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MECHANISMS OF THE INFLUENCE OF EXTERNALLY SUPPLIED NaCl ON
THE EXPANSION OF MORTAR CQNTAINING REACTIVE AGGREGATE

(Translation from Proceedings of JSCE, No.502/V-25, November 1994)
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This study aims at revealing the mechanisms by which externally supplied NaCl influences the
expansion of mortar due to the alkali-silica reaction. In reactive aggregate—bearing mortars with
relatively low alkali contents, the promotion of their expansion in 1N NaCl solution at 38° C was
promoted by a rise in OH" ion concentration in the pore solution. This increase in OH“ ion
concentration in the pore solution was responsible for the intrusion of Cl‘ ions into mortar. In
reactive aggregate~bearing mortars with a relatively large amount of added NaOH, at least a part of
the unusually large mortar expansion was caused by the delayed formation of ettringite during
immersion in NaCl solution.
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I. Introduction

Certainattentionhas beenpaid to accelerationof thealkali-silicareactiondue to NaClincorporated
during theproductionof concreteand theeffectsofexternallysuppliedNaClon hardenedconcrete.
The additionof NaClto concreteduringprcxluctioncertainlyacceleratesexpansion due to thealkali-
silica reaction [1] - [5]. It has beenproposedthat this accelerationof the alkali-silica reaction by
NaCl is responsiblefor a rise in OH- ion concentrationin thepore solutiondue to the formationof
Friedel7ssalt [6]. However,experimentalresultssuggestingthat Cl- ions playedan importantrole in
theaccelerationof thealkali-silicareactionhavealsobeenreported[7], [8].

Since sea water and NaCl used as a deicingagent affect the alkali-silica reaction in concrete, the
mechanismsresponsiblefor theexpansionof reactiveaggregate-bearingmortarsimmersedin NaCI
solutionarean importantproblemto besolved. As to themechanismscausingthe accelerationof the
alkali-silica reaction in hardenedmortar and concretewhen NaCl is suppliedfrom the outside, a
proposalemphasizesthe role of Ca(OH)2in thealkali-silicareaction [9]and anothersuggeststhat a
part of the expansionof concretecontainingreactiveaggregatein a salineenvironmentis due to the
formationof anexpansiveArm [lO], [1l]. Althoughthe OH-ion concentrationin the pore solution
of mortars immersed in lN NaCl solutionfall to a very low levelduring the first two weeks,some
opal-bearingmortars startedexpanding severalmonthsafter immersion in an NaCl solution [12].
This delayed expansionand theacceleratedexpansionof mortarscontaininga reactiveaggregatein
NaClsolutionseem difficultto explainon the basisof the establishedunderstandingthat thealkali-
silicareactiondependson theOH- ion concentrationin thepore solution. Anotherunexpectedresult
stemsfrom SEM microscopicexaminationsof opal-bearingmortarsimmersedin NaCl solutionfor
morethanone year; largeamountsofchloride-bearingettringitewerefoundin suchmortars[l3].

As to the relation between the alkali-silica reaction and the formation of ettringite in concrete,
Regourd [14] concluded that a release of OHMions accompanyingthe formationof ettringitecan
acceleratethealkali-silicareactionin concrete.

These various findings and proposalssuggest that the intrusion of NaCl into hal-denedmortar or
concrete containinga reactiveaggl-egateaffects the hydl-ationpl-Oductsin the cement paste phase
and/or the reaction productsformed within reactiveaggregategrains. Consequently,pursuing the
changesin pore solutioncompositionwith time and changesin the reactionproductsformedwithin
reactiveaggregategrainsin mortarsduringimmersionin NaClsolutionmight lead to elucidationof
themechanismsof expansionfor mol-tarsCOntainingreactiveaggregate.

In this study, the characteristicsofalkali-silicareactionprogresswithin reactiveaggregategrainsin
mortarssubmergedinNaCl solutionare revealedby a combinationof microhardnessmeasurements
and EDXAanalysis. The mechanismscausingincreasedexpansionin mortarscontaininga reactive
aggregate in NaCl solutionare discussedin terms of the results of analyzing pore solutions and
chemicalcompositionwithin the reactiveaggregategrains. Furthermore,the relation betweenthe
expansion and the formation of ettl.ingitein mortars containing reactive aggregate in lN NaCI
solutionat the elevated temperatu1-eOf38o C is discussedby comparingexperimental results for
mortarmade withpowderedclinkel-andno gypsumwith thosefor ordinal.yPortlandcementmortal..

