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ABSTRACT
Steady-statediffision kineticsof dissolvedoxygen and chloride ions were
studiedin well-cured, partially dried, non-carbonatedand filly carbonated
specimensof OPC, OPC/30°/0PFA and OPC/65°/0BFSpastes.Pore size dis-
tribution,totalporosityand coarse capillaryporositydata for the specimens
were also determined.The diffision resistancesof all the materialswere ad-
versely affectedby pre-dryingand carbonation,but the effectswere consid-
erably more severe for the blended cements than for the OPC. This was
associatedwithcoarseningof thepore structuresof the variouspastes to dif-
fering extents as a result of pre-d~ing and carbonation.Diffision rates of
both chloride and oxygen in all three carbonatedmaterials appeared to be
controlled by a common, purely physical mechanism. O 2997 Ekevier
ScienceLtd

Introduction

Diffision of chlorideionsin hydratedcementpastes,mortarsand concreteshas been studied
extensivelyunder steady-state(l-8) and unsteadyconditions(9-11). It is well established
that the kineticsare affectedby severalfactors,amongstwhichthenatureof the cementitious
binder is important.Blendedcementscontainingsubstantialproportionsof fly ash (PFA) or
groundgranulatedblast iirnace slag (BFS)sustainfm lowerratesof chloridediffusionthan
do Portland cements (OPC) in well-curedspecimensof constantwater/binder(w/c) ratio
(1,2,5,7,8).It is alsoknown,however,that the pore structureand masstransportcharacteris-
tics of cementitiousmaterialsmaybe stronglyinfluencedby priorexposureto dryingand to
carbonation(12-14).

Several previous investigationshave shownthat the resistanceto chloridediffusionof
hydratedcement systemsis adverselyaffectedby carbonation,especiallyso in the case of
blended cements containingPFA or slag (15,16). For many practical situationsin which
blendedcementsare used to restrictrates of chlorideingressinto concretestructureswith a
view to extendingthe corrosion-initiationtimes of embeddedreinforcingsteel, eg. in the
splash and submergedzones of marine structures(17), it is unlikelythat carbonationwill
affectthe propertiesof the coverconcreteto a significantextentbecauseratesof carbonation
are very low in predominantlywet environments(18,19).In the casesof structureswhichare
exposedonly intermittentlyto wettingin the presenceof chloridesalts and to relativelydry
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atmosphericconditionsfor substantialperiods,however,it may be expectedthat the influ-
ence of carbonationon the cover concretewill assumegreater relevance. In such circum-
stances,it is also clear that transportmechanismsotherthan diffusionwill affectthe rates of
ingressof chlorideions.

The aim of the work to be describedin this contributionwas to providefurtherevidence
and improvedunderstandingof the effectsof carbonationon the porestructureand diffision
resistance of a range of well-cured hydrated cement pastes. As in previous studies of
non-carbonatedsystems(7,8), steady-statemeasurementsof the relative diffusionrates of
chlorideionsand dissolvedoxygenmoleculeswereused as a meansof assessingthe contri-
butionof pore surface-chargeeffects.

Experimental

le Pr_. The compositionsof the OPC, PFA and BFS used, ex-
pressed in percentagesby weightof the constituentoxides,are shown in Table 1. Blended
fly ash and slag cementswere obtainedtlom a mixtureof OPCwith 30?40PFAand 65?40BFS
by weight respectively.The specific surfacesof the OPC and BFS cementswere 345 and
410 m2/kgrespectively,whilethepercentageof PFAretainedon a 45 P sievewas 6.7.

OPC, OPC130%PFAand OPC/65%BFSpastes were obtained by hand mixing with
deionisedwater for about 5 minutesto producemixturesof w/c ratios of 0.4, 0.5, 0.6 and
0.7. The mixeswere pouredinto cylindricalPVC containers,49 mm in diameterby 75 mm
in height, and compactedby meansof vibration.The cylinderswere sealedand rotatedend
over end at a speed of 8 rpm for at least 24 hours in order to minimisesegregation.After
curing at 22°C for 2 weeks, the cylinderswere demouldedand immersedin 35mMNaOH
solutionto limit leachingof hydroxylionsfromthe paste.Theywere then stored in a curing
roomat a temperatureof 38+ 2°C for 10weeksin orderto acceleratethe reactionsof fly ash
and slag.

