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ABSTRACT
Four 1ow-CJAPortlandcementswith differentC3Scontent(40 to 74%)were
stored for two years in sodium sulfate solution. Expansion and flexural
strengthwere monitoredas mechanicalproperties,while the microstructural
changeswere studiedby X-ray diffractionand scanningelectronmicroscopy
usingX-raymicroanalysis.For this cementtype, the alterationprocessescan
be describedby three stages: induction,gypsumformationand delayed et-
tringite formation.The resultsshownthat delayedettringiteis derived from
ferroaluminatephasesand it was foundfor all cements.The great expansion
was measuredfor high CJS-contentcementand the expansiveformationof
ettringitein this casewas attributableto localizedgypsumformation.@ 2997
Elsevier Science Ltd

Introduction

After 1930, the sulfate resistance of portland cements was closely related with the C3A
content. Cement standardsof the world (ASTM, AFNOR, BS and DIN) recognized the
preponderantrole of aluminabearingphases,thusits contentwas limitedfor sulfateresistant
Portlandcements(1), However,CjA-contentis not the only factor of cement composition
influencingdurabilityin sulfateenvironments.It has been observedthat for the same CJA-
level, the rate of deteriorationof cementscan differ,dependingon the manufacturingproc-
esses of clinkers(2,3) and the crystallineform of the GA (4). Ettringiteformationderived
fromferroaluminatephasehas alsobeenassumedas a potentialsulfatedeteriorationproblem
(5).

On the other hand, the C@-contentwas consideredan importantparameter on sulfate
resistanceof Portlandcement,too. The increaseof CjS-contentimpliesan increaseof the
CH liberated during the hydration of portland cement and modifies the developmentof
strength,heat and porosityof the hardenedpaste.In sulfateenvironment,CH can convertto
gypsum leading to surface damage of the softening-spallingtype, mass loss and strength
retrogression.But, it isnotwellestablishedthatgypsumformationleadsto expansion(6).
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Literaturereview(8-13)has shownmore suggestionsand contradictionsthan facts about
the role of CJS contenton sulfateresistanceof Portlandcement.Europeanand USA stan-
dards do not provideany limitationfor CJ3 content,while the cementstandardthroughout
the ex-Sovietcountriesadoptedcertain limitsfor C3Scontent(i.e., STAS 3011-76,GOST
22266-76)(1),

The objectiveof this studywas to relatethe mechanicalbehaviorwith the microstructural
changesof very 1ow-CJAcementwith CA contentvariableusingmortarbars immersedin
sodiumsulfatesolutionfor two years.

Experimental

Four Type V Portlandcements,with very low C3Aand differentCJI content,
were used in this experimentalprogram.Chemicalcompositionand physicalpropertiesof
cementsused are given in Table 1.Cementsare designatedas PC40,PC50,PC60 and PC74
accordinglytheir CJ3 content.The chemicalcompositionwas determinedby X-ray fluores-
cenceand the XRD analysisof cementsconfined the absenceof CJA.All cementshave the
same freeness(specificsurfaceBlaine)and the evolutionof strengthwas quite differentup
to sevendays.However,CJSlevelhad littleinfluenceon 28 days’compressivestrength.

TABLE 1

Compositionand PhysicalCharacteristicof PortlandCements

PC40 PC50 PC60 PC74

Oxide composition, percent by weight
SiOz 23.66 22.93 22.35 21,00
A120, 3,00 3.09 3.17 3,29
FezO, 5.41 5.19 4.97 4,68
CaO 62.14 63.53 64.92 66.00
MgO 0.60 0.62 0.63 0.67
so, 1.59 1.77 1.96 2.20
Alkalis 1.61 1.50 1.38 1.23
Loss by Ignition 1.61 1,50 1.38 1,23
Calculated composition, percent by weight
C3S 40 50 60 74
C2S 38 28 18 4
C3A o 0 0 1
C.AF 15 15 15 14.
FinenessBlaine,m2/kg 313 311 309 306
Compressive Strength (ASTM C 349) in MPa
3 days 11.4 16.0 21,7 27.3
7 days 17.6 24.5 27.2 29.2

28 days 32,7 33.5 32.7 32.5
Expansion in percent (ASTM C 452)
14 days 0,015 0,013 0.014 0.012
90 days 0,025 n.d. n.d. 0.021
360 davs 0.030 n.d. n.d. 0.045
rr.d. = not determined
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Accordingto ASTMC 150,all cementsshouldbe consideredas sulfateresistant,because
the expansionat 14dayswas lowerthan0.040%whentheyweretestingaccordingto ASTM
C 452.

