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ABSTRACT
A high calciumfly ash with high S03 contentwas used to producehigh per-
formanceconcrete.In all the mixes,the fly ash contentsof 50% and 60% by
weightwere applied.Althoughfly ash cementpastes showedseverevolume
instability and poorporestructuredevelopment,mortarsand concretesincor-
poratinghigh masshigh calciumfly ash exhibitedgoodperformancein both
fresh and hardenedstate as those with low calciumfly ash did, The 3d and
28d compressivestrengthof mortarsreached 25.2 - 42.2MParespectively
with the water binderratio varyingfrom 0.30 to 0.24. What is noticeableis
that all the mortarsand concretesshowedgoodstrengthdevelopingtendency
with the 90d compressivestrengthup to 67.3- 85.5MPa.This investigation
revealsonce more the fact that somematerialswhich are not up to standard
can still play a specialrole so long as the componentsare carefully chosen
and proportionsproperlydesigned.01997 Ekvier ScienceLtd

Introduction

For half a centuryresearchershave studiedthe chemicalcompositionsand physicalproper-
ties of all kindsof fly ashesand theirusagein concretes(l-6). Becauseof the inherentvari-
abilityof the ashesdue to the differentsources,geologicalhistoryand processingmethods,
the use of fly ash in concreteshas been very cautious.Generally,fly ash as a cementitious
component,itsS03contentshouldnot be too high, say, 3°Ais the upper limitationon Chi-
nese specificationGB1596-91,otherwisethe formationand developmentof ettringite(AFt)
in concretemay causeexpansionand cracking and thus worsenthe propertiesof concrete.
Particularly,whenwe wantto mixhighperformanceconcrete,the use of unqualifiedmateri-
als is generallyregardedas undesirable.

Literaturesshowedthat highvolumefly ashcementpasteshad a moreporousstructureat
earlycuringagesthanpurecementpastesdid,however,the structuregrewdenserand denser
as time went on (7,8). Fromthis pointof view,porousstructuredoesno good to the devel-
opmentof early strengthfor ordinaryconcrete,but it is no doubt that the developmentof
crystalsor expansivesubstancesin porousconditionshalldensi~ the matrix,On the basisof
the view, the high calciumfly ash with high SOJcontentwas employedto mix high per-
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TABLE 1

ChemicalAnalysisof CementandFlyAshes(% by Weight)

Si02 FC203 A1203 Cao MgO K20 Na20 S03 L.O.I.
c 21.17 5.19 4.97 64.52 1.08 - - 2.30 1.19

c-FA 45.00 11.03 13.87 12.65 1,20 1.33 4.25 5.71 0.25
, i-FA 45.47 7.76 31.11 2,74 1.10 0.64 0.35 1.49 5.04

formanceconcretein this paper to achievethe goal of changingwaste into treasure.A low
calciumfly ash wasusedfor comparisonas well.

Experimental

The chemicalcompositionsand physicalpropertiesof cement(C), high calcium
fly ash (c-FA)and lowcalciumfly ash (f-FA)are givenin Table 1and 2 separately.

The sand was a standardsand in mortarsand an ordinaryriver sand in concretes.The
maximumdiameterof coarseaggregatewas 15mm.A highrangewaterreducerwas applied.

Incorporatingfly ash in concretesmay influencesettingtime, somefly ashesshalldelay
the setting,others shall accelerateit or have little influenceon it at all. In particularwhen
the fly ash contentishigh,the influencemaybe not ignoredsometimes.The initialand final
settingtime of differentfly ash cementpasteswas examinedto decidethe ultimatecontent
of fly ash. Becauseof the high contentof S03 in c-FA, the volumestabilityof differentfly
ash cementpasteswas testedas well.

The mix proportionsof mortarsare listed in Table 3, for all the mortars, the binder to
sand ratio was 1:2.Mortar size was 40 x 40 x 160mm. Water to binder ratio of 0.30 and
0.24were appliedto all the mixesexceptthe referenceonewith a waterbinderratio of 0.24,
for whichthe mixturewas too dry to get a suitableworkability.The compressiveand flexual
strengthat variousageswere tested.Themix proportionsof concretesare shownin Table4.
The size of concreteprismswas 100 x 100x IOOmm.The slumpand compressivestrength
at differentageswere measured.The workabilityof mortarsand concreteswere adjustedby
changingthe contentof waterreducer.All the sampleswerecuredunderstandardcondition.