Thin discs (approximately3 mm thick)were cut fromthe centralregionsof every cylin-
der by means of a diamondsaw, lubricatedwith deionizedwater. Some of the discs were
used for mercury intrusionporosimetry(MIP) and diffusionmeasurementsin their non-
carbonatedstate, while the rest were fully carbonatedbefore being used for these experi-
ments.The surfacesof the discsused for difision studieswere groundwith grade600 em-
ery paper and rinsedwith deionisedwater,beforebeingfitted into the appropriatediffusion
cells. For every conditioninvestigated,4 or 5 replicatecells were set up and placed in a
waterbath,whichwasmaintainedat a constanttemperatureof 25°C.

TABLE 1

ChemicalAnalysisof OPC,PFAand BFS (’%0)

oxide CaO SiO, AlzO, FezO~ S03 MgO NqO KZO LOI

OPC 63.58 21.20 5.34 2.62 3.38 1.30 0.09 0.75 1.53

PFA 1.45 48.20 32.20 8.02 0.52 0.66 0.98 2.85 3.84

BFS 40.09 35.51 12.59 ().58 0.15 9.11 0.24 0.54 0.91
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Pre Dry@.. Someof the cementpastediscswere driedfroma saturatedsurfacedry condi-
tion to constantweightat 65%relativehumidity(RH)by storageover saturatedsolutionsof
sodiumnitrite in desiccators.The air withinthe desiccatorshad been pre-treatedto remove
carbondioxide.Someof the partiallydrieddiscswere furtherdried as describedbelowand
used for MIP, while the rest were resaturatedwith water and used for chloridediffision or
water resorptionmeasurements.

~ Carbonationof cementpasteswas achievedby exposingthe specimensto an
atmosphereof 65’Yorelativehumidity,containingup to 5’70by volumeof carbon dioxide.
The 65’Yorelativehumiditywas obtainedusing a saturatedsolutionof sodiumnitrite while
the carbondioxideatmospherewas achievedby passinga gas mixtureof 5’YoCOZ,95% NZ
for about30 minutesdailyoverthe specimensin sealedcontainers.Afier severalweeks,the
thickest disc fkomeach set of specimenswas tested for carbonationby spraying phenol-
phthaleinpH indicatoron the broken surfaces(20). The specimens,when carbonatedsuch
that the phenolphthaleinwas colorless on the brokensurfaces,were used for pore structure
and diffusionstudies.

The oxygendiffusioncell used was as describedin a previouspublica-
tion (7). The cell consistedof two compartmentscontainingan anodeand a cathoderespec-
tively.The cathodecompartmentwas initiallyfilledwitha deaeratedsolution,whilstoxygen
gas was bubbledthroughthe anodecompartmentwhich also containeda similar solution.
35mM NaOH and deionized water were used as the background solutions for non-
carbonatedand filly carbonatedcementpaste specimensrespectively.The rate of steady-
state diffusionof oxygenwas determinedelectrochemicallyby the consumptionof diffused
oxygenrepeatedlyovera time intervalof 2 or 3 daysuntilmore than 5 consistentvaluesof
the flux were obtained.The effectivediffusioncoet%cientsof oxygen(Do)were calculated
fromFick’sfwstlawandFaraday’slawas describedin thepreviouspaper(7).

ChlorideDlfti.
. . . Chloridediffusionexperimentswere carried out in parallel to oxygen

diffision experimentsfor a set of accompanyingspecimens.Thiswas achievedby use of the
ionic diffusion cell described elsewhere (2). At the start of the experiment for non-
carbonated specimens,the high concentrationside of the cell was filled with a solution
containing IM NaCl in 35mM NaOH while the low concentrationside was filled with
35mMNaOH solution.On the otherhand, IM NaCl and deionizedwater were used as the
startingsolutionsduringexperimentson carbonatedcementpastes.The quantitiesof chlo-
ride diffising to the lowconcentrationsideweredeterminedby meansof a standardspectro-
photometrictechnique(21).The calculationof the effectivediffusioncoetllcientof chloride
(D.,) was describedin a previouspublication(2).

pore Structur~. Pore size distributionstudiesby MIP were performedon replicatesof the
specimensused for diffusionmeasurements.In orderto minimizethe influenceof dryingon
pore structure,the water in the specimenswas removedby iso-propanoltreatmentfollowed
by evacuation,as recommendedby previousresearchers(22,23).

