoscopic
Tsai-Hill criterion.
Next, we gatherthe informationon defectscomingfrom differentplies. This is possibleonly if transverse
crackswereobservedjustbeforetheoccurrenceof thedelaminationbecauseourpseudo-tridimensionalcalcu-
lation doesnot take into accountthis phenomenon.This is thereasonwhy Figure3 b) shows theadditionof
two populationsin
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laminateis removedbecausethedelaminationappearsat thesametimeastransversecracks.Then,thepossible
modelof distribution for thetransversecracksis asigmoidaldistributionrepresentedby theEq. 1 :1�GH)+*JIK2�L�GM �0N�OQPSRPSTCUWV I (1)

with LX2 �CDY�[Z
is themaximumnumberof defects(nondimensional),)+\]2 �
�^DY_[`

scaleparameter(MPa),
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Figure 2: Meshof thethicknessof thelaminatewith cracks(pseudo-tridimensionalcalculation)c 2 �dDfe
	
ashapeparameter(nondimensional).

SIMULATION OF THE FRACTURE OF A LAMINATE COMPOSITE

Statistical Volume Element (SVE)
TheStatisticalVolumeElement(SVE)givesthepossibilityto introducethestochasticaspectin thenumerical
simulation. It is definedashaving onecritical defectwhich is in our casea crack. During experiments,we
observedthatthegeometryof thecrackhadthethicknessof theply (0.246mmto 0.738mm)andthewidth of
thesample(25mm). Sotwo dimensionsof theSVEaredirectlydefined.Thethird dimensionof theSVEis the
intercrackspacingat saturation.Only the
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laminatehasits cracksat saturation(1.41mm), laminates

with off-axispliesundergodelamination.Jeulin[3] assumesthatdefectsaredistributedaccordingto aPoisson
pointprocessandthatSVEbreakswith theweakestlink assumptiondescribedby Weibull [4] soits probability
to breakis givenby Eq. 2: gih GH)+*JIj2kM �0N�lnmpo�q�rtsuOfv R Uxwzy (2)

Knowing 1�G{)+*|I from theexperimentalstudy(Eq. 1 ) andusinga uniformrandomvariable
g}h

between0 and
1, weassociateto eachSVE a fracturevalue )+*d~���� obtainedby Eq. 3 :
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Figure 3: a) Cumulativedamagevariable 1 for cracksin differentlaminates.b) Cumulativedamagevariable1 for cracksin
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)+*d~���� 2 )+\�� ������� M > ��� GM � g *JIL���~&�+� �n�%�V (3)

Damage model for numerical simulation
Figure4 shows two meshesof a platerepresentingthesamplestudiedexperimentally: a finite elementmesh
and a statisticalmesh. The finite elementsare usedto calculateunderclassicallaminationtheory [5] the
stressanddisplacementstates.Thestatisticalmeshis madeof SVE’s which areintroducedto give thefailure
stressvariability of thesample.Thedifferentgray levelsrepresentthevaluesof the fracturecriterion )+*d~��+�
associatedwith eachSVE.Thetwo meshesaresuperimposedto givetheinput for numericalcalculation.
Theappearanceof damagein the laminateis simulatedasfollows. If in oneSVE, thecriterion )98:~&�+� which
is the meanof the criterion )98{��8Q� of all finite elementwhich belongto the SVE reaches)+*C~&�u� accordingto
Eq. 4, thedamageof theseelementsis simulatednumericallyby astiffnessreductiondescribedby Renardand
Thionnet[6]. )98Q~��9��2�� � ��8��W)98���8���+~&�+� � )+*d~���� (4)

Numerical results
A numericalsimulationis madeon
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viously, to compareit with experimentalresults. For both laminateswe have a low variability on behaviour
laws so the stress-straincurvesarelessinterestingthanthedensityof cracksrepresentedin Fig. 5, whereis
plottedthe damagevariable(alsocalledthe cumulative density 1 ) againstthe criterion )98:* ( )98:*�2�)+*d~��+�
for numericalresults).In thecaseof
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laminate,theSVEbreaksin thesameway asexperimentallyas

shown in theFig. 5 a).
In thecaseof
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� � �F����� � ��� laminate(Fig. 5 b), theexperimentalandnumericalcurvesarenotsimilar, since
wedonot reachexperimentallythesaturation,thecalculationbeingdonewith thesizeof theSVEof
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laminate,we introducemorecracksthanthere

arein reality. In addition,theparametersusedfor thestatisticalmodelpenalizethis laminateconfiguration.

CONCLUSION

We proposedexperimentalandnumericalschemesfor thedeterminationof defectspopulationparametersin
a ply. At the sametime, we defineda multiaxial criterion )98�2 GH) �" >k@[B � &" I ���:� , with @ 2 �CD����
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Figure 4: Input for thenumericalsimulation

we have informationon defectsmorethe parametersof populationandthe parameter@ will be preciseand
realistic.Next, we built a probabilisticdamagemodelby introducingstochasticfailurestresseswith theSVE.
Numericalresults
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gaveacumulativedensitysimilar to theexperimentalone.Concerning

��� � �
��� � �K���� � ��� laminate,thecumulative densitywashigherbecauseof thechoiceof thesizeof theSVE.To modelthe
cumulativedensitymoreprecisely, wehaveto accountfor thetridimensionalstressstate,in orderto includethe
delaminationphenomenonsothattheclassicallaminatetheoryassumptionscouldnotbeconsideredanymore.

Theongoingwork is to applythemodelfor high stressesgradientzones(notchedplates).Figure6 shows
thenumericalinput. Thefailurecriterion is changed.Eq. 5 takesinto accountthefact thatwe have a higher
probabilityto breakin thevicinity of thecircularhole.

)98:~&����2�)+\��� � ��� ��}¡� ��8�� � �¢8Q� N�l G P£�¤�¥PST I V��~&�9� ¦§9¦§ �V � )+*C~&��� (5)
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