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ABSTRACT

The establishmentof an experimental basis for the dependenceof a mechanicalproperty on certain
structuralfeatures(and the associatednicro-mechanicaproperties)would require extensive, cumbersome
and complicatedtesting: mechanicaltesting for defining the very property quantitatve (section)image
analysisand stereologicalthree-dimensionabssessmentf the relevant structural features. ‘Realistic’
simulation of material structureby computerwould thereforeoffer an interestingalternatve. This paper
introduceghe SPACE system(SoftwarePackagefor the Assessmenif CompositionaEvolution) asthe most
recentdevelopmentin this field. It hasbeendevelopedto assesshe compositionaswell as configuration
characteristicef denseandompackingsituationsn opaguematerials.This papempresentanintroductionto
the systemandwill thereuporhighlight by meansof illustrative examplesof typical applicationson different
levels of the microstructurehe systems capabilities.Although only a singleapplicationcanbe presentedn
this frameawork, they all concernareasof majorengineeringnterest.
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CRACKING IN CONCRETE

Recently SPACE has been extended with the
possibility to generateunstructuredfinite element
meshesin which the material structureis explicitly
modeled Currently only 2D mesheganbegenerated.
Within these meshes, three componentscan be
distinguished:aggreyates,the cementmatrix and the
interfacial transition zone (the thin cement layer
aroundeachparticle in which mechanicalproperties
aredifferentfrom thatin bulk cement)In Fig. 1 partof
alarger meshis showvn in which all threecomponents
canbedistinguishedThesemesheganbeconstructed
becauseSPACE provides a full descriptionof the
material structure. Consequently it is possible to
providethemeshgeneratowith afunctionthatdefines
the elementsize as a function of the distanceto
the nearestaggrayate surfaces,for example. In this
way, the interfacial transitionzone(ITZ) — important
for mary mechanicalpropertiesin concrete— can
be modeledwith relatve small elementswhile the
elementswithin aggreyatescanbetakenmuchlarger.

A seriesof two-dimensionalaggreate structures
have been generated, using two different size
distributions. These are denoted (A) and (B) in
Fig. 3 (top). In series(A), size rangedfrom 1 to
4 mm, whereasin series(B), only sizes between
2 and 4 mm were considered.The particles were
dispersedby the SPACE systemover a squarearea
of dimensionsl4 x 14 mm. Thereuponthe particles
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weresslightly erodedto createenoughspacebetween
interconnectedparticles for the mesh generatorto
produce acceptableelements. The resulting areal
fraction equalled0.7 for all specimenin both series.
Theseparticlestructureshave subsequentlypeenused
to constructfinite elementmeshessuch as the one
shavnin Fig. 1 (bottom).

Static tension experimentshave been simulated
on these squarespecimensof which the boundary
conditions are depictedin Fig. 2 (top). A vertical
displacementwas imposed on the upper side. In
the presentstudy no periodicity of the boundary
conditionsis taken into account,and no periodicity
of the microstructureis considered.The assumed
elastic parametersand the elastic threshold of the
three phasesare given in table 1. In order to
model microcracking,all three materialshave been
modeledwith anonlocaldamagemodel,seePijaudier
Cabot and Bazant (1987). Thus, the mathematical
formulationremainswell-posedn the strain-softening
regime. The nonlocaldamagemodel incorporatesan
additionalmaterialparameterusually denotedasthe
internal length scale. This internal length scale is
supposedto representthe effects of a lower scale
of obsenation. Normally, nonlocal damagemodels
are used at a macroscopicscale and the internal
length scale is usedto accountfor mesostructural
phenomenadowever, hereourobsenationstake place
on the mesoscaleso that the internal length scale
mustbeinterpretedasa manifestatiorof alower (say



microscopic)scale. Given the heterogeneityof, for
instance cementpaste(which constitutesof hydrated
grains),this seemso beavalid assumption.
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Fig. 1. Threematerialcomponentare incorporatedin
the unstructued finite elementmesh- close-up(top)
andfull-sizeview (bottom)
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Fig. 2. Thesetup of thenumericaltensiletest(top) and
the simulated(inelastic) strain contouss in one of the
specimemnderdirecttensilestressegbottom).