2i&
2.1 Materials

The reactive aggregate used was calcined flint (C.F.) which was supplied by Blue Circle Industries
PLC. This reactive aggregate has a size fl-action of 2.35 mm to l.00 mm and is mostly pure
cristobalite [14], as shown in an X-ray diffraction diagram(Fig. 1). In addition to the approximately
96% tetragonal cristobalite, there is about 2% quartz and 2% tridymite. The mean crystallite size is
approximately 60 nm [14]. The density and abso1-Ptionof the calcined mint grains are 2.29% and
1.79%, respectively. The mean porosityof the C.F. grains is at)out4.75% [l4]. Japanese standard
sand, which mainly consistsof quartz, was used as the non-reactiveaggregate. The potential alkali
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reactivity of the reactive aggregate,determinedaccording to ASTMChemical Test C289, is given in
Table 1. The equivalent Na20 percentages of ordinary high and low alkali Portland cements are
o.97% and 0.48%, respectively;that of the clinkerused is 0.67%. The chemical compositions of the
cementsand clinkerare givenin Table2.

C:Cristbalits

T:Tridymite

Q:Quartz:

C C
C C

20

Rc (mmo1/I

30 20 (degree) 40
50

Fig. 1 X-ray DiffractionPatternof CalcinedFlintFg!i4

2 .2 Microhardness Test

a) Mortar Mix Proportions

A mortarwithan alkali/reactiveaggregateratio of0.05 was selectedfor microhardnesstests from a
series of mortars with various alkali/reactiveaggregateratios. The expansionbehaviorof these
mortarsin NaClsolutionhasbeeninvestigatedby thepresentauthors[15],[16]. The mortaractually
used for the microhardnesstest correspondedto theone whichwasobtainedby excludingthe non-
reactiveaggregatefrom a mortarfor theexpansiontest. Sucha mortal-COntainingonly the reactive
aggregatewas preparedat a water/cementratioof0.4 anda reactiveaggregate/cementratioof 0.194.
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T a ble 2 C h em ical co m p osition s o f ce m e nts an d clin ke r

H is:h alka li cem en t L ow alk al i cem en t C l in k er

In . lo ss 0 .7 I.3 0 .1

In so 1. 0 .1 0 .2 0 .0

S in 2 l .1 2 1.9 2 2 .5

A 12C b 4 .9 5 .5 5 .7

F e20 3 3 .1 2 .9 l 3 .0

C aO 6 5 .I 6 3 .l 6 5 .4

M g O 1 .4 I.7 1 .6

S b 2 .0 2 .3 0 .2

N a 20 0 .5 0 0 .2 9 0 .3 4

K 2 0 0 .7 2 0 .2 9 0 .5 0

T in 0 .2 8 0 .3 5 0 .3 2

P 2 0 5 0 .1 0 0 .0 5 0 .14

h a lo 0 .0 5 0 .17 0 .1 0

N a2 0 eq . 0 .9 7 0 .4 8 0 .6 7



b) Preparation of Mortar Pieces

Cubic blocks of 2.0 by 2.5 by 2.5 cm were cut from a mortar bar of 2.5 by 2.5 by 25.8 cm obtained
by demoulding one day after casting. The 2.5 by 2.5 faces of each block were coated with a silicon
resin sealant so as to allow Na+ and Cl- ions to intrude into the mortar block from a solution only
from the 2.0 by 2.5 cm faces. These mortar blocks were sealed in vinyl sacks and cured in a
container maintained at 38o C and >95% R.H. for 28 days. They were then immersed in lN NaCI
solutionfor prescribedperiods. The otherseriesof mortars were storedfor referencein the same
containerfor prescribedperiods. The siliconcoatingon the twofaceswas removedat a prescribed
age, and thenone of thefaceswaspolishedon a rotorusinga setof Sic polishingpapers.

c) Measurement of Microhardness

A Vickersindenterwasusedto measurethemicrohardnesswithina reactiveaggregategrainalongthe
grain'slongestradiusat intervalsof about 10 pm to20 LLm.Twograins witha diameterof about2
mm appearing within about 5 mm of the periphery of the mortar block were selected for
microhardnessmeasurements. The value of microhardnessat a given distancefrom the interface
betweenthe cementpastephaseand theaggregatewastakento be theaverageof measurementson
two grains.

