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ABSTRACT
This study presents a method for the estimationof the elastic modulus of
lightweightaggregate.In orderto investigatethe elasticmodulusof aggregate
and the effect of aggregate content on the elastic modulus of lightweight
concrete,cylindricalspecimenswith differentvolumeratios(volumeratio of
coarse aggregatehotalaggregate)and variouswater/cementratios were cast
andtested.Bothsingleinclusionand doubleinclusionmodelswere appliedto
predict the elastic moduli of two-phase and three-phase cement-based
composite materials, respectively.The elastic moduli of sand and coarse
aggregatewere derived from the experimentalresults using the theoretical
models.@1997Elsevier ScienceLtd

Introduction

A compositematerial can be definedas a combinationof at least two differentmaterials.
Usually the properties of multiphasecompositehave different properties of the original
components.It is appropriateto considerconcreteas a cement-basedcompositewhich con-
sistsof aggregateembeddedin a matrixof hydratedcementpaste.

The overallmechanicalbehaviorof compositematerialshasbeenextensivelystudied.The
elasticmoduliof the concretecompositematerialsare givenas a fimctionof propertiesand
volumefractionof the matrixand inclusion.The elasticpropertiesof naturalrock aggregate
as inclusioncan obtainedfrom general informationaboutthe rock or directlymeasuredon
the bedrock itself, however it is not easy to obtain the elastic properties of artificially-
producedsmall particlessuch as lightweightaggregates(l). Zhartgand Gj@v (2) have in-
vestigated the characteristicsof lightweightaggregate and Nilsen et al. (1) presented a
method for estimatingthe elasticmodulus.Chartgand Shieh (3) investigatedthe fracture
characteristicsof lightweightconcrete.

By consideringconcreteas a two-phasematerial,AitcinandMehta(4), Baalbakiet al. (5)
demonstratedthat the elasticmodulusof concreteis influencedby the elasticpropertiesand
volumefractionof aggregates.Hirsch(6) derivedan equationto expressthe elasticmodulus
of concretein terms of an empiricalconstant,and also providedsome experimentalresults
for the elasticmoduliof concreteswithdifferentaggregates.
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Voigt’s (7) approximationyielded the upper bound and the Reuss’s (8) approximation
yieldedthe lowerboundof the averageelasticmoduli.Hashinand Shtrikman(9) proposed
the variationalprincipleto fmdboundson the averageelasticmoduliof compositematerials
which were better than the Voigt and Reussbounds.Hansen(10) developedmathematical
modelsto predict the elasticmoduliof compositematerialsbased on the individualelastic
modulusand volumefiction of the components.Moriand Tanaka(11) appliedthe concept
of averagefieldto analyzemacroscopicpropertiesof compositematerials.The averagefield
in a body containsinclusionswith eigenstrain.In addition,the shape effect of dispersoids
was introducedin Eshelby’s(12) methodto assess the propertiesof compositematerials.
The recent developmentof evaluatingoverall elastic modulusand overall elastic-plastic
behaviorwas reviewedby Mura (13),Nemat-Nasserand Hori (14). Yang and Huang (15)
proposeda double inclusionmodel for approximatingelasticmodulusof concreteby em-
ployingMori-TanakaTheoryandEshelby’sMethod.

In this study,the elasticmodulusof cementpaste,mortarsand lightweightconcretewere
obtainedin the laboratory.Cementpastewas consideredas matrix.By consideringmortaras
a two-phasematerial,singleinclusionmodel(Mori-Tanakamethod)(11)was used to evalu-
ate the equivalentelasticmodulusof fme aggregate.By consideringlightweightconcreteas
a three-phase composite, double inclusion model (15) was used to evaluate the elastic
modulusof lightweightcoarseaggregate.

ExperimentalProgram

In this study,mortar was consideredas a compositematerial in which sand particleswere
embedded in a matrix of hardenedcement paste. Concretewas a combinationof cement
paste, sand, and coarse aggregate.For the test program, three artificial aggregateswere
selected.The aggregateswere made cementand fly ash througha cold-pelletizingprocess.
Waterwas the wettingagentactingas coagulantso that the wet mixturewouldbe pelletized
throughthe rollingmotionin a tiltedpan.TypeA, typeB, and typeC aggregateswere made
of cement and fly ash with fly ash/cementratio of 0.1, 0.15, and 0.2 (by weight), respec-
tively.The physicalpropertiesof the aggregatesare shownin Table 1.

