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RESUMEA des échelles d’observation fines (inférieures a I'éctuglatimétrique) les matériaux
a matrice cimentaire ne peuvent plus étre considérés conemendieux homogenes. lls sont,
dans le cadre de cette étude, considérés comme bi-phasigeegranulats étant inclus dans
une matrice cimentaire. Deux problématiques majeuresnjrde cette thématique de modé-
lisation sont abordées. D’un coté la modélisation morph@ae et d'un autre, la modélisation
mécanique prenant en compte le caractére hétérogéne et-fjagde du matériau. Le résul-
tat principal de I'étude montre que la simple modélisati@nla morphologie permet, avec des
modéles mécaniques simples, de retrouver des comportemantoscopiques complexes. Une
application est faite montrant I'impact des incompatitéiés de déplacement entre la pate de
ciment et les granulats du au retrait de séchage sur la digsyendu comportement en trac-
tion/compression du béton.

ABSTRACTA 3D meso-scale model for failure of heterogeneous quagieomaterials is pre-
sented. At such scale, concrete can be represented as amdeteous material with two
phases, where inclusions (aggregates) are included witiérmatrix (mortar). Both morpho-
logical quasi brittle failure mechanism modelling are exgged here. Finally, impact of drying
shrinkage incompatibilities between aggregates and cépeste on asymmetrical response in
tension/compression tests is shown.

MOTS-CLES Matériaux hétérogénes, modélisation morphologique, astement quasi-fragile
KEYWORDSHeterogeneous materials, Morphological modelling, quarittle mechanism
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1. Introduction

In view of the growing complexity of macroscopic models fetérogeneous ma-
terials, such as concrete or more generally cement-bases] tire question of scale
observation becomes relevant. On the one hand, it cleapggaap that most of the
macroscopic behaviours of such materials (creep, shrinkagcking. ..) take their
origin at smaller scales (mesoscopic, microscopic. . .nddepredictive and accurate
numerical simulation of long-term behaviour related toa@eite structures durability
shall account for these scales. On the other hand, usageyofine imaging proce-
dures, mostly inspired from the medical field, with conciidte materials has increa-
sed dramatically over the last few years. Chief among thetimeisX-ray tomography
[ROU 10] which offers a nondestructive way to get very predsita, dealing with
both morphological and mechanical aspects. Numericallsiions shall be able to
use this huge volume of data for both parameter identifinatiad validation of nume-
rical models.

The framework presented here is to be seen in this contedtespecially within
a sequenced multiscale way (as opposed to integrated omese the macroscopic
behaviour comes from a mesoscopic description of the nahténi other words, we
consider the macrosocopic mechanical behaviour of suchriabfs acomplex sys-
tem It is assumed that the final result cannot be predicted tire way of dealing
with such systems is to set several basic evolution rulessandlate the system in
order to obtain the structured final result. In our case, tbdsilt is the macroscopic
behaviour and the basic rules are defined by the mesoscaepdies. This point of
view can also be seen astual testingprocedure.

At fine scale, concrete must be represented as a heterogeatersals. Therefore,
two kinds of basic rules need to be established in such framewhe first kind is
a purely geometrical and topological matter with the aim>gilieitly representing,
as faithfully as possible, the morphology of material hegeneities. The random as-
pect of this representation links our virtual testing fravoek with Monte Carlo ex-
periments. The second kind of basic rules is purely mechhaitd defines the local
behaviours of each phases of the material and their intesfak quasi-brittle failure
mechanism is wanted, adding a strongly non-linear aspéebetsystem. Both kind of
representation of the meso-scale are complex (randomdgeteeities and non-linear
behaviour) yet one have to keep in mind that those two aspeetsompletely inde-
pendant.

The global spirit of the whole framework is to consider thétwa representative
morphological description, the mechanical behaviour ahephase can be kept as
simple as possible and still lead to complex macroscopiedehr. For example, it is
shown in this work that with a simple brittle tension failureechanism at the meso-
scale, macroscopic compression failure can be simulated.
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2. Explicit representation of the meso-scale heter ogeneities

In this work, the mesoscopic scale characteristics araattpldefined. Therefore
a special effort had to be made concerning the morphologgpatsentation of hetero-
geneities. Two characteristics shall be considered caimagthis modelling. First, the
geometry and topology has to fit as close as possible toygatitume fraction, area
fraction, number of aggregates, size repartition...) awsdly, the random aspect of
aggregates repartition within the matrix has to be expjicépresented. Two different
methods of heterogeneity morphological representatiergarckly overviewed. The
first one represents aggregates with non-intersectingepbévarious radii randomly
placed into space (see figure 1(a)). A special packing alguorof collective rearran-
gement is used here in order to increase the maximum volusagdn computable in
acceptable time [BEZ 02]. This method is extremly efficiehew it comes to specific
size repartition of aggregates. Only little work on the raddbabilistic distribution is
required. Major drawback is the extremly simple spherisalet.