Variousfly ash cementpasteswere also preparedand cured in water at 20%2for the test
of porositywith a mercuryintrusionporosimetry.

TABLE2

PhysicalPropertiesof CementandFly Ashes

Spccilic Spccilic 45 m sieve Water 2&1
gravity area rcsirhc rlcInaIIriratio compressive
Q/cm’) (cm’ /g) ‘(%) skcngth ratio— —

c 3.1 3200 9.2 100 100
c-FA 2.6 4810 11.5 91 88
f-FA 2.3 59(jo 1.7 89 97
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TABLE3

MixProportions(by Weight)andFlowDiameterof Mortars
➤✍✍✍✍

Series ‘] ”-Wakr I “~ I c-FA I f-FA I Water reducer I Flow diamckr I
% (mm)

IFAO 0.30 1 (1 o 2.00 155
Ic-FA50 0.30 0.5 0.5 () 0.50 158
Ic-FA60 0.30 0.4 0.6 0 0.47 160
lf-FA50 0.30 0,5 0 0.5 0.60 145
lf-FA60 0.30 ().4 o 0.6 0.57 150
2c-FA50 0.24 0.5 0.5 0 1.o6 158
2c-FA60 ().24 0.4 0.6 0 O,yg 158
21-FA50 0.24 0.5 0 0.5 1.30 1s2
2f-FA60 0.24 0,4 0 0.6 1.20 148

Results and Discussion

Experimentalresultsof settingtime and volumestabil-
ity are concludedin Table5. It is evidentthatboth fly ashesat high contentsgreatlydelayed
the initial and final settingtime. If the contentof c-FA reached 70V0,the final settingtime
exceeded 12hours, so it is improperto use sucha contentof fly ash in concretein order to
achieve desirableearly strength.From the results of stabilitytesting, all the c-FA cement
pastes exhibited distinct expansion,which was unqualifiedfor this fly ash to be used in
ordinary concrete. With the increase of c-FA content in pastes, the expansion increased
underconditionwithoutrestraint.

Deve opmentof Mortarsand Concretes.1 Fig. 1 and Fig. 2 illustratethe develop-
ment of compressiveand flexual strength of mortars. It can be seen that the 3d strength
decreasedsharplydue to the largeamountof fly ashes includedin mortars.Two major fac-
tors consideredin this experiment,the waterbinderratioandthe fly ash replacementcontent
of cement, greatly influencedthe 3d compressiveand flexual strength.For c-FA cement
mortars with a water binder ratio of 0.30, the 3d compressive strength reduced from
30.5MPato 25.2 MPa when the contentof c-FA varied from 50’Yoto 60Y0.For the case of
0.24 water binder ratio, the value changedfrom 42.2MPato 36.OMPa.At later ages, the
compressivestrengthof both fly ash cementmortarsgrewrapidlyat a much fasterrate thaii

TABLE4

MixProportions(K#m3)and Slumpof FreshConcretes

Series Wa(cr c c-FA f-FA Sand Coarse Waler slump
aggrcgatc rcduccr (mm)

FAO 148 550 0 0 6[3 1139 I 1,0 180
C-FA50 148 275 275 0 613 1139 5.2 140
C-FA60 148 220 330 0 613 i 139 4.7
f-FA50

155
i48 275 0 275 613 1139 5.5 200

r-FA60 148 220 0 330 613 1139 4.4 ]96

—
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TABLE 5

The SettingTimeandVolumeStabilityof FlyAsh CementPastes

Binder Initial Final Average Volunlc
selling sct(ing expansion stability
time time dimcter (mm)