CementPaste (M-. Cementpaste specimenswere made of Type I cement and water
with differentwater/cementratios (w/c = 0.3, 0.4, and 0.5). Cementpaste cylinders(@100
x 200 mm) were cast and cured in wateruntil the time of testing.At the age of 28 days, the
elasticmoduliof the specimenswere measuredaccordingto ASTM Test Methodfor Static
Modulus of Elasticity and Poisson’sRatio of Concrete in Compression(C-469-81).All
cylinderswere groundand polishedbeforetestingto achievesmoothend surface.A testing
machinewith 100KN loadcapacitywasused.

TABLE 1

PhysicalPropertiesof Aggregate

Type of Unit Weight,(SSD) Unit Weight,(OD) Water Absorption,(30min.)
Aggregate (g/cms) (glcms) (percent)

TypeA 1.62 1.22 33.39
Type B 1.66 1.28 29.97
tie C 1.73 1.43 21 (-)5
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TABLE2

MixProportions(kg/m3)

Materials WIC=O.3 wk=o.4 WIC=O.5
Water 178.43 209.77 235.49
Cement 626.06 537.86 470.97
SuperPlasticizer 9.39 5.38 0

Fine Aggregate
A. B. C3 1095.8 1095.8 1095.8
A;B; C4 939.2 939.2 939.2
A. B. C5 782.7 782.7 782.7
A;B; C6 626.2 626.2 626.2

CoarseA~egate
A3 291.6 291.6 291.6
A4 388.8 388.8 388.8
A5 486.0 486.0 486.0
A6 583.2 583.2 583.2
B3 298.8 298.8 298.8
B4 398.4 398.4 398.4
B5 498.0 498.0 498.0
B6 597.6 597.6 597.6
C3 311.4 311.4 311.4
C4 415.2 415.2 415.2
C5 519.0 519.0 519.0
C6 622.8 622.8 622.8

Mortm and concrete (composite). Mortar specimenswere made from Type I cement,
superplasticizer,water, and naturalsandwith the samewater/cementratio as cementpaste.
In this study,mortarswitha sandvolumeratioof 60%weretested.

Lightweightconcretespecimenswere cast using Type I cement,superplasticizer,water,
naturalsandand lightweightcoarseaggregate.Threewater/cementratios(w/c= 0.3, 0.4,and
0.5) and four differentvolumeratiosof coarseaggregate(volumeratio of coarseaggregate/

CA – 03 04 0.5, ~d ().6)wereconsideredin the mix proportions.Intotal aggregate, ~ – . , . ,

orderto keepthe water/cementratioas constantas possible,the lightweightcoarseaggregate
was immersedin water for 30 minutesbeforemixingand the surfacewas driedwith towels.
The lightweightconcretemix designis given in Table2. Notationfor the specimensis that
the fwstletter indicatesthreedifferentaggregateA, B, and C, and the secondnumberis the
volumeratiosof coarseaggregates.Mortarand concretecylinders( @100x 200 mm) were
cast and cured. At the age of 28 days, the elasticmoduli and compressivestrengthof the
specimensweremeasuredaccordingto ASTMC 469-81andASTMC 39-81,respectively.

TheoreticalBackground

In this study,mortar is consideredas a two-phase(cementpaste and fine aggregate)com-
posite materialsand concreteis consideredas a three-phase(cementpaste, fine aggregate,
and coarse aggregate)compositematerials.The inclusionsare randomlyembedded in an
infinitematrix. The calculationis dividedinto two stages.In the first stage, the equivalent
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elasticmodulusof fine aggregatewas calculatedby singleinclusionmodel for a two-phase
composite.The second,double inclusionmodel for a three-phasecompositewas used to
calculatethe elasticmodulusof lightweightcoarseaggregate.

