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A New Evaluation System to Quantitatively Predict the Progress of Alkali—Silica Reaction

(Translation from Concrete Research and Technology JCI, Vol.3 No.2, 1992)
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SYNOPSIS

A new test system to quantitatively evaluate alkali--silica reactivity of aggregate is proposed.
In this test system, at first, change of soluble silica content of aggregate with the passage of
time is measured by a leaching test at various temperatures. The results obtained from this
test are analyzed on the basis of kinetics in order to obtain the diffusion coefficient of alkali in
aggregate and alkali—silica ratio of reaction products, and also to evaluate the effect of tem-
perature on the diffusion coefficient. Expansion behavior and ultimate expansion ratio of
mortar bars can be calculated by using these values. Expansion curves of mortar bars ob-
served experimentally ahnost coincide with the calculated ones. It was also found that the
diffusion coefficient of alkali in sedimentary rocks change during ASR.
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1. INTRODUCTION

A mortar-bar test definedas ASTMC 227 andJISA 5308has beenwidely usedto evaluate
the au(allsilica reactivityof aggregate. Howeyer,in the test,evaluationof the reactivityof
aggregate is dependentonwhetherthe expansionratio of mortar bars made with the tested
aggregateexceedsth.ecriteriaor not at eachgivenperiod(0.05%at 3 monthsand 0.1%at 6
months). Tlms,an Increasingtendencyof expansioncannotbe consideredin evaluatingthe
reactivity in the mortar bar test. The ag.gregatescan be mainly divided into two groups
accordingto the differencesin the expansionbehavior observedduringthe mortar bar test.
Oneaggregategroupshowsthe expansionbehaviorin whichthe expansionrate reduceswith
time (aggregategroupshowingdecreasingrate expansion),and the othershowsthe expansion
behayiorln Whichthe expans,onrate is constantor increasingwith time ( aggregategroup
showingCOnStantrate expansion). Twotypicalexpansioncurvesare schematicallyshownin
figure1. In thisexample,bothaggregatesare evaluatedas inertbecausethe expansionratios
of morfarbars cannotexceed0.1%at 6 months. For the aggregateshowingdecreasingrate
expans10n,the3'udgmentis consideredas properbecausethe expansionratioaRer6 monthsis
eFPeCtedto be kept below 0.1%. However,for the aggregateshowingconstantrate expan-
s10n,thej'udgmentis givenas inertalthoughthe aggregateis consideredto have the potential
reactivity such as it exceeds 0.1% immediately after 6 months which may induce more
expansion. Thus, such aggregatesShouldbe evaluatedsyntheticallybyusing other values
such as the ultimate expansionratio and the period at which the expansionrate becomes
sufficientlylow. However,a problemis that it takeslongertimeto get thesevalues.

On the other hand, a quick chemical test defined as ASTM C 289 andJIS A 5308is also
widely used to evaluate the reactivity of aggregatein a short time, anda good correlation
betweenthe j'udgmentsgivenby the mortarbar test and givenby the quickchemicaltest has
been experimentallyrecognized. This factindicatesthatthe expansionratioof mortarbar at
6 monthscanbe predictedby the resultofthe quickchemicaltest at least in a semi-quantita-
tive manner. The quickchemicaltest is oneof the leachingtestsperformedunderrelatively
high temperatureto acceleratereaction. Thus, it is possibleto establisha more quantitative
test methodto evaluatethe reactivityof aggregatein a short time by improvingthe leachingtest.

The authors already proposed a kinetics-based model which quantitativelypredicts the
ProgressOfakali-silica reaction(ASR)andensuingexpansiondueto ASR,andsucceededto
explainthe mechanismof the complicatedexpansionbehaviorsuch as pessimumeffect of
reactiveaggregatecontent[1], And, it was shownthat the expansioncurvesof m.rtar bars
madewiththe aggregatesshowingdecreasingrate expansioncouldbe simulatedby analyzing
theresults fromthe quickchemicaltest[1].

In this paper, the authors propose a new test system which can evaluate the reactivity of
aggregatequantitativelyin a short time. In thissystem,the modifiedleachingtest is usedto
detectthe progressof ASR,thenthe resultsare analyzedon the basisof the previouslypro-posedmodel.