Procedures

For each cement,sixteenmortarbars were cast accordingto ASTM C 1012(25 x25x 285
mm, cement:sandratio 1:2.75and w/c = 0.485)and stored in the moist cabinetduring 24
hours.The specimenswere removedfromthe moldand cured in saturatedlime-watersolu-
tion for 28 days. Thereatler,the bars were immersedin plasticstoragetanks containingthe
sodiumsulfatesolution(0.35 M or 5°ZJNaJ30i). The volumeproportionof sulfatesolution
to mortarbars was maintainedat 4 to 1 throughoutthe test. At the exposuretime, the same
levelof maturity(judgedby compressivestrength)was achievedfor all cements.Everyday,
the sulfatesolutionwas agitatedand manuallytitratedwith a combinedsolution(H2S042N
and NaJ.30i 0.35 M) to maintainthe pH, and the consumptionof titrationsolutionwas reg-
istered.A few dropsof phenolphthaleinwereaddedin eachtankas pH-indicator.

At 28, 56, 90, 180, 365, 540 and 720 days of sulfate immersion,the specimenswere
tested to determinethe expansionand flexuralstrengthof mortar.Flexuralstrengthtest was
conductedon bars using a center-pointloadingand a span length/deeprelation of 2.5. At
each test age, two barswere testedand fivevaluesof strengthwere determinedfor eachbar.
The expansionwas measuredon the remainingspecimensand the visualaspectwasjudged,
too.

A similar serieswas stored in lime saturatedwater and the same propertieswere evalu-
atedas referencevalues.

The changein mineralogicalphasesof the mortarswas evaluatedby XRD analysisusing
a powdered sample. Measurementswere performed on a diffractometer(Philips X’Pert)
using Cu Kct radiationand operatingat 40 kV and 20 mA. Step scanningwas used with a
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FIG. 1.
Expansionof mortarswithdifferentCJ3-contentTypeV portlandcements.
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scan speed of 20/reinand sampling interval of 0.02°2e. Fragmentof bars broken off and
washedwith acetonewereexaminedby SEMequippedwithenergydispersedX-rayanalysis
(EDXA).

Results

Figure 1 shows the data on expansionin Type V cement exposed to sulfate
solution.These data indicatehigherexpansionfor specimenswith PC74 cementfor all test
ages.PC74mortarreachedan expansionof 0.117V0at 180daysof exposureovercomingthe
limitproposedby Patzias(14) for TypeII cement.For the threeothercements,the expansion
remainedin the orderof 0.022to 0.037°/0andthesevaluesare lowerthan the proposedlimits
for sulfateresistantportlandcement(0.050%)(14).

The curvesindicatethat the expansionrate decreasesfor the PC40,PC50 and PC60 dur-
ing all test ages.However,the expansionrate in PC74mortarshowsa trend similarto other
mortarsuntil 180daysandthereafterit increasessuddenly.

~. Data on evolutionof the relative initial (28 days water cured) flexural
strengthin sulfateare shownin Figure2. They show a typicalbehaviorin sulfatesolution:
there is a strongincreaseof strengthduringthe fwstsix monthsand then it remainsconstant
or decreasesslowly.

For PC40, PC50 and PC60 cements,the flexuralstrengthin sulfatesolutionwas higher
than flexuralstrengthin water duringone year (f,.lf,iJfW.,m=1.18to 1.44).The strength in
sulfatesolutionincreasedup to 180days,beyondthat the strengthwas approximatelycon-
stantor decreasedslowly.
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FIG.2.
Variationof relativeflexuralstrengthof portlandcementmortars.
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On the contrary,the PC74 showeda gradual loss of relative strengthafter 180 days in
sulfateenvironment.At 360 days, strengthwas lowerthan that controlspecimensin water
(fsulfdfwaw= 0.71).