Sin~leInclusionModel. The theoreticalmodelbasedon Mori-Tanakatheoryand Eshelby’s
method which the stress disturbance in the applied compressive stress, due to inho-
rnogeneitiescan be simulatedby the eigenstresscausedby the fictitiousmisfit strain. The
fictitiousmisfit strain (eigenstrain),was introducedto simulatethe inhomogeneityeffect.
Thismodelcan providean evaluationof averageelasticrelationshipsof cement-basedmate-
rials with spherical inhomogeneities.The overall averageelastic moduli of cement-based
composite~ was givenby

where ~ and ~“ are the elasticmodulitensorof matrix and aggregate,respectively.f is

the volumeratio of inclusion,and S is the Eshelby’stensor.The Eshelbytensor is a il.mc-

tion of the geometryof the inclusionandPoisson’sratioof the matrix(seeAppendixA).

Double-InclusionMethod. The double-inclusionmethodis appliedto calculatethe equiva-
lent elasticmodulusof coarselightweightaggregate.The overallelasticmoduliof concrete
composite materials are investigated in this study by employing the theory of mi-
cromechanics.The inclusionsare dividedinto two groups:fme aggregateand coarseaggre-
gate. The overallelasticmoduliof the concretecompositematerialsare given as a function
of propertiesand volumeratio of the followingthree components:fine aggregate,coarse
aggregate,and cementpaste.In the perviouswork(15),a compositematerialis simulatedby

a homogeneousmaterialwith uniformstiffness C and distributingeigenstrainsE1* in the

domain of fine aggregate and ~’ in the domain of coarse aggregate, respectively.The

distributingeigenstrainsE1*and E2* are calculatedas

(-)El” -=acr”, (2)

(-)&2” = pg” . (3)

cz and ~ are shownin the AppendixB. o“ is an applieduniformstress,The averageelastic

modulitensorof concretecompositematerials,~, for three-phaseis givenby

—.
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FIG. 1.
Elasticmodulusvs.w/c ratiocurve,

(4)

where j, and f2 are the volumefractionof fine aggregateand coarse aggregate,respec-
tively.

ResultsandDiscussions

Consideringmortar as a two-phasecompositematerials,i.e., cementpaste is consideredas
matrix and fine aggregate is consideredas inclusion.Figure 1 is the elastic moduli vs.
water/cementratio curve for the mortarwith a fine aggregatevolumeratio of 0.6. Test re-
sultsshowthat the elasticmodulusof mortardecreasesas water-cementratio increases.

Elastic ModuIUSof Fine ~. The Poison’sratio of cement paste and mortar was
assumedto be 0.2 for the computationof the elasticmodulustensor of the matrix and the
mortar.The volumeratioof sand is 0.6. The elasticmoduliof cementpasteand mortarwere
determinedexperimentallyand presentedin Table 3. Equation 1 was used to calculatethe

TABLE3

ElasticModuliof CementPaste,Mortar,andFineAggregate

Elasticmodulus,(GPa)
*CementPaste *Mortar FineAggregate

Wlc (Matrix), (Two-PhaseComposite), (Inclusion),
(Experimental) (Experimental) (Theoretical)

0.3 21.43 29.38 36.56
0,4 18.41 27.45 36.43
0.5 13.85 24.23 36.90

Average=36.63
*Averageoffivespecimens
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1 Concrete I

Ea=15GPa
Ea.12 GPa
Ea=9GPa
Ea=7GPa
Ea=5GPa

loo~
0.7

VolumeRatioofCoarseAggregate(CATA)

FIG.2.
Elasticmodulusvs.volumeratiocurves(w/c= 0.3).

elastic modulusof the fine aggregatebased on single inclusionmodel. Table 3 shows the
elasticmodulusof the fme aggregateobtainedtlom the singleinclusionmodel.The average
elasticmodulusof fineaggregateis 36.63GPa.

Elastic Modulusof Coarse~, A three-phasecompositewith sphericalinclusions
was considered in the theoretical approach.The elastic moduli of cement paste and fine
aggregate are shown in Table 3. The Poisson ratio of cement paste, fine aggregate, and
lightweightcoarseaggregateare assumedto be 0.2. The volumeratiosof fme aggregateand
lightweightcoarseaggregateare calculatedfromTable2. Theelasticmodulusof lightweight
coarse aggregateis computedffom Eq. 4 based on the elasticmoduli,Poissonratios, and
volumeratios of cementpaste, fme aggregate,and lightweightconcrete.Figures2, 3 and 4