2iABg

Themortarbar test can showthe physicalvalueobservedas expansion,andit is expectedto
havecloserelationshipwith theactualdamagein concretestructuresdueto ASR. Therefore,
the authorsurgentlydecidedto establishthe evaluationsystemto predicttheprogressof ASR
under.themortarbar testcondition,andthe predictedresultsare verifiedby comparingto theexperimentallyobservedexpansionbehaviors.

In order to analyzethe progressof ASR, the previouslyproposedmodel is applied. This
model is basedon some assumptions. For example,the rate determiningstageof ASR is
assumedas the diffusionof alkali from surfaceintothe reactiveaggregate,and the rate of
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reaction can be approxim?ted by the following equation which is derived from FickTsfirst
low.

dx/dt= C k/x. (1)

F;ray,i.X;skantdheCrereastrievSeenatgtt=ga(ther();E21lZS,e:;dOfaheaalTce.dnlcaeyne;a(tci:1,aif2rseiowna?eo,ef.ffccieeAteonf
matrix (mol/I), respectively. The k value, diffusion coefficient of alkali ions in reactive
aggregate,is an importantfactorto evaluatethe reactivityof aggregateand shouldbe defined
experimentally.

on the otherhand, sincethe alkaliconcentrationin pore waterC reduceswith the progressof
ASR, value C must be expressedas a function of the total amount and alkali silica ratio of
reactionproducts.

c= f(Tpr,RS). (2)

Here, Tpr andRS representthe total amount of reactionproducts(mol/i-mortar) and alkali
silica ratio of reaction products,respectively. RSis consideredto be dependingon typeof
aggregateand it also shouldbe definedin experimentalmanner.

Therefore,in this model, the followingfactors are definedas unknownfactorswhich should
be obtainedexperimentally.

i)Diffusioncoefficientof alkaliionsin thereactiveaggregate.
ii)Alkalisilicaratio ofthe reactionproducts.

In the previous paper [1], these factors were obtained mathematicallyby comparingto the
observedexpansionbehaviorof mortarbars. However,in this paper,the establishmentof a
new evaluationsystemwill be discussedand the way to definethese factors experimentally
will be shown.

3Li54@
Theleachingtestto definethe unknownfactorsis performedbasicallyin accordancewith the
quickchemicaltest,ASTMC 289 andJIS A 5308. However,the amountof soluble silica
andconsumedalkaliaremeasuredwith the passageoftime. Furthermore,1nOrderto evalu-
ate the effect of temperatureon alkali diffusioncoefficient,the test is performedat various
temperatures.

Followingequationcanbe obtainedby integratingequation(1).

x= (2kCt)1/2. (3)

since changeof solublesilicacontentsof aggregateand the amountof consumedalkaliwith
the passageof time are measuredby the leachingtest, alkaliion concentrationC andalkali-
silicaratio ofreactionproducts(RS)are obtaineddirectly.

on the other hand,as shownin equation(3), value (2k)1/2canbe definedas the slopeof the
relationshipbetweenx and Ct as long as the linear relationshipcan be observed. Thus, if
value x can be obtained, value k can also be calculatedgraphicallyfrom this relationship.
value x, thicknessofreactedlayer,canbe calculatedbythe followingprocedure.

By assumingthat the shapeof aggregateis sufficientlyapproximatedas spherewith equiva-
lentradiusR (cm),volumereactionratio(a) ofaggregatecan bewrittenas,
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a=1 -(1 -x/R)3. (4)

a can be calculated by followingequationat each given period under the quick chemical testcondition.

a =Sc *60. 08/1 06 (5)

Where,Sc indicates the amount of dissolvedsilica at each given period (mmol/i),and 60.08
indicatesthe molecularweightofSiO2.