For all three material phases,the value of the
internal length scale is set equal to the average
element size in the ITZ. This implies that the
microcracksinitiated in the ITZ will be distributed
over a few elementsaroundthe ITZ. For an accurate
representatiorof the microcrackit would have been
necessaryto use smaller elements, however this
would have prohibited computer simulation due to
storageand CPU times. For the presentpurposeof
investigating RVEs, the relative coarsenesf the
finite elementmeshis acceptable.In this context,
it is noted that the internal length scale for the
aggreyatesis much smallerthanthe applied element
sizes for the aggreyates, so that the regularizing
effect of the nonlocal damagemodel would be lost
in the aggrgates.However, with the chosenelastic
thresholdgor aggreyates,crackingdoesnot occurin
theaggreyatesin Fig. 2 (bottom)atypical contourplot
of theequialentstrainis presented.

Tablel. Thevariousmaterialparametes usedfor thetensionexperiments

component Young's modulus[N/mm?]

Poissorratio[—]

crackinitiation strain[—]

matrix 35.000
ITZ 35.000
aggregates 100.000

0.2 1x104
0.2 1x10°°
0.2 2x 1074
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As can be seenfrom this figure, the (inelastic)
strainsconcentraten the ITZ. The load-displacement
curves representglobal behaiour. Fig. 3 (bottom)
presentsthe relevant curves of series(A) and (B)
and the variation among the repeatedsimulations
of series(B). Since the averagesof the two series
virtually coincide, the size distribution is obviously
of little importance provided total volumefraction of
the mixturesis kept constant.Under the assumption
that the post-peakioad at completefracture surface
is primarily governedby the total surfaceareaof the
fractureplane thisfindingwould bein agreementvith
theoreticalpredictionsyevealingindeedindependence
of the sieve curve (Stroezen, 2000aand 2000b). For
mostrecentinformation,seeStroevenetal. (2002).
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Fig. 3. Cumulativefractional density curves of the
A and B series (top) and the load-displacement
curves (in relative units)of simulated responsein
directtensionof specimengontainingaggregatewith
different size distribution (bottom). Scatter band of
case(B) outcomess additionallyindicated.

HYDRATION OF CEMENT

Another interesting field for application of
computersimulation systemsis cement hydration.
To allow for realistic explorations of the structural
implications of the hardening phenomenon,
‘hydration’ has beenimplementedin SPACE. As to
thevalidity of the approachreferencecanbe madeto
a close correspondencéound betweenthe measured

strengthdevelopmentof hydrating cementpastesby
Locher(1976)andSPACE simulationsfor pastesvith
threedifferentwaterto cementatios(i.e. W/C = 0.26,
0.388and0.50),assuminghe strengthdevelopmento
beproportionatto the growing contactsurfaceareaper
unit of volume(Stroeven,1999).

Preliminaryresults(Stroeven, 1999; Stroeven and
Stroeven, 1997 and 1999b) obtained by means of
SPACE simulationgrevealedmaturityto have opposite
effects on normal concretesand on HPCs; at low
water to cementratios, the ITZ thicknessdeclined
somavhat with maturity, whereasan increasewas
detectedor normalconcrete(W/C > 0.42, Stroeven,
1999). However, the gradientpatternof the particle
packing stageis not changingfundamentally as can
beseenalsoin Fig. 4.

10 years hydration

porosity
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Fig. 4. Porositygradientin ITZ for differentW/Cratios
after 10 years of hydration.

The effect of water to cement ratio on
configurationis significant,as we have seenbefore.
This leadsduring hardeningto dramaticeffects. By
reducingthe water to cementratio from 0.5 to 0.4,
imagepatternsmadeat 10 yearshardeningevealeda
connectegborestructurg(Fig. 5 (bottom))to transform
into a disconnectednetwork in bulk of the model
material(notshown) (Stroeven,1999;Navi andPignat,
1996).This subjectwill bemoreelaboratelydiscussed
in a forthcoming PhD study (by Hu Jing), pursuing
among other things the characterisationof pore
structureby moderngeometricaktatisticalmethodsof
stereologyandof mathematicamorphology A further
reductionin thewaterto cementratio from 0.4to0 0.26
yielded the numberand total volume of anhydrous
cement particles to increasedisproportional. This
phenomenois presentlysubjectedo amoreelaborate
study with the help of SPACE in the framawork
of a Dutch-Chinese co-operation programme on
‘Modern ConcreteComposites’ Distributionsof pore
clustersand of anhydrouscementparticles shaved
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a large deggree of inhomogeneity This conformsto
experimentalobsenations publishedin the literature
(Scrivener 1989; DiamondandHuang,1998;Ollivier
et al., 1995). The explanationis the configuration-
sensitvity of both phenomenarhe higherporosityin
thelTZ causessignificantreductionin theanhydrous
cementcontent,but the gradientwill still be governed
by configuration.Hence, the ITZ’s thicknessbased
on the anhydrouscementcontenthomogeneitywill
exceedthe onefor compositionconsiderablyThis is
alsoconfirmedby DiamondandHuang(1998).