. After 28 daysof sulfateimmersion,PC60and PC74prismsshowedsignsof
superilcial softening.At this stage, the outer layer of paste came off and the surface of
specimenshad a sandy appearance.Cracks at the corners and edges were observedat 56
days. Then, it progressedand the comers were found severely corroded at one year. For
PC60, the deteriorationof specimencomers was less pronouncedthan the corresponding
prismsmadeusingPC74.The greatexpansionof PC74mortarproducedthe curvatureof the
prisms.

Regardingto other cements,PC40 and PC50prismsshowedonly a slightscalingof the
pasteaftertwo years in sulfateimmersion.

Solution Comwtim. Figure3 showsthe cumulativetitration-solutionadded duringtime
for mortarswith low C3A.Mortarwith CP74requiredmore solutionthan the othercements.
Therate of consumptiondecreasedthroughoutthetimefor all cements.

For all cements,the XRD patternsup to 720 days of sulfateexposureare
shown in Figure4. Duringthe frst three months,minor differenceswere only detectedby
XRD analysis in all samples.For all cements,the gypsumformation(2e = 11.60)was de-
tected after 90 daysof sulfateimmersionand it was alwayspresentin all mortarat later test
age.The intensityof CH peak(2tl= 18.02)wasverystrongfor all cementat all test ages.

The greatdifferencein mineralogicalphaseswas the ettringiteformation(2e = 9.08)after
360 days of sulfateexposurefor PC74 mortar.Thereafter,its peak intensityincreased.For
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Cumulativesolutionconsumptionformortar-solutionsystem.
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FIG.4.
X-ray diffiactograms of portland cement mortars at each test age.
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FIG.5.
SEM micrographsof mortars: (a) Gypsumcrystalsgrown in paste-aggregateinterface in
PC74 mortar at 360 days. (b) Air void coveredby a gypsumskin in PC74 mortar at 360
days.(c) Detailof b. (d) Calciumhydroxidearoundaggregatein PC40mortarat 360 days.
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PC60, it was detectedat 540dayswith very low intensitypeak and with a
at 720 days.For the PC40andPC50,ettringitewas detectedat two years.

1067

welldefinedpeak

For the CP74mortar,SEM observationon specimensafter 360 days in
sulfate solutionshowedthe formationof gypsumcrystal depositedpreferably around the
aggregates(Fig. 5a) and air voids(Fig.5b and 5c). Gypsumcrystalsgrownperpendicularto
aggregateface or voidwalls forminga skinof 20 to 50 pm thick.On the otherhand, PC40
and PC50mortarafter360 daysof sulfateimmersionshowedCH depositaroundaggregates

FIG.6.
SEM micrographsof mortars:(a) Ettringitein free needlesform (C = 63.2%, A = 10.2%,
F = 1.8Y0,~ = 17.6VO)in PC74mortarat 360days.(b)Ettringitein packageform(C = 75V0,
A = 7.3%, F = 3.2’XO,~ = 14.5%)in PC74mortarat 360 days. (c) Ettringiteinto the paste
for PC60 mortarat 540 days (C = 58.5’?40,A = 6.4?40,F = 9.8Y0,~ = 13.8?io).(d) Clusterof
ettringiteat air void in PC40at 720days(C = 56V0,A = 3.40A,F = 6.3V0,~ = 14.7V0and ~
= 19.1%).(e) Clusterof ettringiteat air void in PC50at 720days.(f) Generalizedformation
of ettringitein PC74mortarat 720days.(C= 510A,A = 7.10A,F = 6.1?40,~ = 21.8‘A).
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near the surfaceof specimens(Fig. 5d) and the gypsumformationswere not highly local-
ized.

At 360 days,the ettringitewas observedin PC74mortarswithdifferentmorphology:free
needles nearby of void pores (F~g.6a) and formingpackages(Fig. 6b). At 560 days, et-
tringiteneedleswere observedin PC60mortars(Fig.6c), too.