Thus,x valuecan be obtainedby the followingequationderived&omequation(4).

x=R(1 -(1 -a)1/3) (6)

4ig

The leachingtest is performedunderratherhigh temperaturecomparedto themortarbar test.
nus, in orderto knowthe rate of reactionat the temperatureof mortarbar test condition,the
effectoftemperatureshouldbe evaluatedin a quantitativemanner.
It is widelyknownthat a lot ofchemicalreactionsare acceleratedby increasein temperature.
And it is alsowidely recognizedthat the effect of temperatureon the reaction rate can be
expressedby followingAnhenius7sequationas the variationof logarithmof rate constantto
temperature.

log kr= (-Ea/RaT) +logF. (7)

Herekr,EEa,Ra and T representrate constant,&equencyfactor, gaseousconstant and abso-
lute temperature,respectively.

h case ofASR, it is consideredthat theeffect of temperaturecanbe evaluatedas thevariation
of diffusioncoefficientof alkali ions in accordancewithAnheniusTsequation.5i%
As m?ntionedpreviously,the reactiveaggregatescanbe dividedinto two groupsas the group
showing constant rate expansion and the group showing decreasing rate expansion. The
evaluationsystemproposedhere shouldhavesufficientaccuracyinpredictingboth expansion
behavior. Hence, the aggregatefrom both groupswhose expansionbehaviorwere already
reportedby someresearchersare testedin this work. They are 4 sedimentalrockswhichare
reported as showing constant rate expansionby Tamura et al [2] and one andesite from
Setouchiarea which is widely known as showingdecreasingrate expansion. And quartz
glassparticle as a modelof homogeneousaggregateis also tested. The propertiesof tested
aggregatesare shownin Table 1.
ne leachingtestis performedbasicallyin accordancewith the quickchemicaltest definedas
ASTM C 289, butunder variabletemperaturesas 60oC,70oCand 80oC. In order to verify
the effect of alkali concentration in equation (1), two aggregates are tested with different
alkaliconcentration. The testconditionsare shownin Table2.
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6. TEST RESULTS

5

L@
All the testresultsobtainedunder80oCare shownas the relationshipbetweenthethicknessof
reacted layer (valuex) and value (Ct)1/2. Figure2 indicatesthe test result of quartzglass
particle. And the result for andesiteis shownin Figure3. As canbe seen fromthesefigures,
the relationshipsbetweenvaluesx and (Ct)1/2can be approximatedas the straightlineswhich
pass throughthe originof coordinateaxis. Onlythe valuex measuredat the latestperiod for
the quartz glass particle is less than the approximatedvalue. This is because of it cannot
exceedthe solubility of silica. Thus, the diffusion coefficientof alkali in the aggregates
showingdecreasingrate expansioncanbe easilycalculated&omtheslopesofthese lines.
In Figures4-7, the testresultsof the aggregatesshowingconstantrateexpansionare indicat-
ed. As canbe seen&omall these figures,the value ofx increasesslightlywith the increase
of (Ct)1/2at the early stageofASR, and afterthat,x increasesdramatically. This relation-
ship can be approximatedas a bilinear relationship. The test resultsindicatethat the alkali
diffusioncoefficientsin the aggregatesshowingconstantrate expansionchangeduringreac-
tion. If we namedthe diffusioncoefficientat an earlystage of reactionas the initialdiffu-
sion coefficient(kini),and the changedcoefficientas the postdiffusioncoefficient(h,ost), the
progress of the ASR of the aggregatesshowingconstantrate expansionshouldbe expressed
by the followingtwo equations.
Beforethe coefficientchanges,

dt /dx = kiniC/x (8)

and, after it changes,

dt/dx = h70St C/x (9).

All the diffusioncoefficientsobtainedhereare collectedandshownin Table3. It is obvious
that the diffusioncoefficientsat the latterperiodare fromfifteento thirtytimes of that in the
earlystage. Furthermore,for the aggregatesshowingconstantrate expansion,it is alsofound
that all the valuesx at the pointwhere the diffusioncoefficientsuddenlychangesare almost
same (6-7x10-6cm). Fromthese resultsand discussions,the mechanismof the quite long
incubationperiodbeforeexpansioncanbe explainedas the changeof diffusioncoefficientof
alkaliionin the aggregatesduringreaction.