2iaA

After the completion of microhardnessmeasurements,the polished surfaces of mortar blocks were
coated with gold after drying in a vacuumdryingat room temperature. EDXA analysiswas carried
out at a number of spots corresponding to where microhardness had been measured, using a
scanning electron microscope (Nihon Denshi Co. I-td.) equipped with an EDAX International
energy-dispersive X-ray analyzer. The acceleration voltage was 25 kV. The spectrums for Kcx
peaks of Na, K, Ca, Si, S, Cl, and Al were accumulated for count periods of 100 seconds. The
count ratio of each element at a spot was the average of measurementsfor two g1-ainsin different
samples. Count ratios of each element to Si at various spots within reactive grains in reference
samplesmade by emtxdding calcinedflint grainsin an efX)Xyresinwere also measured. The results
for the referencesamplesare tabulatedin Table3. Theaverageratiofor eachelementgivenin Table
2 is shownas the base line in Figs. l3 - 18.

2

i4&Twotypesof mortarmade withan ordinaryPortlandcementandpowderedclinkerwithoutgypsum
were prepared for expansiontests. The mortarlnix proportionswere aggregate/cement= 0.75,
water/cement = 0.4 and C.F./(non-reactive aggregate + C.F.) = 0.26. A series of mortars with
relatively low alkali/C.F. ratios not greater than 0.05 wel'eProduced by diluting a high-alkali cement
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T ab le 3 C o u nt ratio s fo r v a lio u s elem en ts wi th in C .F . grains e m b ed d ed in ep o x v resin

D istan ce from

in terfa ce ( LLm ) (N a+ K )/S i C a/S i A 1/S i S /S i C l/S i

5 0 0 .0 3 0 0 .0 2 0 0 .0 3 1 0 .0 4 0 0 .0 2 6

10 0 0 .0 3 5 0 .0 22 0 .0 2 5 0 .0 3 3 0 .0 3 0

15 0 0 .0 3 0 0 .0 1 9 0 .0 3 3 0 .0 3 1 , 0 .0 2 2

2 0 0 0 . 0 2 5 0 .0 19 0 .0 2 6 0 .0 3 2 0 . 0 2 4

2 5 0 0 .0 3 4 0 .0 2 2 0 .0 2 8 0 .0 3 5 0 .0 2 4

3 0 0 0 .0 3 1 0 .0 1 8 0 .0 3 2 0 .0 3 4 0 . 0 2 0

3 5 0 0 .0 3 5 0 .0 2 2 0 .0 3 5 0 .0 3 7 0 . 0 2 7

4 0 0 0 .0 3 0 0 .0 1 9 0 .0 3 0 0 .0 3 2 0 .0 2 3

M ean 0 .0 3 1 0 .0 2 0 0 .0 3 0 0 .0 3 4 0 .0 2 5



with a low-alkali cement. Alkali/C.F. ratios greater than 0.06 were adjusted by adding NaOH.
Alkali/C.F. ratios greater than 0.04 in clinker mortars were raised to that of the corresponding
Portland cement mortarsby adding NaOH.

Mortar bars 2.5 by 2.5 by 28.5 cm were preparedwith a totalaggregate/cementratio of 0.75, a 0.26
replacementratioof reactiveaggregate,anda water/cementratioof 0.4. The alkali/reactiveaggregate
ratio was 0.05 in this mortar. The bars were cured in a container maintained at 38o C and >95%
R.H. for 28 days, and then immersedin lN NaClsolution. Referencespecimenswere storedat 38o
c and >95% R.H. throughoutthe expansiontests. Measurementsof lengthchanges with time were
initiated immediately after demoulding. Expansions were the average of measurements for two
specimens.

2iiW

pore solutionswere expressedby high-pressureapparatusfrom 05 by 10cm mortarcylinders. Mix
proportionswere the same as of mortarsamplesusedin the expansiontests. Mortar Cylinderswere
curedin >95% R.H. atmosphereat 38o Cfor 28 daysin an unsealedstate, and thenImmersedin lN
NaClsolutionfor a prescribedperiodbefore theporesolutionswereexpressed. Poresolutionstaken
from mortarcylinderscuredin a moistcontainerat 38oC throughouttheprescribedperiod werealso
analyzed. The extracted solutions were analyzedfor OH- ion concentration by titration against
hydrochloric acid to the phenolphthaleinend point. Other ions such as Cl-, Na+, K+, and Ca2+
were alsoanalyzedby standardmethods.The cationconcentrationswere equallybalancedwith the
amionconcentrationin thepore solutions.2&
As shown in Fig. 2(a), in the DTA curves obtained by using Al203 aS a reference material,
discrimination of the broad endothermic peak of C-S-H from that of ettringite around llOo C is
impossible. However, the relative content of ettringite in mortar was determined by the use of a
hydrated clinkeras a referencematerial,accordingto the methodproposedby Odlerand Abdul-Maula
[17] (Fig. 2(b)). The chemicalcompositionof the clinkerused is given in Table 1. The heating rate
and the sample size in this analysiswere loo C/min.and 25 mg, respectively.