(a) Sphere packing (b) Random field excursion set

Figure 1. Morphological modelling using non-intersecting spheresking or ran-
dom fields.

The idea behind the second method is to yield the phaseslesitgset of correla-
ted random fields (see figure 1(b)). In opposition to whitesesj the use of correlated
random fields gives a spatial structure to the resulting imaliqmies (hereafter called
excursion sets). A probabilist link between Gaussian ¢ated random field charac-
teristics (mean, variance or correlation length) and bethngetrical and topological
quantities (volume, surface area, Euler characteridtitas been recently made in
[ADL 08], giving the possibility of controlling the excuisn sets characteristics and
applying it to represent each material phase and even makelite through time ea-
sily if needed, opening possibilities of hydration modwedlproblematics for instance.
This method gives several advantages such has accuratelameach geometrical
characteristics or representation of random shapes,itbutakes it hard to yield high
fraction volume disconnected morphologies. Yet, using<seun related random field
(like the x?2 field) and union of random fields allows to increase the foactiolume
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to reasonnable values.

Efforts of morphological modelling are here made within dtirgcale linear fra-
mework using a FE model with embedded discontinuities. theoto represent these
heterogeneities, those morphologies are projected ort&Ehmesh, thus defining a
set of discontinuities within the strain field interpolatigweak discontinuities). These
kinematics enhancements lead to “non-adapted” meshes setise of independence
between heterogeneities morphology and the underlying &&hm

3. Finite Element failure modelling

The second main aspect of this work is about modelling thesigréttle beha-
viour of concrete-like materials. During the last decadtekas been shown that, in
contrast to strain softening in classical continuum mateniodels, allowing displace-
ment discontinuities in the kinematics field leads to a moeamingfull description of
the material nonlinear behaviour [SIM 93]. In the preseritachework, discontinui-
ties in the displacement field represent what we can call tasesle crack”. In order
to handle both heterogeneities and crack-opening mechatisieso-scale, weak dis-
continuities are completed with a set of strong discontiesiwithin the framework
of local enhancement [BEN 10]. The magnitude of the disptear# discontinuity in
each element gives the measure of the crack opening. Stiscgndinuities are acti-
vated according to a certain localization criterion andthem governed by a simple
relationship between traction vector and crack openingh®lements are represented
figure 2 from blue to red, regarding the magnitude of the cratla larger scale, the
coalescence of several “local-cracks” shall represenbitedization of a macroscopic
crack. In other words, the local failure mechanism leadsdbaj macroscopic failure
by upscaling structural effect.

This vision of modelling the macroscopic behaviour by trasunal method is the
cornerstone of this work, leading to several original cdesitions. The main one is
that this structural effect has a physical sense only if tesaacale is physically well
described. A simple tension/compression test presentttkinext section point out
the major effect of morphological description. However,dimulating a shrinkage
mechanism, we show that adding an other kind of meso-scal@igéon such has a
pre-cracked pattern leads to more realistic macroscoiavieur.

3.1. Natural asymmetric tension/compression behaviour

Results on both tension and compression simulations asepied here. They
have to be seen has two completely independant calculafigtngsing exactly the
same mesoscopic description in terms of morphology, nateharacteristics and
mechanical behaviour. Hence, we show that very simple ladakre mechanism are
enough to retrieve much more complex features at macre-seaf the two-phases
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material presented here (aggregates within a cement ghste)local desciptions are
applied depending on whether an element is completely imtieix, completely in
an aggregate (in grey on figure 2) or in both (in black onfigyr& Be latter is called
“interface element” and handles material discontinuitiéth special inherent enhan-
cement, simulating a perfect interface. All the materiadrelcteristics are given in
table 1. Itis assumed that aggregates keep an elastic loeina®n the other hand, af-
ter reaching a certain maximal stress in tension, maxtrikiaterface element, by the
mechanism of crack-opening dissipate a certain amounterfgrbefore total failure.
Hence, the tensile strength and the fracture energy arevihparameters governing
the non linear behaviour.

Young modulus Tensile strength  Fracture energy

[M Pa] [M Pa] [J].[m]~2
Aggregate 80 000 - —
Matrix 20 000 3 5
Interface — 3 5

Table 1. Material characteristics of the mesoscale

(a) Macroscopic crack in compression test (b) Macroscopic crack in tension test

Figure2. Representation of the structural effect on the macroscoygick for tension
and compression test.

