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ABSTRACT
In orderto incorporatetheheterogeneousmicro-or mesostructureof materials,themultiscalemod-
elling techniqueseemsto beanadequateanalysistool. Here,themultiscaleframeis analysedasa
macro-mesostraightforwardroutine. Thequestionof thesizeof themeso-level is analysedon the
basisof therepresentativevolumeelement(RVE) concept.For thispurposeaprocedurefor theRVE
sizedeterminationwasproposed.Thetwo issuesof theRVE sizedeterminationandthemultiscale
routinehavebeenanalysedin thelinear-elasticandsofteningregimes.

1 INTRODUCTION
For thesolutionof mechanicalproblemsthemultiscaletechnique(Fishetall [1], Feyel [2], Kouznet-
sova et al. [3], [4], Gitmanet al. [5], [6] etc.) is usedto transferdatabetweendifferentscales.One
wayto performamultiscaleanalysisisasfollows: theproblemissolvedonthehighest(macro)level,
whereat eachmacro-level integrationpoint a meso-level analysisis performed.Next, theresultsof
themeso-level investigationareaveragedthroughhomogenisationtechniquesandtheresultsof the
macro-level analysisarecorrected.In otherwords,a two-scaleschemeis introducedto describethe
structureon macro-level taking into accountinformationfrom themeso-level. Thematerialon the
macro-level is consideredashomogeneouswhile at themeso-level thematerialis heterogeneous.

In a multiscaletechnique,anapparentquestionis what the dimensionsshouldbeof the meso-
level samplethat is considered.Thesizeof themeso-level sampleis definedby meansof a repre-
sentativevolumeelement(RVE).

Theaimsof this paperaretwofold. Firstly, a procedureof RVE sizedeterminationis presented
andanalysedfor thecasesof linearelasticityandsoftening.Secondly, a multiscaleanalysisusing
theresultsof anRVE studyis performed.

2 RVE SIZEDETERMINATION
The problemof the RVE sizedeterminationis a key issue in the multiscaleroutineandneeds

a detailedinvestigation. The Representative VolumeElement(RVE) is widely usedin nowadays
mechanics(Audin et al. [7], AshihminandPovyshev [8], Behrenset al. [9], Fraldi andGuarracino
[10]). Several attemptshave beenmadein literatureto developa procedureto determinethe rep-
resentative size. DruganandWillis [11] proposedthequantitativeestimatesof minimumRVE size
for elasticcompositesandalsoBorbelyet al. [12], Bulsaraet al. [13], AshihminandPovyshev [8]
suggesta way to definethesizeof theRVE. An objectivemethodto determinethesizeof theRVE
wasproposedin Gitmanet al. [5]. A shortoverview of this methodis presentedin the following
section.
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Figure1: a) tensiontestb) Chi-squareanalysisc) RVE-sizedependenceon aggregatedensity

2.1 Method description

The methodis basedon the statisticalanalysisof thenumericalexperimentsperformedon several
differentsamples.Theheterogeneousmaterialis assumedto consistof matrix, aggregatesandin-
terfacial transitionzone. Threedifferentaggregatesdensities(volumeratio) wereconsidered;for
eachof themfour differentsamplesizeswereanalysedwith the help of five differentrealisations
(redistribution,repositioningof theaggregates),thus60numericaltestshavebeenperformed.Then,
theresultswereanalysedwith thehelpof theChi-squarecriterion:
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where
� �

beingtheparameterof interest,representingtheaveragevalueof thestressin thecurrent
unit cell,

� ���
is theaverageof

� �
, and � is thenumberof realisationsfor thecurrentsize.

2.2 Results

Tensiontests(figure1-a)wereperformedonthesamples,andtwo caseswerestudied:alinear-elastic
materialanda softeningmaterial. Softeningmaterialbehaviour wasdescribedusingthe elasticity
basedgradientdamagemodel(Lemaitre[14], Peerlings[15], Simone[16]):� � ��� ��� ����� (2)

where
�

and
�

arestressesandstrainsrespectively,
�

is the matrix of elasticstiffness(different
for eachcomponentof thematerial)and

�
is historicallydependentstrainbasedsofteningdamage

evolution law.

Linear elasticity Resultscorrespondingto the linear-elasticcasearepresentedin figure (1-b,c).
In figure(1-b),Chi-squarevaluesfor differentaggregatedensitiesanddifferentsizesarepresented,
togetherwith the tablevalue,which was found accordingto the prescribedaccuracy (95 %) and
thenumberof numericaltestsperformed(five realisationfor eachaggregatedensityandeachsize).
Figure(1-c), derivedfrom figure (1-b), shows the dependenceof the RVE sizefrom the aggregate
density. It shouldbenoted,thattherangeof aggregatessizeswasthesamefor thecompleteseries.