Temperature(oC)
5O loo 15O

T

(a) Reference Material:Alumina

200

ClinkerMortar

CementMortar

(b) ReferenceMaterial:Hydrated

A
CementMortar

Clinker

Fig. 2 DTA Curvesfor Cementand ClinkerMortars
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3 . Resu)ts and Discussion

a

ii&Figures 3 - 6 show expansioncurvesfor cement andclinkermortars containingreactive aggregateat
an alkali/C.F. ratios of 0.025, 0.05, 0.08 and 0.15 under three different environmental conditions.
In clinker mortars with the relatively low alkali/C.F. ratios of 0.025 and 0.05 immersed in NaCI
solution and a moist environment (Figs. 3 and 4) expansion was not so great. However, the
expansion in the case of clinker mortars in lN NaOH solutionincreased proportionallywith time.
On the other hand, cement mortarsexpanded greatlyat times beyond l4 days or 28 days under the
three conditions.

Judging from the results that both cement and clinker mortar specimens in lN NaOH solution
expanded by almost the same degree (Fig. 3(c)) and that , at a given alkali/C.F. ratio, the OH- ion
concentration in the pore solution of clinker mortars is lower than that in Portland cement mortars
[15], the smallerexpansions of clinkermortars than of cement mortars at alkali/C.F. ratios of 0.025
and 0.05 in NaCl solution and a moist environment might be responsible for their lower OH- ion
concentrationsin fX)reSOlutions.

Figures 5 and 6 show that the expansion behavior of mortars with alkali/C.F. ratios of 0.08 and
0.15 is considerably different from that of mortars with a relatively low alkali/C.F. ratio. Both
cement and clinker mortars with a relatively high alkali/C.F. ratio under all three environmental
conditions started actively expanding after l4 days. As a whole, clinker mortars exhibited less
expansion than cement mortars. However,the shapesof the expansioncurves for clinkerand cement
mortars are similar, except that mortars withan alkali/C.F. ratio of 0.15 in NaCl solution expanded
in a peculiar manner. As shown in Fig. 6, clinker mortarwith an alkali/C.F. ratio of 0.l5 expanded
to some extent for up to about one month after immersionin NaCl solution but, thereafter showed
little expansion. However, the expansionof cementmortar withan alkali/C.F. ratio of 0. 15in NaCI
solution increased proportionally with time after immersion,resulting in a final expansion about
three times greater than the corresponding clinker mortar. At an alkali/C.F. ratio of 0.08, little
difference in expansion behavior betweencement and clinker mortars stored in the three different
conditions was found. The cement mortar with an alkali/C.F. ratio of 0. 15showed extremely great
expansionas comparedto the correspondingclinkermortar in the NaCl solution (Fig. 6(b)).

Figure 7 shows expansioncurves
for mortars with various
alkali/C.F. ratios immersed in lN
NaCl solution at 38o C. The shape
of the expansion curves for mortar
with alkali/C.F. ratios of 0.15 and
0.20 is found to be greatly
different from that of- other
mortars. In these cases, expansion
appears to actively resumearound
onemonth after immersion. These
results suggest that expansion of
mortar with a large amount of
added NaOH is caused by other
mechanisms in addition to the
alkali-silicareaction.
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i2&
Figures8 and 9 showtherelationsbetweenalkali/C.F.ratioandettringitecontentin mortarwithand
without reactiveaggregateimmersedin lN NaClsolutionfor variousperiods. It is clear that the
amountsof ettringiteproducedin reactiveaggregatemortarwithan alkali/C.F.ratioof lessthan0.10
during the first 28 days of moist curing are not different from those in correspondingreactive
aggregate-freemortars. However,at alkali/C.F.ratiosof 0.15 and 2.0, little ettringite was formed
within the mortar during the first 28 daysof moist curing. Considerableamounts of NaOH were
added to the mortarto increasethe alkali/C.F.ratio. Theabsenceof ettringitein these mortarsamples
appearsto t* relatedto the extremelyhighOHMion concentrationin the pore solution[18].

