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RESUME Dans la premiére partie de notre travail, nousrmtnencerons par présenter un modele morphologigplcié® du
béton a I'échelle mésoscopique, suivie par la stfad de son comportement mécanique et de la lligion de
I'endommagement sous une charge de compressiotiypbsation de I'analyse EF en 3D des essaiscdenpression quasi-
statique pour un spécimen composite virtuel a wifftes fractions volumiques granulaires en utilisan modeéle continu
visco-plastique avec un endommagement isotropeaax indépendant (CDP) pour le comportement mécanitpida
matrice (mortier) et un modeéle mésoscopique morgaiglie explicite a deux phases pour le composiée ane garniture
sphérique aléatoire avec des spheres de différdi@meétres (ce qui correspond a la répartition grimétrique et
notamment la fraction granulaire), et des maillemiormes EF correspondantes au composite finaféRiftes conditions
aux limites seront considérées de fagon & détemiseconditions de chargement appropriées poyr@bléme mécanique.

ABSTRACT. In the first part of this contribution, we will begby presenting an explicit morphological model oficrete
at the mesoscale, followed by simulation of its rapifal behavior and damage distribution under coegsive loading,
using 3D FE analyses of quasi-static compressiststior virtual composite specimens at differergragate fractions using
a rate-independent isotropic in viscid plastic d@gagCDP) continuum model for the mechanical behawiothe matrix
(mortar) and an explicit morphological two-phasesmscale model for the composite with a random spakepacking of
spheres with different diameters (correspondinghi® particular granulometric distribution and aggwegg fraction), along
with corresponding conforming FE meshes for thelft@mposite. We consider different boundary coodgiso as to
determine the appropriate loading conditions fog thechanical problem.

MOTS-CLES modélisation mésoscopique, fractions volumigoediions aux limites, endommagement, éléments fini
KEYWORDS: mesoscopic modeling, aggregate fractionsdary conditions, damage, Finite Element Methdal.
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1. Introduction

The cementitious composites are typically heteregean brittle materials that are known to fractim@agh
the formation, growth and coalescence of microsdéd E 12]. Failure processes in concrete dependhen
loading rate and are significantly influenced bycroiinertia of the material adjacent to a propamgati
microcrack and moisture in the capillary pores.

A realistic numerical simulation of material bel@vimust adequately represent the influence of asyma
length scales as possible on the mechanical asasdilygral response. The meso-scale is dividedardab-
mesoscale where the mortar is considered to bdittdad by sand particles embedded in a homogecensnt
paste, and a mesoscale itself representing therialads a two or three phase composite: mortar r{r)adnd
coarse aggregate (inclusions) with or without aerfacial Transition Zone or ITZ). Since mesoscapimdeling
of the composite is ostensibly the way to go, desily detailed morphological model for the moréaygregate
composite is the next step.

In this work, we investigate the mechanical anchgpmrt properties of cementitious composites using
morphological 3D matrix-inclusion-ITZ model for theesoscale behavior. Assuming a compression damaged
plasticity-based behavior for the matrix phase urgleasi-static loading, the model is used to deitgenthe
effect of volume fraction and boundary conditiomstbe mechanical response of the composite specimeer
uniaxial loading.

2. Materialsand experimental techniques

2.1. Materials and mixtures

The mortar phase used in this work is composedodidhd cement CEM | 52.5 N (according to European
standard EN 197-1), sand S with grain size 0/4 muh density 2600 kg/fn, siliceous gravel with grain size
6.3/10 mm and density 2660 kg/mand a water to cement ratio w/c = 0.368. Flupdi@a 224 based high range
water reducer (HRWR) with density 1.05 + 0.02 gnficfat 20°C) and pH : 4.70 £ 1.00 was used in otder
enhance the flow ability of the mixtures (superstildzer). The overall composition is given in Tall.