After two years, some crystals of ettringitedepositedonly in pores were observed in
PC40(Fig. 6d) and in PC50mortars(Fig.6e)whilethe interfacesof paste-aggregatecontin-
ued formedby calciumhydroxideat few millimetersof exposedsurface.At this time, the
PC74mortarshoweda generalizedettringiteformationintothemassof mortar(Fig.6Q.The
EDX analyses of ettringite crystals revel the presence of alumina (4 to 10Yo),ferrite
(2 to 10?4.),calcium(56 to 68’?40),sulfate(10 to 187.)and silica (7 to 25’?ZO).The A/F ratio
showedby individualEDXArangesfrom0.6 to 1.5.

This study of microstructureby means of SEM leadsto results similarto those derived
fromXRD analyses.

DISCUSSION

The data providedabove indicatethat the sulfateattack on low C?APortlandcements is a
phenomenon involvingseveral stages. According to the dominatingmechanism in each
stage, insteadof the processesare simultaneous,it can be dividedinto three stages: induc-
tion,gypsurnformationand ettringiteformation.

The first stage of the attackis characterizedby: there is a strongersulfatedemandwith a
declinedrate, the flexuralstrengthincreases,the expansionis smallwithdecreasingrate, and
there are no changes in the visual appearanceof specimens.The durationof this stage is
suggestedbetween56 and 90 daysforPortlandcementsused.

The stronger sulfate demand (Fig. 3) is related to the volubilityof CH from specimen
surfaces by a through solutionmechanism(15). The consumptionrate has a pronounced
decliningrate up to 90 days, when the mortar-solutionsystemreaches the equilibrium.At
this time, the sulfatedemandwas morethan two thirdof the totalconsumptionin NO years.
However,gypsurnor ettringiteformationwas notdetectedby XRDduringthis time.

In this stage, flexuralstrengthincreased(Fig.2) due to pore filledby productsof attack
and the contributionto hydrationrate of portlandcementgrains(16).Accordingto the ther-
modynamictheory(17),the expansionin sulfateenvironmentis derivedfromcrystallization
pressure,which is the resultof interactionbetweenthe solidproductsof the chemicalreac-
tion (gypsumor ettringite)andthe cementpaste.Consequently,expansionwas not presentin
this stage because crystalsgrow in unconfinedconditionleading to decrease the porosity
(16).

The second stage beganwhenthe mortar-solutionsystemreachedan equilibriumstatus.
The sulfate demand increased very slowly, the demand-ratewas constant, the flexural
strengthhad no significantlychangeandthe expansionwas low.

This stage is governedby diffision processesand the gypsumformationinto the mortar
as the XRD analysisrevels.Accordingto Mehta(18), gypsumcrystallizationbeginswhen
the ettringitecrystallizationceasesdueto the deficientaluminasupplyof aluminatetlom the
solidphaseto the solutionphase.For cementswith lowCA-content, the ettriwjte crystalli-
zation cannotbe detectedpreviousto gypsumformation,and gypsumprevails as the first
product of chemicaireaction.Recently,Gollopand Taylor (19) suggestthat the sequence
shouldbe identicalto Mehta’stheory,but the reactionto form ettringiteoccursonly within
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the cement paste, and the crystal of this compoundis possible to have a submicrometer
dimension.

After 90 days,XRD analysesshowedthegypsumformationforall cements.The different
behaviorof mortarsis attributableto the crystallizationzoneof this compound.For the CP74
and PC60,gypsurnis preferablylocalizedin voidsand in the paste-aggregatezone (Fig. 5).
Evidently,gypsumis formedfrom CH precipitatedaroundaggregatesduringcementhydra-
tion and in air voids due to the spaceavailable.The prefemedcrystallizationof gypsumin
the transitionzone is attributedto the availabilityof CH and the higherporosityof this zone
(20).Thisobservationshowsthehighsusceptibilitiesof interfacezoneto sulfateattack.

Severalauthors(6,13,18,21)agreethat gypsumformationleadsto softeningof the exter-
nal layer of mortar while the interiorof the matrix remainscohesive.This formationis re-
sponsibleof edge and comercorrosionof specimensdescribedin the visualaspecttopic and
recentlymodeled(19).As suspectedby CohenandMather(6), the flexuralstrengthdoesnot
reflectthe early stageof soflening-spallingtypeof sulfateattack,whichcan onlybe appreci-
ated in visual appearanceof mortarbars. It is not clear that gypsumformationis associated
with expansion (6). Mehta (18) points out that ~psum formation is one of the principal
causesof the expansionin sulfateenvironment.Rasheeduzzafar(22)supposesthat the trans-
formationof CH to gypsumaroundCSH gel reducesthe intrinsicstrengthand stiffnessof
CSHgel surroundingexpansivecrystals.