The amountsof ettringiteproducedin the mortarstx)thwithand withoutreactiveaggregateimmersed
in NaCl solution increased with time, as shown in Figs. 8 and 9. The rate of increase with time
varied with the alkali/C.F. ratio. The presenceof reactive aggregate also influenced the rate of
increase in the amountof ettringite. At an alkali/C.F.ratioof less than0.06, the amountof ettringite
produced in reactive aggregate-freemortars duringimmersionin NaCl solutionwere greater than in
mortars containing reactive aggregate. At an alkali/C.F. ratio of 0.08 and 0.10, little differencein
the amountsof ettringitewas foundbetweenmortarswithand withoutreactiveaggregate. However,
conspicuousdifferencesin the ettringitecontenttxtween mortarswithand withoutreactiveaggregate
were found at alkali/C.F. ratios of 0.15 and 0.20. In particular, as shown in Figs. 8 and 9, rapid
production of ettringite with time in mortar containing reactive aggregate contrasted with the
formationof only a littleettringitein reactiveaggregate-freemortal-Sduringperiods of immersionin
NaClsolution.

3.3 Microhardness Within Calcined Flint Grains in Mortar

Figure 10 shows plots microhardnesswithin reactive aggregategrains in mortars cured in a moist
environment maintained at 38o C. Only slight reductions in microhardness from the level of the
original calcined mintgrains were found in whole grains in a three-day-old mortar. However, the
microhardness in areas extending fromthe interfaceto about 120 pm fell significantlyin the period
from 3 to 7 days. From 7 to l4 days, further reductions in microhardnessin areas up to about 120
pm away from the interfacewereaccompaniedby enlargementof the softened area up to about 200
LLm.However, portions up to about 100 LLmfrom the interface showed considerably higher
microhardness in 28-day-old samples than in l4-days-old ones, while the microhardness of areas
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from about 100 L^mtO 170pm continued to decrease even after 14 days and the softened area
extendedto about250 pm awayfromtheinterfaceat theage of28 days.

Figure 11shows microhardnessdistributioncurveswithinreactiveaggregategrains in the reference
mortar specimenscured in a moistenvironmentthe prescribedperiods. The figure shows that the
microhardnessin areasfrom atx)utloo pm to 2W LLmawayfromtheinterfacestill increasedafter28
days,but in areas from2W pm to350 LLmitdecreasedup to theage of70 days. This indicatesthat,
in mortarscontinuouslycured in a moist environment,thealkali-silicareactionprogressesinwards
withinreactiveaggregategrainsup to 70 days.
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Fig. 10 Microhardness within C.F. Grains in
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Figure 12 showschanges in microhardnessdistributionwithinreactivegrainsin mortarimmersedin
lN NaCl solutionafter curingin a moist environmentat 38oC for 28 days. A comparisonof the
microhardnessdistributionsresultingfrom curingundertwodifferentconditionsfor thesame period
(Figs. ll and 12), twopeculiaritiescan benoted.
(1) The microhardnessin areas about 100LLmtO200 LLmaway from the interface, whichhad the
lowestmicrohardnessafter28 daysof moistcuring' increasedrapidlywith timeduringimmersionin
lN NaClsolution. An extremelyhard reactionproductwasformedwitha microhardnessof greater
than thatof Pyrex glass.
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(2) The microhardnessin areasdeeperthanabout250LLmfrom theinterfaceof mortarimmersedin
NaCl solution,whichfell little duringthefirst 28 daysof moistcuring,decreasedmorewith timein
NaClsolutionthanin a moistenvironment.
These resultsindicate that thealkali-silicareactionin deeperareasof C.F. grains in mortarskept in
NaClsolutionprogressesmoreactivelythanin mortarstoredina moistenvironment.
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Figure 13 shows (Na+K)/Si count ratios measured by EDXA analyses carried out at a number of
sfX)tSwithinC.F. grainsin mortarcured in a moistenvironment. Little evidenceof alkalis wasfound
within C.F. grains at the age of 3 days. Thereafter, the intrusion of alkalis into C.F. grains
progressed with time, and they reached a depth of about 400 pm at the age of l18 days. The
existenceof severalspotswith higher (Na+K)/Sicounts ratios in 14Jay-old mortar than in 28-days-
old samplesmay reflect variationsin reactivity betweenindividual C.F. grains. Ca/Si count ratios
obtained for mortar cured in a moist environment are given in Fig. 14. Ca2+ ions are found to
intrudeinto C.F. grainsjust as alkalis do.