After the oxygen diffusionexperiments,the water-saturateddiscs were removed from
their cells and used for bulk densityand porositymeasurements.The specimenswere dried
at 90.7°Arelativehumidityby placingthem abovea saturatedsalt solutionof bariumchlo-
ride containedin a desiccatorand the weightrecordedat intervalsuntilthe changein weight
was negligible.The weightlosson dryingwas then convertedto volumefractionof the bulk
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FIG. 1.
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FIG. 3.
Porosityof non-carbonatedand carbonated
slagpastes(Keyas for Fig. 1).
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paste. This particularmeasureof coarsecapillaryporositycorrespondsto pores wider than
about30 nm (24)andwas usedbecause:

(i) itavoided unrealisticdrying,whichcanproduceporosityartifacts (25),
(ii) it was fourtdtocorrelatewith anothertransportproperty,rate ofwater absorption(24).

The specimenswerefinallydriedat 105”Candthe totalporosityvaluescalculated.

ResultsandDiscussion

The experimentallyobtainedeffectivediflhsioncoefilcients,totalporositiesand the volume
fractionsof the water lost on dryingat 90.7’Yorelativehumidityshowedvery close consis-
tency between the replicatesamples.Full detailsof these resultshave been presentedelse-
where(26).

Pore Structure. The alterationin the porosityof hardenedcementpastesas a result of car-
bonationis shown in Figures 1,2 and 3 for OPC, OPC/30%PFA and OPC/65?40BFSpastes
respectively.These figures indicatethat there was a reductionin the total porosity of the
three cementsystemswith carbonation,but a redistributionof the pore sizes;the proportion
of large capillarypores (diameter>30 nm) was increasedslightlyfor the OPC pastes but
muchmore significantlyso for the fly ash and slagpastes.Therewas no significantincrease
in the capillaryporosityof OPC pastes followingcarbonation,as reported in the literature
(14). However, the average increases for OPC/30’YOPFAand OPC/65V0BFS pastes were
140?40and 230’Yorespectively.

l%e pore structureof carbonatedcementpasteswas also investigatedby MIP, the results
beingbroadlycompatiblewith the porositychangesdescribedabove.The total porosityand
total intrusionvolumeobtainedffomresorptionand MIP techniquesrespectivelyare shown

TABLE2

TotalPoreVolumesof HardenedCementPastes

Total Porosity Total Intrusion
Binder Wlc (cm3/g) Volume (cm3/g)

Ratio Non-carbonated Carbonated Non-carbonated Carbonated

0.4 0.404 0.098
OPC 0.5 0.475 0.329 0.161 0.093

0.6 0.529 0.395 0.225 0.144
0.7 0.554 0.455 0.264 0.201

0.4 0.433 0.326 0.139 0.064
OPC130%PFA 0.5 0.487 0.389 0.194 0.150

0.6 0.553 0.462 0.248 0.184
0.7 0.583 0.528 0.262 0.290

0.4 0.430 0.326 0.143 0.093
OPC/65%BFS 0.5 0.480 ().4()2 0.206 (). 169

0.6 0.545 0.465 ().278 0.204
0.7 0.572 0.503 0.290 0.228

————.. .—. ..—.—..——.—— ---
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pastesfromwater resorptionmeasurements.
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Ratio of capillaryto total porosityfor PFA Ratio of capillaryto total porosity for PFA
pastesfromwaterresorptionmeasurements. pastesfromMIPmeasurements.
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Ratio of capillary to total porosityfor BFS Ratio of capillaryto total porosity for BFS
pastesfi-omwater resorptionmeasurements. pastestlom MIPmeasurements.

in Table 2. The correspondingbulk densitiesof the cementpastes shown in Table 2 have
beenpresentedelsewhere(26).Theratioof the coarsecapillaryporevolumeto the totalpore
volume has been adopted in this study to comparethe measurementsfrom the two tech-
niques,as shownin Figures4 to 9. Thesefiguresdemonstrateessentiallysimilartrendsfrom
both resorption and MIP techniquesfor OPC, OPC/30V0PFA and OPC/65!40BFS pastes. It
is recognised, however, that MIP tends to provide distorted measurementsof the size-
distributionof the coarsestpores (-lpm) because intrusionpressuresdepend on the neck
dimensionsratherthanthe bulkdimensionsof thepores(27).