1O(M)C 2h35n]in 4h32nlin Qualified
50’7uC+50’Z)f-FA 6h54min 9h03nlin Qualified
30”AC+7VXof-FA 8h55min 1lh05nlin 1.9 Qualified
60YoC+40%C-FA - 5.5 Unqualified
30%C+70%C-FA 9h50min 14h23nlin 40.8 Unqwrlificd

that for referencemortars(FAO),the 28d compressivestrengthreached67MPaand 71MPa
for c-FA cementmortarsat the water binderratio of 0.24 for the contentof 50% and 60’%0
respectively,both surpassedthat of referenceone with a water binder ratio of 0.30 at the
same age. At 90 days, for 0.30 water binderratio, the compressivestrengthalso caughtup
with and even exceededthat of referencemortar.It is noticedin particularthat the effect of
water binder ratio on flexualstrengthappearsto be more evidentthan that on compressive
strength.At highwaterbinderratio of 0.30,the tlexualstrengthbefore28 daysgrew slower,
while improvedmuchmore atter 28 dayswhen comparedwith that for water binderratio of
0.24.

The waterbinderratio for concretespecimenswas 0.27.FromFig. 3, it is knownthat fly
ash concretesshowed satisfactorycompressivestrengthdevelopingtendency,which com-
plied with the results of mortars.The compressive strengthof c-FA concretesat 28 days
was about84- 91°Aof that of referenceconcrete,at 90 days, the strengthsurpassedthat of
referenceone.

Porosity of FIv Ash Cementpastes. Fig. 4 givesthe pore distributionof different fly ash
cement pastes with a water binder ratio of 0.27. All the pastes were cured in water under
20 * 3°C. It is evidentthat, till 28 days the high fly ash cementpasteshad a much higher
porositythan pure cementpastesdid.Theporosityincreasedwith the increaseof fly ash and
declinedwith time exceptthe onewhichhad a c-FAcontentof 70%.At 3 days, the porosity
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FIG. 1.
Evolvementof compressivestrengthof mortars.
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FIG.2.
Evolvementof flexuralstrengthof mortars.

of each fly ash cementpasteat samereplacementlevelwas very close,during7 to 28 days,
however, the reductionof porosityof c-FA cementpasteswas only a little for pastes with
50V0replacement.For the caseof 70’Yoreplacement,theporositywentup, it cm be Seenthat,
the amountof largeandharmfulporesis veryhigh.

Testingresultsof volumestabilityand porosityindicatedthat severeexpansion
and crackingtook place in c-FA cementpastes.However,study also showedthe fact that
concrete containinglarge amountof c-FA exhibitedexcellentmechanicalproperties.The
contradictoryresultsmightbe explainedas: For c-FA~cementpastes,dueto the formationof
ettringiteand its expansionunder the conditionwithout restraint of aggregate,the pastes
cracked.But in mortarsand concretes,becauseof the specialstructureof high porosityof
matrix, the expansiveettringitemight till up and densifythe structure,on the other hand,
aggregatemight restrainthe expansion.In concrete,the effectof coarseaggregateon inhib-
iting expansion is especiallyprominent.So the formationof ettringitemight increase the
early strengthat this standpointof view.The slightlyhigherearly strengthof c-FA concrete
th~ that o~f-FAconcreteconformedthis.
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Evolvement of compressive strength of
concretes.
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FIG. 4. (Continued)
(b) The curveof poredistributionat 7 days,(c) Thecurveof poredistributionat 28 days.
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Conclusions

Cementpaste incorporatinghigh contentof high calciumfly ash with high S03 showed
severevolumeinstabilityandpoorporestructureevolvement,this indicatedthe appear-
anceof ettringitein paste.
Mortars containinghigh content of high calcium fly ash (50Y0and 60% cement re-
placement)exhibitedexcellentcompressiveand flexual strengthdevelopment.At 90
days,the strengthsurpassedthatof referenceones.
High contenthigh calciumfly ash concreteshowedgood compressivestrengthevolve-
ment tendency.The early strengthwas a littlehigherthan that of high contentlow cal-
ciumfly ash concrete.
The densifiing effect of expansiveettringiteon matrix and the restraining effect of
aggregateon expansionshouldbe responsiblefor the satisfactorymechanicalproperties
of high contenthighcalciumfly ashconcrete.
From this study, it is noticeablethat some materials, though not in compliancewith
somespecifications,can stillbe efilcientlyusedso longas th=yareproperlydesigned.
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