Figures 15and 16 show,respectively, plotsof (Na+K)/Siand Ca/Si count ratios obtainedby EDXA
analysisat various spts withinreactiveaggregategrainsin mortarimmersedin NaCl solutionfor42
days and 90 days after 28 days of moist curing at 38o C. There are a number of spots with a
relatively high (Na+K)/SiandCa/Si count ratios inareas lW LLmtO250 Ltmaway from the interface
42 days after immersion in NaCl solution. During the period from 42 days to 90 days in NaCI
solution, the range of spots with relativelyhigh (Na+K)/Siand Ca/Si count ratios widened to about
400 pm. Chatterji et al. [19] havealready foundthat the Ca concentrationwithin reactive grainsin
mortar in a saturated NaCl solutionis greaterthan in mortarin water. Particula1-1y,as shown in Fig.
8(b), Ca/Si ratios at some spots in areas ranging from about 70 LLmtO 200 pm away from the
interface in reactivegrains in mortarsimmersedin NaClsolutionfor 90 days are conspicuouslyhigh.
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Most of the spotswith extremelyhigh microhardnessare found to fall within areas in which many
spotswith high Ca/Si countratioswerefound.

Figures 17 and 18 showsS/Si count ratioswithin C.F. grainsin mortar immersed in NaCl solution
after 28 days of moist curing and continuouslystored under a moist condition, respectively. A
comparison indicates that S/Si countratiosfor mortar immersedin NaClsolution for 90 days were
extremelyhigh at somesfX)tSWithinthe areas withextremelyhighmicrohardness(Fig. l2).
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a) OH- Ion Concentration

changes in OH- ion concentrationwith time in pore solutionexpressed from mortars with and
withoutreactiveaggregateimmersedin NaClsolutionaftercuringin a moist environmentat 38oC
for 28 daysare given in Fig. 19. The resultsfor pore solutionsin referencemortarcuredin a moist
environmentthroughoutthe prescribedperiodsare alsoplotted. The OH- ion concentrationin the
pore solutionsof mortartx)thwithand withoutreactiveaggregatefell to a low leveldueto the alkali-
silica reactionand leachingof OH- ions from the mortarcylindersby the end of 28 days of moist
curing. The OH- ion concentration in the pore solutionof mortar without reactive aggregate
proportionallydecreasedwith timeduring continuouscuringin a moist environment;however,in
mortarswith reactiveaggregatelittle changein OH- ionconcentrationwas foundbefore the gradual
decreasebeganat l4 days. Onthecontrary,the OH- ionconcentrationin the rx)resolutionof mortar
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with reactive aggregate in NaCl solution increasedconsiderablyand, in mortars without reactive
aggregate, increased slightly during the first 14 days. Thereafter, the OH- ion concentrationin
mortar without reactive aggregate decreased rapidly with time, but, in mortars with reactive
aggregate, it decreasedmoderately during the period from 14 to 60 days; this was followedby a
small increase. At anyrate, it shouldbe notedthat in mortarcontainingthe calcinedflintimmersedin
NaCl solution, comparativelyhigh OH- ion concentrationsrangingfrom about 0.3 to 0.4 N were
maintainedup to at least90 days.

These comparisonsof changesof OH- ion concentrationswith time in the pore solutionbetween
mortar immersedin NaClsolutionand mortarstoredin a moist environmentindicatethat OH- ions
diffuseout frommortarspecimensduringimmersionin NaClsolutionandthatconsiderableamounts
of OH-ions are releasedinto the pore solutionwithin these samples (Fig. 19). In particular, the
?mount.sof OH-ions releasedinto the pore solutionin mortarcontainingreactiveaggregateduring
ImmersioninNaCl solutionare muchgreaterthanin mortarwithoutreactiveaggregate.