Q

Figures8 and 9 indicatethe resultsof the leachingtest performedunder the differentalkali

ghOIPpCsenb?ta5::nf?hreavnadleuS!tsexa:nddSe(dl;p/gtsaLy.ioscakLreetsePneSteinvg;yiegTrd?eO:5.cfaStehS;5?feferre!anti:n1-n
alkali concentration. Thus, it is confirmed that the effect of alkali concentration can be
evaluatedby equations(1), (8) and (9) in the modelproposedhere.5@
The testresultsof andesiteandsedimentaryrock atvarioustemperaturesareshownin Figures
10and ll, respectively. Fromthese figures,it is foundthat slopeofthe lineswhichapprox-
imatethe relationshipbetweenthe valuesx and (Ct)1/2increasewith an increasein tempera-
ture. Andboth the linearity observedin the test resultsof andesiteandthe bilinearityob-
servedin the test resultsof sedimentaryrockare keptwith regardlessof temperaturechanges.
Andit is also found that the valuex at the pointwhere the slopeof line changesis sameal-
thoughthe temperaturevaries. Thus, it is consideredthat the effectof temperatureonthe
progressof ASR can be evaluatedas the variationof the alkalidiffusioncoefficientto tem-
peraturewithoutanychangeof mechanism. As describedpreviously,the variationof diffu-
sion coefficientto temperatureis expressedby ArrheniusTsequation. Here,the following
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modified ArrheniusTsequation iS used to express the effect of temperature on the diffusion
coefficient.

log k = EaFP(1/T) + kinf (10)

Where,Eapp representsthe activationenergyand kinf can be definedas a limitingvalue of
the logarithmof diffusioncoefficient. The resultsare plottedaccordingto the equation(10)
and shown in Figure12. As shownin Figure12, good linearrelationscorrespondingto the
ArrheniusTsequationcanbe found. Becauseof thisgoodlinearity,thediffusioncoefficientat
varioustemperaturecanbe calculatedbyusingthis equation.

94iABaB*
Figures13 and 14 indicatethe results of the leachingtest for andesiteand sedimentaryrock
(No.2)as the relationshipbetweenthe amountof dissolvedsilica(Sc;mmol/I)andconsumed
alkali(Rc,'mmol/I).As shownin these figures,the relationshipis approximatedas a straight
line with intercept onvertical axis (Rc). The results suggest that ASR begins with large
consumptionof alkaliwithoutproducingany sigmificantamountof reactionproducts. After
that,the alkaliis consumedproportionallyto the amountof dissolvedsilica.Z4
The amount of reactionproductsin the mortarbar can be calculatedby the followingequation
with relationto the reactive aggregatesize distribution[1].

Tpr - A EaiPi/60.08 (ll)

Where, Tpr
A

Cur

Pi
60, 08

total amountof reactionproducts(mol/i-mortar)
amountof aggregate(g/i-mortar)
volumereactionratioof aggregateparticlewithequivalentradiusRi
volume&actionof aggregateparticlewith equivalentradiusRi
molecularweightof SiO2(g/mOl)

ZiQ

The mortar bar test is performed under 40oC. The diffusion coefficient of alkali in each
testedaggregateat 40 oCcanbe calculatedby equation(10)and shownin table 4.

Z2ibW

h the mortar bar test condition,the amountof cement in unit volume of mortar is defined as
600g/I, and the weight percent of alkali (Na,JOequivalent) in cement is defined as 1.2%.i5atlie(Tna12;Thus, the total number of molecule

L60uOn*itO.vO.112u:2e/6.2f:m6.2r;aT?ieaclusl.ardeWf1?ie5taosf3EsF).Ang?hteheast.huenrth.afng,etehLaat?ro?nnLtocfh?Atle_r
callyboundedwater) canbe calculatedas 132gby subtractingthe theoreticallyrequiredwater
for hydration(28%of cementweight)&omthe totalamountof water(300g-(600g*0.28)).
From these, the alkali concentration in pore water may be obtained as 1.758mol/I
(0.232/0.132). However, of all the alkali only water soluble alkali can contribute to the
increaseof alkaliconcentrationin pore water. Thus,it is importantto identifythe fractionof
water soluble alkali to total alkali. In order to definethis value, the equationpresented by
Diamond [3] is referred. Diamondmeasuredthe concentrationof alkali ion in pore water
extracted from the mortar made with cement containing different amount of alkali, and
showedthe relationshipbetweenthe weightpercentof alkali in cementand the concentration
of alkali in pore water. Assumingthat the &actionofwatersolublealkali is 50%of the total