A first comparison between the results of tension and comjmedests can be
made regarding the shape of the macroscopic crack (see 8ju@ae can first notice
that in both case, macroscopic cracks find their way arouastielaggregates leading
to complex geometry and even “natural” branching. Howeberglobal shape differs
completly. When in tension, a single crack is well localifelbwing a plan perpen-
dicular to the solicitation, in compression, nearly all giements are broken, leading
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to several plans, this time parallel to the solicitationeTdifferences observed bet-
ween the macroscopic cracks reflect the asymmetric resmdrise material. All the
upscaled mechanical characteristics of the material ahtroscopic scale are given
table 2. Regarding the necessary energy to reach macrogadpie we can note that
both are bigger than the mesoscopic one, as it has been shaxperiments. Futher-
more, those energies indicate that the behaviour in tefsiway more brittle than in
traction. Regarding the strength and the energy neededdefal failure of the ma-
terial, the difference between the two tests reflects theigémaore brittle behaviour
of concrete-like material in tension than in compression.

‘ Young modulus  Strength  Fracture energy

[M Pa] [M Pa] [J].[m]~2
Tension 24 800 2 17
Compressio 24 800 9 750

Table 2. Upscaled material characteristic at macro-scale

These simple tests show that, using the same mesoscopitptiesc(mechani-
cally and morphologically speaking), the upscaled maapiscbehaviour naturally
represents a complex behaviour such as asymmetry betwesinrieand compres-
sion response. The structural effect due to the pertunbatideterogeneities is the
only reason of the asymmetric response observed. Yet delrarebacks can be noted
regarding strength values. Both are rather low comparesktity, espacially the com-
pression one. It can be improved with a more accurate moogiea! representation.
Ideed, results presented herein are base on a monodisphesecal method, yielding
an aggregate phase 26% fraction volume. Calculations (not presented here) have
shown that increasing this volume by adding smaller baj)dgliowing actual grrain
size repartitions), or using random field excursion seteeimee significantly the com-
pression strength yet not much the tension one (increasldgi@naly the strength
ration).

3.2. Effect of homogeneous shrinkage on the macroscopic response

We saw that the outcome of the structural effect due to mdogjical represen-
tation brings strong asymmetric behaviour regarding tenand compression. In this
section, we add to the simulation a homogeneous shrinkagkanasm by imposing a
given straing,.4, to the matrix before the tension or compression soliditeliading to
a “pre-cracked” state of the material. Such homogeneolisitation can represent,
for exemple, the effect of drying shrinkage incompatitgbtbetween cement paste
and aggregates [LAG 11]. It can be seen as a infinitly slowrdyylieading to a dif-
fuse crack pattern, in opposition to oriented one (thatesusual effect of differential
drying [DESA 08]). The macroscopic response with (resphauit) shrinkage are
shown figure 3 the dashed (resp. plain) curve representegnticroscopic reaction
through the imposed displacement.
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Figure 3. Representation of the drying shrinkage mechanism on theas@apic be-
haviour for tension and compression tests.

Young modulus  Strength  Fracture energy
[M Pad] [M Pal [J].[m]~2
Tension €ra =0 24 800 2 17
£rqg =5107° 16 000 1.2 9
Compressione’”d =0 24 800 9 750
€rg=5107° 24 300 8.5 720

Table 3. Upscaled material characteristic at macro-scale with diyi

We can note that the pre-cracked state has a more imporfaat if tension than
in compression, leading to a bigger ratio between maximueasstin tension and in
compression. The brittle behaviour of tension test is meresiive to the shrinkage
solicitation. It helps the localization of the one macrgsicacrack leading to even
more brittle behaviour. In opposition, the little effechias on the compression res-
ponse represents the higher complexity of the failure maisha However, the fra-
mework lacks mesoscopic physical effect modelling, legdinquestionable results.
For example, it as been shown that the increasing capikarsion due to shrinkage,
increase the compression strength as well [SEL 09].
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4. Conclusion

Most of problems related to concrete structures durabfstych as reinforced
concrete corrosion or delayed ettringite formation) aredly linked to mass trans-
fers. Thusthey are clearly affected by any mechanical diegian in the sense that any
set of meso- or macro-cracks shall increase those trarsfesesveral orders of magni-
tude. Here the detailed knowledge of the meso-scale cratksrp (cracks openings
and orientations) is a useful tool for such matter. For eXentgealing with water or
gaz permeability issues, a macroscopic crack in a mateaald to strong anisotropy
due to its orientation (figure 2) and linking it to a macroscqermeability tensor is
not an easy task. The knowledge of the crack provided by tradwork presented
here gives the basis of a new upscaling permeation schemég LIQ].
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