1
loo~

0.7
V~lumeRatioofCoarseAggrega~e(CMI!A)

Ea=15GPa

Ea=12GPa

Ea=9GPa
Ea=7GPa

Ea.5 GPa

FIG. 3.
Elasticmodulusvs.volumeratiocurves(w/c= 0.4).
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1 Concrete I

Ea=15GPa

Ea=12GPa

Ea=9GPa
A Type C Ea=7GPa

10
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I 1 I I
0.2 0.3 0.4 0.5 0.6 0.7

VolumeRatioof CoarseAggregate(CWJ!A)

FIG.4.
Elasticmodulusvs.volumeratiocurves(w/c= 0.5).

show the relationshipsbetweenthe elasticmodulusof lightweightconcreteand the coarse

aggregatevolumeratio (# ) for water/cementratiosof 0.3,0.4, and 0.5, respectively.The

correspondingtheoreticalresultsare also illustratedin the figures.The graphscorrelatethe
volumeratio of the aggregatewith the elasticmodulusof the concretefor various elastic
modulusof coarseaggregate(EJ. For the elasticmodulusof TypeA aggregate,the experi-
mentalresultslie betweenthe curvesat whichE. areassumedto be 5 GPa and 7 GPa. Com-
paringthe experimentaldatawith the theoreticalresults,the elasticmodulusof Type B and
C aggregateare 7 GPa to 9 GPa and 9 GPa to 12GPa, respectively.It also appearsthat the
influenceof the lightweightconcreteelasticmodulusdecreasesas the volumeratio of aggre-
gateand w/c increased.

50

~ 45
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& 40
f

.$35
:.~
Z 30
8
a
~ 25

20
0.2 0.3 0.4 0.5 0.6 0.7

Volume Ratio of Coarse Aggregate (CAITA)

FIG.5.
Compressivestrengthvs.volumeratiocurves(w/c= 0.3).
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FIG.6.
Compressivestrengthvs.volumeratiocurves(w/c= 0.4).

Figures 5, 6 and 7 showthe compressivestrengthof l&htweightconcretesvs. # ratio

for water/cementratiosof 0.3,0.4, and 0.5, respectively.The compressivestrengthof light-

weightconcretedecreasesas —~~ ratio increasesandthe compressivestrengthof lightweight

concretedecreasesas waterlcementratio increases,

Concrete
~ 45-

g o Type A
& 40.
~

WIC=O.5 ❑ Type B

al A Type C

al>.~

&
H

20
0.2 0.3 0.4 0.5 0.6 0.7
VolumeRatioofCoarseAggregate(CAfI’A)

FIG. 7.
Compressivestrengthvs.volumeratiocurves(w/c= 0.5).
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Conclusions

The elasticmodulusof concreteis influencedby the elasticpropertiesand the volumeftac-
tion of the matrix (cementpaste), fine aggregate,and coarseaggregate.Based on the single
inclusionmodel, the average elastic modulusof fine aggregatecan be derived from the
testingresults.In this study,the averageelasticmodulusof fineaggregatein Taiwanis about
36.63GPa. In addition,basedon doubleinclusionmodel,the estimatedelasticmoduliof the
three differentlightweightaggregates,TypeA, B, and C, is about5 GPa to 7 GPa, 7 GPa to
9 GPa, and 9 GPato 12GPa,respectively.
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AppendixA

TheEshelby’stensor ~ for sphereinclusionis listedbelow(16).

7- 5V
Sllll = S2222 = S3333 =

15(1-v) “

s],22 = s2233 = s3311 = sl133 = s2211 = s3322 =
5V-1

15(1-v) “
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4- 5V
SIZIZ= SIUJ= s3131 =

15(1-v) “

AppendixB

Thecalculationof parametersctand ~

[ -1()A = (1-j-, )g+j-, c; :– ~ -Cj ~

[ -1()B= (H)c+.fz c; y ~-c; s--

A4=(q+,)

I?++(y)

(-) (&1*=- )-’‘[ ‘(-J (-)]-5f1f2A-’A4B-’N A- f2MB- C; C- Z + C; C- I o“

= acr”

k“) { L ) [ (-- -)(-- -)1 (-- -)}-= B-’ f,N Z- f, f2A-’MB-’N “A-’ f2MB-’ C; C– I – C; C– I + C; C- I cr”

=p”