Table 1. Composition of the mixed concrete

Constituent kg/rhof fresh concrete
Cement CEM |1 52.5 330
Sand S(0 - 4) 780
Aggregate 760
Limestone powder 240
Water 210
Super-plasticizer (HRWR) 2.8

2.2. Mechanical loading

A standard displacement-controlled uniaxial comgies test was performed on a cylindrical specimen
of mortar (Figure 1) with dimensiorggl 10xh50 mm to first obtain the Ultimate Compres$Suength (UCS)
of the mortar phase, and this was then used iruactipn with the CEB-FIP Model Code 2010 as weltres
envelope curve proposed by [SIM 08] to plot theérentniaxial compression curve and thus obtairethstic
constitutive and damage parameters for the moftais procedure allows us to avoid the usual problem
associated with using the experimental compredsistfor the complete stress-strain curve. The achl
properties are shown in Table 2=@ensity, Y =Young’s modulus, UCS = Ultimate Congzige Strength,
andv = Poisson’s ratio).

Table 2. Mechanical and transport properties of the mortaape
Phase p (gm/cnt) UCS (MPa) Y (GPa) v Permeability (m2)
Mortar 2.2 43.6 31.2 0.3 16
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Figure 1. Experimental Set-up for the uniaxial compressiat t@p110xh220 mm specimen of concrete at
28 % aggregate volume fraction.

2.3. Morphological model of concrete at the mesoscale level

An explicit morphological model was previously deped by the authors for representing concretdat t
mesoscale, considering the concrete specimen\as éot three-phase) composite material: In thisemal the
matrix phase consists of the cement mortar, whigeinclusions phase consists of the aggregateggraind the
third (optional) phase is the interfacial transitinone (ITZ) for the cement paste, with a varietycontact

conditions possible between the three phases.

Figure 2. Typical 3D mesostructure and FE mesh with tetrahkeiements for virtual cylindrical specimen
»110 x 50 mm with spherical and polytopic aggregates

Table 3. Granulometric distribution of aggregates in conerspecimen.

Size range (mm) | D (mm) | Weight (g) | V/Viotar
< 125 13 a7 0.002
10— 125 11.25 127 0.0035
5—10 a 127 0.1084
5—8 6.5 127 0.0742
=5 il 127 0.000279
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Full details on the model and techniques usedaiable in [26]. Using our previous work, we haveed a
random packing of spheres conforming to the expemmtal granulometric distribution of the composite
specimen (Table 3) and volume fraction represerminmnded aggregate® ¢epresents the effective aggregate
diameter). In addition, two different specimen getmes have been modeled, cubic and cylindrica¢ fipical
FE meshes generated for the composite mesostradtréne two virtual specimens (with spherical eggites)
are shown in Figure 2.

3. Constitutive M odels
3.1. Phasel: Mortar
3.1.1. Mechanical behavior

The main task in failure description is the rectigniof damage patterns. Concrete Damage Plas{iCiDP)
is a popular constitutive model that was introdubgdachanov [KAC 58] and further developed by Rabg
[RAB 71] and Jankoviak et al [JAN 05]. The modaktbeen used in this paper, as in the authorsiquework
[NIK 15], for describing the elasto-plastic mectaibehavior of the mortar phase. This model usesoncept
of isotropic damaged elasticity in combination wigbtropic tensile and compressive plasticity tporesent the
inelastic behaviour of the mortar. In this modbk primary mode of failure in compressive loadisgliushing
while crack propagation is the primary mode ofuial in tension, and the constitutive equation oftarowith
scalar isotropic damage d takes the following form:

o=1-d)Dy: (e —g) = (1—d)& [1]

whereg is the effective stress tensor. The Abaqus implgat®n uses a formulation intended to alleviate
the mesh dependency of the results that can amige $train localisation effects. This requires thlicit
definition of a characteristic length based ondlament geometry and associated with an integratoont, as
well as the definition of the post-peak tensileesgth of the material as a function of the locac&ing
displacement.

(b)

Figure 3. Constitutive Behavior of Cement Mortar under urédxa) compressive (b) tensile loading.