CONCLUSIONS

Particle packing problemson different levels of
the microstructurerangingfrom maximumattainable
densityof gravel andsandmixtureson meso-leel, to
particle density distributions of cementand mineral
admixtureson micro-level (asin the ITZ), can be
approachecffectively by the SPACE system.Sofar,
particlesare assumedspherical,so that shapeeffects
areexcluded.Recentlythe systermhasbeendeveloped
to multi-facettedparticles, allowing arbitrary shaped
particlesto be emphasizedin the future, the system
will be expandedto estimatemechanicabr physico-
chemicalpropertiesby incorporatingthe appropriate
propertieson microlevel.

The combinationof a flexible software package
combinedwith moderncomputergraphicstechnigues
provides an excellenttool for simulatinga variety of
material systems,as shovn for concreteon various
levels of the microstructureThis renderspossiblethe
investigationof ‘actual’ structuralmaterialproperties
in 3-D space.The systemis versatile.By changing
the elementpropertiesandinteractionsjn principle a
wide variety of engineeringmaterialscan be studied.
An examplein the field of cementitiousmaterialsis
the effect of a superplasticizeon the distribution of
cementparticlesin thefreshmix.

The effects of implementedmechanismsshould
be validatedby experiments.Since this contribtution
aimed at illustrating the capabilities of SPACE
for studying structural phenomenadue to particle
packingon differentlevels of the micro-structurethis
topic was not touchedupon. So far, validation has
beenaccomplishedon mono-sizedparticle packings
compactedto maximum density and on strength
developmenduring hydrationof modelcementpastes
(Stroeven, 1999). For both cases,experimentaldata
were available. The application to optimisation of
gravel, or gravel and sandmixtures,presentecherein,
constitutesaanothercaseof validation.
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Fig. 5. Sectionsf bulk cementpastewith W/C = 0.5
during hydration; (top) initial stage, (middle)after 3.2
days,and (bottom)after 10 years of hydration (white
areasindicate water/air, grey areasrepresentgel and
black areascorrespondo unhydiatedcement.)
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SPACE simulations on model cementsclearly
revealedthe trendsdueto globalchangesn thewater
to cementatioandthecemenfinenes®onthegradient
in volume fraction of the cementparticlesin the
ITZ. The thicknessof the ITZ wasin all casesonly
a portion of the maximum grain size of the model
cement,in agreementwith experimentalevidences.
The investigatedvolume fraction parametemeasures
compositiorof the simulatedcementstructure.

Contrarily the discriminationto separatearticle
fractions in the SPACE approach, shovs the
discontinuity in particle configuation to extend
inwardsover a depthconsiderablyexceedingthe one
in volume density This phenomenoris denotedas
size segregation. Since structure-sensitiveproperties
dependon the details of particle packing, account
shouldbe given to a relatively wide interphasezone
in assessinguchmaterialpropertieqlik e resistanceo
crackinitiation andearly crackpropagation)Also on
macrolevel, the discontinuityin aggreyategrading(or
spacing)will extend considerablymore inward than
estimatedby volumedensityof the aggreyate.This is
in agreementwith experimentalevidence (Stroesen,
1973).

Simulation of configuration homogeneity for
densely packed particles can not be accomplished
without significant biasesby corventional random
generatoibased systems.The paper introduces for
illustrative purposesa ‘global bonding capacity’, as
an example of a medium configuration-sensiity
property The more dramaticeffects on this bonding
capacityinside the ITZ due to changesn the W/C
ratio, and in the cementfinenessare highlighted.
Particularly under conditions relevant for HPC
(W/C = 0.2, finest cement),the bonding capacityis
disproportionalimproveddueto sizesegyregation.The
associatedTZ will have a thicknessof the order of
maximumgrainsizeof thecement.

The ITZ has no distinct boundaries due to
the gradual transferto bulk features.Deriving the
thicknessof the ITZ for a given compositionand
for the associategharametenf interestfrom gradient
structural information would be equally difficult
for experimental and simulated data. Moreover,
experimental obsenations will suffer from a low-
sensitvity (so, large scatter),and mostly be more
seriouslybiased(Stroeven,2000c).
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