X-ray diffractionanalysis showedconsiderableamountsof Friedel'ssalt in mortarwith and without
reactiveaggregatewhen it had beenimmersedin NaClsolutionfor periodslongerthan28 days [15].
Chloride supplied from the surrounding solution is assumed to react with the tricalcium
sulfoaluminate phase in the mortar to produce Friedel's salt [20]. Increases in the amount of
ettringiteboth in mortars with and withoutreactiveaggregateduring immersionin NaCl solution
were confirmed by quantitative DTA analysis (Figs. 8 and 9). Amounts of Friedelrssalt and
ettringiteproducedin mortarwith reactiveaggregatewere not very differentfrom thosein reactive
aggregatelree mortars. At anyrate,the mechanismsreslX)nSibleforthe releaseofgreateramountsof
OH- ionsin mortarwith reactiveaggregatethaninmortarwith onlya non-reactiveaggregateseemto
tx3relatedto thepresenceof alkali-silicareactionprcductsandthe intrusionof thechlorideinto them.
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b) SO42- Ion Concentration

Figure 20 showschanges in SO42-ionconcentrationwith timein the fX)reSOlutionof mortar samples
containing reactive aggregate and no reactive aggregate with alkali/C.F. ratios of 0.05 and 0.20
during immersion in NaCl solution. The SO42-ion concentration in mortar with an alkali/C.F. ratio
of 0.20 containing a relatively large amountof addedNaOH is greatlydifferent from that in samples
with an alkali/C.F. ratio of 0.05. The SO42-ionconcentrationin the poresolution of mortar samples
with an alkali/C.F. ratio of 0.05 was as low as about 0.02 N immediately before immel-Sionin NaC1
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solution and this rose a little during the first 28 days of immersion. Changes in SO42- ion
concentration with time in mortar without reactiveaggregate were little different from those in the
corresponding sampleswith reactive aggregate. On the contrary, at an alkali/C.F. ratio of 0.20, the
SO42-ion concentrations in sampleswith and without reactiveaggregate was extremely high upon
immersion as comparedwith mortar withan alkali/C.F.ratio of 0.05.

As shownin Fig. 20, after immersionin NaCI
solution,the behaviorof SO42-ions in the pore
solution of mortars with and without reactive
aggregate was greatly different from each
other. In mortar containingreactiveaggregate
immersed in NaCl solution, the SO421on
concentration in the pore solution rapidly
decreased with time, resulting in a slightly
lower SO42-ion concentration than in mortar
without reactive aggregate after 90 days of
immersion. However, in mortar without
reactiveaggregate,the SO42-ion concentration
increased slightly up to 28 days after
immersion and, thereafter, slowly decreased
with time. This behavior of SO42-ions in the
pore solution, along with the observed
increases in ettringite content in reactive
aggregate mortar with time (Fig. 8), indicate
that comparatively large amountsof ettringite
are rapidlyformedas SO42-dissipatesfrom the
pore solution in immersed mortar containing
reactiveaggregate.
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Figure 21 showsexpansion curves for mol-tarCOntainingcalcinedflint and immersed in lN NaCI
solution after 28 days of moist curing with reference samples stored in a moist environment
throughout the test. Expansion halted in the moist environment at about 75 days. However, in
NaCl solution expansion continued steadily even after 75 days. This difference in expansion
behaviorbetweensamplesimmersedin NaClsolutionandstoredin a moistenvironmentcorrespnds
well with the difference in microhal-dnessin central portionsof the reactive aggregate grains. As
shownin Figs. l 1 and l2, the microhardnessfallsmore with timein central portions250 LLmtO4W
LLmawayfrom the interfacein reactivegrainsinmortarin NaClsolutionthan in a moistenvironment.
This suggeststhat the alkali-silicareactionis moreactive in the reactivegrainsin NaClsolutionthan
in a moistenvironment. Furthermore,the progressof the alkali-silicareactionin centralportionsof
reactivegrainsduringimmersionin NaClsolutioncanbe attributedto the maintenanceof a relatively
high level of OH- ion concentrationof about0.3 to 0.4 in pore solutions in the mortar cylinders
(Fig. l9). Consideringthe thresholdvalue of OH- ion concentrationof 0.25 proposed by Diamond
[21],an OH- ion concentration as high as about0.3 N to 0.4 N is enough to maintainthe progress
of the alkali-silica reaction, even if the gradientsof the OH- ion concentrationwithin the mortar
cylinder is taken intoconsideration.