The scalar (isotropic) damage variable d (d#ndension and dn compressive loading respectively) is
related to the equivalent plastic strain and tlectfe stress tensor:

d = d(7,é") [2]

Also, damage states in tension and compressiorttaracterized independently by the equivalent jolast
strains in tension and compressia@® (t) and P! (c) respectively. In terms of effective stresses, yredd
function takes the form:

F(E’ 5171) = i ((7 - 3“5 + ﬁ(épl)émax + ygmax) - 50(5171) [3]

Failure via crack propagation (tension) and/or loing (compression) is represented by increasingesabf
&P (t) and&P! (c) respectively, which control the evolution of thielgl surface as well as the degradation of the
elastic stiffness of the mortar. The concrete dadggasticity model assumes nonassociated potepitiatic
flow. The fundamental group of the constitutivegraeters consists of 4 values, which identify thepshof the
flow potential surface and the yield surface. Cdesng the Drucker-Prager model for the flow fuanti

G = /(R — mR tanf)* + g2 — p. tanf [4]
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Where Rand R are the uniaxial tensile and compressive strengftie®ncrete respectivelf.is the dilation
angle measured in the p—q plane at high confinnreggure, m is an eccentricity of the plastic paéstrface:

p= —%trace @) [5]

q =\E(5+ﬁ):(5+ﬁ)2 [6]

Standard values df = 3%, m = 0.1 were assumed in this study. Rc (i.e. Wl@S of the mortar) was
experimentally identified as described in the poesi section. Rt was determined from Rc and the EEB-
relationship.

3.2. Phasell:

Aggregates The inclusions or aggregates in conenetebe silicious, calcareous, plastic or vegetalrigin,
with corresponding matrix-inclusion contact crigerFor example, calcareous aggregates generalin gefect
contact with the mortar and plastic aggregates havigtionless sliding contact with the mortar.eTtnaditional
approach is to assume linear-elastic-brittle bedrefoir the aggregates in the mechanical model. dgaties may
also be assumed to have negligibly low permeabéigyour previous research has showed, even thakgigt
these into account with our approach is extremieipke [NIK 15].

3.3. Phaselll:

Interfacial Transition Zone In the general case,/ed to consider the effect of a third phaseeddllZ, as
an extension of the first phase embedding the gatgs. In this particular study, just as in [NIK,1the ITZ has
been assumed to have no influence on the overalpmEssive behavior of the concrete specimen [BERod5
on the homogenized transport properties [BER 1%5js Ts validated by [RAN 10] where we notethat even
though the ITZ plays a role in the crack propagapaths, there is no real effect on the increas@eroverall
macroscopic damaged permeability. The explanatorihis is found in some detail in [54], the presef a
zone with higher porosity (i.e. ITZ) around the eggates modifies the structure of the paste fardinery from
the aggregates and leads to a decrease in thatgabthe bulk paste so as to respect the moistarservation.
In other words, the structure of the bulk pastehef mortar phase is different from that of the pasith the
same wi/c ratio but without a granular skeleton.r&he thus only a slight effect of ITZ on the overmiaxial
compressive behavior of mortar as well as on iffuslvity (transport behavior), since the decrea$ethe
porosity in the bulk paste, in effect, counterbamthe increased porosity in the ITZ. In otherdspthe ITZ
phase only alters the crack patterns (damage iseorated in this zone instead of away from it) tls® net
change in calculated permeability is negligibleisTib clear when we consider the nature of the adtwnode.
the calculated macroscopic permeability involvesienmation/assembly of the contribution of individagack
patterns (damaged elements) and the net contribofiewo different patterns could well be identicas in the
total amount of damage, leading thus to negligitifferences in the calculated permeability.

4. Resultsand Discussion
4.1. Mechanical Behavior of the composite

Virtual cylindrical composite specimengl10 x h50 mm were generated at various aggregdteaneo
fractions 10 %, 20 %, 24 %, 28 % and 30 % for tkgeeimental granulometric distribution, and for @ifarm
granulometric distribution (D50 or the median effee diameter of the experimental distribution) 2 %
volume fraction using the algorithms mentioned éct®on 2. These were then meshed using the GMSH
algorithm to obtain corresponding FE meshes, as gesection 2. Using a Drucker Prager yield craterin
ABAQUS, FE simulations were performed for two difat boundary conditions at the bottom face for the
various virtual composite specimens.