The above opinionsare based on chemicalprinciples,but they overlookthe structureof
mortar.Mortarand concreteare moreporousthanpastedueto the increaseof porosityin the
systempaste-aggregate(23).Theauthorsbelievethatthe highexpansivenessof PC74mortar
is producedby the massivedepositionof gypsumin the interfacezone.Restrictedgrowthof
gypsumcrystalgeneratesthe crystallizationpressure(17)that causesthe cracking.General-
ized gypsum formation within the CSH structurecauses expansionby crystal growth in
weakened mortar (24). For others mortars, the gypsumcrystalsobservedby SEM have a
micrometerdimensionand they were founddisseminatedinto the paste. Under this condi-
tion, it doesnot causea measurableexpansion.

The delayedformationof ettringiteis the distinctionof the third stage of attack.It occurs
with no significantchanges in sulfatedemand,while the expansionrate enlarges and the
flexural strengthdrop. This behavioris typicalof mortar in sulfateenvironmentdue to et-
tringiteformationassociatedwith cracking.

During this stage, the sulfate demand has no significantchanges and the sulfate con-
sumptionprior the significantexpansionis around50ml/specimen.Brown(15) and Fraay et
al, (25) have observed the same behavior for other cement types and pointed out that a
threshold-valueis relatedwiththe solutionpH and its sulfateconcentration.Afterthreshold-
valuefor PC74mortar,there is a correlationbetweenthe expansionand the strengthdrop.

This stageoccurswhenmortarpresentsa dominantgypsurnenvironmentdue to the con-
tinuousremovalof CH. Underthis condition,Mehta(18)suggeststhat the CSH starts losing
strengthand stifthess,and the ettringitecrystalsbecomeexpansive.For the PC74 mortar, it
begins at 180 days. XRD pattern reveals the presence of ettringiteafter 360 days and it
occursafter 540 daysfor PC60mortar.For PC40andPC50,the presenceof clustersof well-
defined crystals of ettringitewere only detectedafier 720 days. The crystal growth in the
poresdoesnot causeexpansiondueto the surroundingenvironmentdominatedby CH at this
age.

The compositionsof the cementsused indicatesthat ettringitewouldbe derivedof cal-
cium-alumina-ferritephase. This phase producesettringiteduring its hydrationthat trans-
forms into monosulfatephases of similar structurewhere the aluminateis exchangedfor

—
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ferrite (26). In sulfate environment,the reaction of this compoundis very slow, but the
mechanismfor the sulfate attack is expectedto be the same as for the calcium-aluminate
phase(27).

The presence of Fe in EDX analysisshowsthat ettringitecrystalsare formed from the
ferrite phases. On the other hand, the inclusionof silica into the crystal indicatesthat the
precursorof ettringitewas closelymixedwith CSH gel. Approximatecalculationssuggest
that the tentativecompositionof the ettringiteshouldbe the typeC3(AX,FY).3CSH2.26H.

Conclusions

The results provide the confirmationthat ettringiteformationoccurs in low C3Acements
exposedto sodiumsulfatesolutions.The attackmechanismfor this cementscan be divided
intothreestages:induction,gypsumformationanddelayedettringiteformation.

The processof ettringiteformationis quiteslowand it occursfor all used cements.How-
ever, for high CJ3cementit was accompaniedwithhigh expansion,whichconfms the role
of gypsumin ettringiteexpansion.The high expansionof these cementsis associatedwith
the highlylocatedgypsumformationat interfacesof aggregate-pastethat disruptsthe mortar
andthe attackincreases.

The presenceof Fe and Al in crystalcompositionof delayedettringiteprovidesthe evi-
dencethat it is derivedIlomthe ferroaluminatephases.

Finally,the deteriorationof low C3APortlandcementsby sulfateattack is possibleand
the CJ3contentplaysa decisiverole in the potentialdamageof thesecements.
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