The results of this study, thus allow us to deducethat increases in the expansionof mortar with a
reactiveaggregatein NaCl solutioniscausedby a rise in OH-ion concentrationin the pore solution
brought about by the intrusionof NaCl. Reactionproduct of the alkali-silicareaction and also C1-
ions certainlyplayan imfX)rtantrolein raisingthe OH-ion concentrationin the pore solution.
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As previouslymentioned,in mortarwith an alkali/C.F.ratio of less than 0.10,there are significant
differencesin ettringite content dependingon whetherreactiveaggregateis present(Figs. 8 and 9).
Furthermore, at an alkali/C.F.ratio of less than0.06, largeramounts of ettringite are produced in
mortarswithout reactiveaggregatethanin thosewith reactiveaggregate.These resultsindicatethat
the formationof ettringiteinreactiveaggregatemortarsdccs not innuencetheirexpansion.

b) Mortar with Added NaOH

Figure 22 showsexpansioncurves for samples with an alkali/C.F.ratio of 0.20 immersedin NaCl
and NaOH solutions. Expansion in the NaCl solution was extraordinary as compared to that in
NaOH solution. In samples in NaOH,a high OH- ion concentration must have been maintained
throughout the expansion test. This great difference in expansion suggests that expansion in the
mortarwith a largeamountof addedNaOHinNaClsolutionisdue tothealkali-silicareactionas well
as to other mechanisms. In Fig. 23, the ettringite content and measured expansion for mortar
samples with an alkali/C.F. ratio of 0.20 al-ePlotted against time during the immersion in NaCI
solution to elucidate the correlationbetweenexpansionand ettringitecontent. Theseplots indicate
that increasesin expansionare approximatelypropol-tionalto ettringitecontent. Taking account of
this good correlation between expansion and ettringite content, and the reduction in SO42-ion
concentrationin the pore solutionsin reactiveaggregatemortarsonly (Fig.20), it may be concluded
that at leastsomeof the extraordinaryexpansionof mortarwith reactiveaggregatecontaininga lwge
amount of added NaOH in NaCl solution is attributableto the formation of ettringite within the
mortar. Great differencesin ettringite content between mortar samples with and without reactive
aggregateat an alkali/C.F. ratio of 0. l5 (Figs.8 and 9) indicate that the formationof ettringite may
also increaseexpansion.

As describedabove, someof the extremeexpansionof mortarwithrelativelylargeamountsof added
NaOH in lN NaClsolutionat anelevated temperatureof 38o C appearsto result from an additional
mechanismrelated to ettringite formation. However,suchmortarswith an alkali/C.F. ratioof 0.15
or o.20 produced by adding large amounts of NaOHfall outside the alkali-silica reaction system
encountered in real concrete. The increase in expansion in mortar with no added NaOH and
containing reactive aggregate in lN NaCl solution at 38oC is mainly due to a rise in OH- ion
concentrationin the pore solutionbroughtabout by intrusionof NaCl. However, under conditions
of 0.51N NaCl solution, which correspond to sea water at 20o C, no increase in OHlon
concentrationin the rx)resolutionucurs evenin the presenceof reactiveaggregate [22].
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4. Conclusions

The expansionbehavior,compositionof reactionproductswithinreactiveaggregategrains,and the
behaviorof various ions and ettringite formationin the cementpastephase of mortar sampleswere
measured. The mechanismsof mortarexpansionin NaClsolutionat an elevatedtemperatureof 38o
C when the mortar contains reactiveaggregateappear to differ accordingto the amount of NaOH
added. The main resultsobtainedin this workare as follows:

(1) The microhardness in the region about 100 pm to 200 pm from the interface increases
dramatically with time after immersion in lN NaCl solution, resulting in the production of an
extremelyhard substance.

(2) The increased expansionof mortar with a relatively low alkali/C.F. ratio in NaCl solution is
attributable to progressof the alkali-silicareactionin centralportionsof reactiveaggregate grains
whichcausesa risein OH- ionconcentrationin the pore solution.

(3) Both the alkali-silica reaction and Cl- ions play an important role in raising the OH- ion
concentrationin the poresolution.

(4) The SO42-ion concentrationin mortar with a largeamountof addedNaOH is extremely high.
Only in mortar containingreactiveaggregatedoes the SO42-ion concentrationin the pore solution
decreasewith time duringthe immersionin NaClsolution.At thesame time, the ettringitecontentin
the mortar increaseswith time.

(5)At least someof the extremeexpansionof mortarcontainingreactiveagg1-egateand a largeamount
of addedNaOHis due tothe formationof ettringiteduringimmersionin NaClsolution.
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