The displacement-based compression test was cledtrat a speed of 0.25 um/s and was carried oilt unt
failure of the specimen or excessive element distar Three different mesostructures with differeabdom
aggregate arrangements were studied at 28 % vdhawigon and the variation of the simulated UCS fasd
to be< 1 MPa thus allowing us to use a single mesostragter aggregate volume fraction for the various FE
mechanical simulations. The first main step thers wa identify the appropriate boundary conditiomstbe
bottom face so as to accurately represent the imestal conditions during the FE simulation.

Figure 4 and 5 show that this has an extremelyifsignt effect on the simulation results obtained the
mechanical behavior of the specimen. Comparing siheulated UCS of the specimen at 28 % with the
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experimentally obtained value of 52.8 MPa, we des the built-in conditions better represent thadiog

conditions.
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Figure 4. Effect of boundary conditions on bottom faceifial specimen on the compression curve during
a uniaxial compression test @110 x h50 cylindrical concrete specimen at 28 %ragate volume fraction(a)
and damage distribution inside experimental speniaféer removal (b).

This is clearly because the specimen was compressednon-lubricated steel plate, thus the coefficof
friction was sufficient to prevent non-vertical pliscement at the bottom face. In addition, durihg t
experimental compression of the specimen at 28 &opbserved that the damage was localized towaseds th
exterior of the specimen (Figure 4(b)): similar what was obtained with the built-in boundary coiotis
(Figure 5), rather than spread out over the esteion. Hence, we retain the built-in boundaryditions for
the bottom face for the remaining sets of results.

Built-in boundary
conditions at
bottom face

Simply supported
et (smooth contact) at
bottom surface

Figure 5. Comparison of two different boundary conditiomshmttom face of virtual specimen during uniaxial
compression at 28 % aggregate volume fraction anafge distribution inside specimen (sectional view).

Next, we performed the FE simulations for the 4edént aggregate fractions (Figure 6), and as vpeex
the UCS appears to increase with increasing fractiom 10 to 20 %, but from 20 % to 30 % (classical
aggregate fractions for industrial concretes) thalgion is not monotonic and we observe a reduciioUCS
for aggregate fractions in the neighborhood of 2gFgure 7), a phenomenon that we have seen prayif26]
and has also been observed experimentally [29]eXected from experimental observations made in the
literature (e.g. [YAN 95]), and can be easily viexdf by calculating the Mori-Tanaka homogenized nhasidior
the composite [NIK 15], the Young’s modulus incresn almost linear fashion with the aggregatetivac
since the aggregates have a higher rigidity congptirenortar. The typical evolution of damage digition on
the external surfaces of the cylindrical specime@8& % is shown in Figure 8. Finally, figure 15 slsothat
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changing the aggregate granulometric distributibtha same volume fraction have a significant iefice on
the mechanical response.
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Figure 6. Effect of aggregate volume fraction on the comjivedsehavior during a uniaxial compression
test onp110 x h50 mm concrete specimen.
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Figure 7. Effect of aggregate volume fraction on the UCS daodng’s modulus of @10xh50 mm
specimen undergoing uniaxial compression.
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Figure 8. Damage distribution on the external surfaces aios points on the simulated uniaxial
compression curve for the specimen at 28 % aggesiyattion
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The Figure 9 compares the simulation results obthior two virtual specimens at 28 %, the firsthwihe
experimental granulometric distribution and theosetwith a uniform distribution, i.e. every aggregaaving
the same diameter = the median aggregate dianfetee experimental distribution.
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Figure 9. Effect of granulometric distribution on the compsigs behavior during a uniaxial compression
test onp110 x h50 mm cylindrical concrete specimen at 28dggregate volume fraction

5. Conclusions

In this work, we have used our previously developeatphological 3D matrix-inclusion-ITZ model for a
cementitious composite at the mesoscale and ugechddel to perform a series of virtual mechanieats on a
cylindrical composite specimen. We subjected aeseof virtual composite specimens at different aggte
fractions and granulometric distributions to qustsitic uniaxial compressive loading with varyinguhdary
conditions, to obtain the simulated damage andhsénalutions.
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