volume of mortar is obtained as 0.232 mol/l
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alkali, the alkaliconcentrationcalculatedby the abovementionedprocedurecoincideswith
the value obtainedby Diamond'sequation. Thus, thefractionof water solublealkalito total
alkaliis definedas 50%in thiswork. Incase of mortarbar test, the amountof watersoluble
alkali in unit volume of mortar is obtained as 0.116mol/i-mortar (0.232*0.5).
A large alkali consumptionat the beginningstage of ASR was described in the previous
chapter. Therefore, in order to calculatethe initial alkali concentrationin pore water, this
consumptionalsoshouldbe considered. In thiswork,it is assumedthat theamountofinitia1-
ly consumedalkali is proportionalto the total surfacearea of reactiveaggregate. Thus, the
amountof alkali initiallyconsumedby unit surface of aggregatecan be calculatedfrom the
interceptsof the approximatedlines in Figures13and 14,and&omthe total surface area of
aggregatewhoseweightandequivalentradiusare 1000gand 0.01125cm,respectively.Since

tlh.e.t60fall.scumd2aCaendare5a1,0f5acgmg2rergeastpeSegteiSvteefyTtEhee
quickchemicaltestand the mortarbar test are
amount of initially consumed alkali in unit

volumeof mortarcan be calculatedby the followingequation.

Ccons = (519.5/1046)*Rcin/1000 (12)

Where, Ccons indicates the amount of initially consumed alkali in unit volume of mortar

i:louie/{RTarntdarS);.anFdr.R=i%E:edidCiastceuSs!R.enTtehreCaelPkta?ibcs.e::eendtriantit.hnelrneta.tfeonwsahtieprbd:fTnegerneatch_e
tion canbe calculatedbythe followingequation.

C = (0. 116-Ccons-Tpr*RS)/0.132 (13)

Where,RS indicatesthe alkali-silica ratio of reactionproductsobservedas the slope of the
approximatedlinefor the relationshipbetweenthevaluesRcandSc.
Equations(1) to (13)are appliedto calculatethe amountof reactionproductsin unit volume
of mortar. As can be seen fromthe interrelationshipbetween equations(1) and (13), this
problemshould be defined as a strong nonlinearproblem. Thus, the thickness of reacted
layerx is calculatedusing Hstep-by-step"integrationof equation(1) with sufficientlyshort
calculationstep, referringthe latestcalculatedvalueofalkaliconcentration.
The calculationprocess in predictingthe amount of reaction products is summarizedand
shown in Figure 15.

8. COMPARISON BETVVEENCALCULATED AND OBSERVED EXPANSION BEHAV-
IORS

The expansionbehaviors of mortar bars made with the aggregate showingconstant rate
expansionare collectedandshownin Figure16 (byTamuraet al [2]). Themethodpresented
bythe authors[1] is appliedto predictthe expansionratio of mortarbars fromthe calculated
amountof reactionproducts. In thismethod,the presenceof the absorbingzone in mortar
bar is assumed. Then,by comparingthe calculatedamountof reactionproductsto the actual
expansionratios, the amountof total absorbingzone (Ter)and the experimentalconstantE
canbe obtainedfromthe slopeandthe interceptof the approximatedline shownin Figure17.
Finally,the expansionratioof mortarbar ispredictedby thefollowingequation.

e=E*(Tpr-Ter) (14)

Where,Eindicatesthepredictedexpansionratio (%),andE andTerindicatethe experimental
constantto calculateexpansionratiofromthe amountof reactionproductswhich contributes
to induce expansion (%xl-mortar/mol), and the amount of total absorbingzone (mol/l-
mortar),respectively.
Figure 18showsthe predictedexpansioncurvesof the mortarbars madewith the aggregates
showingconstantrate expansion. As canbe seenfromFigures 16and 18, a goodsimilarity
betweencalculatedandobservedexpansioncurves can be seen. In particular,the periods
when the calculated expansionratio suddenly increase almost coincide with the periods
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observedin actual expansioncurves.
Figures 19 and 20 show the calculated and observed expansioncurves of mortar bar made
with andesite. It is foundthat the calculatedcurve also shows the decreasingrate expansion
behaviorwhich it is similarto the observedone.
Fromthesecomparisons,it is felt that the procedurepresentedhereis useful to predict the
expansioncurvesof both mortarbars showingconstantrate expansionand decreasingrate
expansion.