Softening Resultscorrespondingto the softeningcasearepresentedin figure (2-a). The stress-
straindiagramsfor thedifferentsizesareplottedtogetherin orderto giveanoverview of thematerial
behaviour dependingon the sizeof the sample. It canbe observed that in the post-peakregime a
biggersamplesizeresultsin a morebrittle response(steeperslope).
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Figure 2: a) stressstrain diagramsfor different samplesizes; statisticalanalysis: mathematical
expectationandstandarddeviation for b) elasticstiffness(linearelasticregime)c) tangentstiffness
(softening)

In orderto bemoreprecise,figure(2) is showing thestatisticalanalysis(mathematicalexpecta-
tion andstandarddeviation) of theslopesin two points: thefirst in the linear - elasticpartandthe
secondin thesofteningpart. It is observedthat in spiteof a goodconvergingpatternwith thesize
valuesof thestandarddeviation, themathematicalexpectationin thesofteningcasegrows with in-
creasingsize.In thelinear-elasticcasebothmathematicalexpectationandstandarddeviationremain
practicallyconstantwith increasingsize.

In the caseof softeningit is not possibleto find a size,which is representative. In contrast,
with increasingsamplesizethematerialbehavesmoreandmorebrittle. Meshsizedependenceon
this scaleis excludedby usinga higher-ordercontinuumdamageformulation. This supportsthe
conclusion,thatin caseof softeningmaterialbehaviour, a representativevolumecannotbefound.

3 MULTISCALE PROCEDURE.RESULTS
On the macrolevel in the multiscalecomputation(figure 3), the materialis consideredto be

homogeneouswith an imperfectionin the middle of the macro-structure(10 % reductionin the
cross-section).Insteadof a constitutive relationon themacro-level, anaveragedresponsefrom the
meso-level hasbeenused. On the meso-level, materialis consideredto be heterogeneous:matrix
with inclusions,surroundedwith an interfacial transitionzone. Eachof thesecomponentshasit’s
own mechanicalproperties.

Theseresults(in thesamewayasit hasbeendonefor theRVE sizedetermination)wereanalysed
in two regimes: linear-elasticityandsoftening. In both of thoseregimesthe issuesof meso-size
dependencewasstudied.
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Figure3: multiscaletest
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Figure4: multiscaletestresults:meso-level sizedependence

As it wasmentionedabove,two differentsizesof themeso-levelhavebeenusedin themultiscale
routine. Thedifferencebetweentheresponseof themacro-level on changingthesizeof themeso-
level in thelinear-elasticcaseis practicallyzero.Differencesstartin thehardeningregime.However,
thesearesignificantlysmallerthanin thesofteningregime. In otherwords,in thesofteningregime
themacro-level responseis extremelysensitive towardsmeso-level sizechanges.Theseresultsare
shown in figure(4). Macro-level meshdependenceis a topicof furtherstudy.

4 CONCLUSIONS
In this papertwo issuesareanalysed:the problemof representative volumesanda multiscale

modellingtechnique,bothfor linear-elasticandsofteningmaterialbehaviour. Following theproce-
dure,basedon thestatisticalanalysisof numericalexperiments,it hasbeenshown thattherepresen-
tativevolumecanbefoundwith relatively highaccuracy in thecaseof linear-elasticity. However, in
caseof softeningarepresentativevolumecannotbefound.Furthermore,amultiscaleprocedurehas
beenperformed.On thebasisof thedependenceof themacro-level responsewith respectto meso-
level sizea conclusionis madeabouttheapplicabilityof themultiscaleframefor linear-elasticand
softeningmaterialbehaviour. This conclusionis presentedin table(1).

Furthermore,a multiscaleprocedurehasbeenperformed.On thebasisof thedependenceof the
macro-level responsewith respectto meso-level sizea conclusioncanbe derived for the applica-
bility of themultiscaleframefor linear-elasticandsofteningmaterialbehaviour. This conclusionis
presentedin table(1).

Table1: Multiscaleoverview.

Results LinearElasticity Softening

mesosizedependence – +
multiscale OK NOT OK

In thelinear-elasticcase,in which therewasnomeso-level sizedependencefoundthemultiscale
framecanbeappliedandit givesrealisticandaccurateresults.Onthecontraryfor softeningmaterial
behaviour, one can expect meso-level size dependence,which questionsthe applicability of the
multiscalemethod.
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