9iABm

From the calculatedand experimentallyobtainedresults in this work, it is confirmedthat the
amountof reaction productsin mortarbars can be predictedby using the result of the modi-
fied leaching test. This method can also show the ultimate amount of reaction products
which is considered to have close relationship with the potential reactivity of aggregate.
Therefore,the proposedmethod is useful to evaluatethe alkali-silica reactivityof aggregate
in a more quantitativemannerthan the conventionalmethod. Fromnow on, the authorsrefer
to this methodas T'Uomoto-Furusawa-Ohgamethod'',a new systemto evaluatealkali-silica
reactivityof aggregate. The proceduresof this HU.F.0.method"are as follows.

I) Theleachingtestis performedonthe aggregatebasicallyin accordancewith the
quickchemicaltest definedas ASTMC 289 or JISA 5308at leastunder twodifferent
temperaturelevels. Theresultsof the leachingtest (amountof dissolvedsilica
Sc(mmol/I)and consumedalkaliRc(mmol/i))shouldbe detectedwith thepassageof
time.

II)By the equation(6), thicknessofthe reactedlayer is calculated.
Ill) By linearor bilinearrelationshipwhich canapproximatethe relationshipbetween
the valuesx and (Ct)1/2,the diffusioncoefficientof alkali in the aggregateat each
temperatureis obtained.
rV) Theeffectof temperatureon the diffusioncoefficientcan bequantitativelyevalu
atedby AnheniusTsequation,and thediffusioncoefficientat 40oCis obtainedby this
equation.
V) Fromthe relationshipbetweenSc andRc, the amountof initiallyconsumedalkali
and alkali silica ratio ofreactionproductsare obtained.
VI) Byusing equations(1),(4),(ll) and (13),the amountofreactionproductsin the
mortarbar is calculated.
VIE)By equation(14), theexpansionratio of mortarbarcanbe predicted.
VIII)By continuingthe calculationuntil all the alkaliis used up, the ultimateamount
ofreactionproducts is calculated.

10. CONCLUSIONS

The followingtopicshas been madeclearby this work.

i) The diffusioncoefficientof alkali in the aggregateshowingconstantrateexpansion
changesduringreaction.
ii) Muchamountof alkali is consumedat the beginningstageof reactionwithout
producingany significantamountofreactionproducts.
iii) The effect of temperatureon the diffusioncoefficientcan be evaluatedquantita-

tivelyby Anhenius'sequation.
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Table 1 TestedAggregate

Table2 Test Conditions

Table3 ObtainedDiffusionCoefficients
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N o . T yp e of A ggr. T ype of E xp ansion

1

S andstone
C onstant R ate

E xp an s ion

2

3

4

5 Q uartz G lass D ec. R ate E xp .

6 An desite (D ec. R ate E xp.)

T em p erature 60,70,80 degrees

N aO H C one. 1 m ol/i

A ggregate Size 150-300 m icrom eters

S olida iquid R atio 25g/25m l

N o . k in i (cm 2 /h r) k )o st(cm 2 /h r)
x w h en d iffu .

co eff. ch an g es

1 2 .1 5 8E -1 2 6 .1 6 8E -l l 7 .0 7 6E -6

2 6 .0 69 E -1 3 3 .0 17 E -l l 6 .3 32 E -6

3 1 .9 5 4 E -1 2 4 .12 5 E -l l 6 .7 3 7E -6

4 8 .11 5 E -13 1 .2 1 4 E -l l 6 .1 3 9E -6

5 1.087E-9 1

6 2.463E-10 1



Table4 CalculatedDiffusionCoefficients
at 40 Degrees
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N o . k in i (cm 2 /h r) h 70 St(Cm 2/h r)

I 3 .4 2 7 E -1 3 6 .15 2 E -12

2 1 .2 3 3 E -14 2 .69 6 E -12

3 8 .5 1 0 E -14 9 .6 87 E -1 3

4 7 .2 4 9 E -14 1 .9 2 1E -1 2

5 2 .84 0 E -1 1

6 1 .0 7 9 E -1 1
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