The reductionin totalporevolumeobservedfor the threecementmatricescouldbe asso-
ciated with the depositionof the CaCOJformed during carbonation.The volume of the
CaCOjformedexceedsthatof thehydratesfromwhichit is formed,thuscausinga reduction
in total porosity.On the otherhand,the coarseningof the pore structuremay be associated
with the formationof additionalsilicagel due to the decompositionof the C-S-Hgel in the
matricesfollowingprolongedexposureto COz(14).Furthermore,the variationin the degree
of alterationof the pore structurefor the variousbinders indicatesthe differencesin their
originalcompositionsand amountof cementhydratesprior to carbonation.The pozzolanic
reactionof PFA and the hydraulicityof slag in blendedcementpastesreducethe amountof
Ca(OH)Zcrystals,producingadditionalC-S-Hgel which can be decomposedto form silica
gel (14).

A redistributionof pore sizes was also observed in specimenspartially dried to 65’?40
relativehumidity,thoughon a smallerscalecomparedto the effectof carbonationas shown
in Table 3. In this case, both techniquesrevealeda significantincreasein the proportionof
largecapillarypores in all threecementsystems,with no noticeablechangein the total pore
volume.
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TABLE3

Porosityof SaturatedandPre-DriedHardenedCementPastes.

Porosity of Saturated Porosity of Pre-Dried
Binder Wlc Pastes (cm3/g) Pastes (cm3/g)

Ratio Capillary Total Capillary Total

OPC 0.5 0.084 0.475 0.134 0.481
0.6 0.188 0.529 0.200 0.533

oPc/30%PFA 0.5 0.053 0.487 0.065 0.499
0.6 0.091 0.553 0.101 0.561

I 0.050 I 0.480 I 0.062 I 0.497
0.068 0.545 0.105 0.550

1ProDe*. Effectivechloridediffision coefllcientsare shown,in Figure 10,to
increasemarkedlyas the capillaryporosityincreasesfor non-carbonatedOPC pastes. For
non-carbonatedOPC/30°/0PFA andOPC/65°/0BFSpastes,the correspondingchangesin Dcl
are muchmore gradual,as shownin Figures11and 12.The figuresalso illustratethe effect
of partialdryingon the effectivechloridediffision coefilcientsin the threecementmatrices.
It may be seen that the influenceof drying is more marked in the blended cementpastes,
than in OPC specimens,with OPC/65’XOBFS pastes sustainingthe greatest impairmentof
theirresistanceto chloridediffision.
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FIG. 10. FIG. 11.
Chloride diffusivity against capillary Chloride diffusivity against capillary
porosityfor non-carbonatedOPCpastes. porosityfornon-carbonatedPFApastes.
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Chloride diffusivity against capillary Oxygendiffisivityagainstcapillaryporosity
porosityfornon-carbonatedBFSpastes. fornon-carbonatedcementpastes.

Figure 13demonstratesthat the effectivediffision coefficientsof oxygenincreaseas the
capillary porosity increasesfor the OPC and OPC/30’YOPFA pastes, but that the effect is
insignificantfor the OPC/65’YoBFS pastes. It is also evidentfromthese figuresthat for the
same coarse capillary porosity, oxygen moleculesdiffuse at different rates in the OPC,
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Oxygendiffiwioncoefllcientsfor carbonatedandnon-carbonatedcementpastes.

OPC/30?LOPFAand OPC/65%BFSpastes. These differencesin oxygen diffusion rates are
liableto be associatedwith physicaldifferencesin the comectivity or tortuosityof the pore
systemswithinthenon-carbonatedcementpastes.

Carbonationof cementpasteshas a large effect on their diffusionalproperties,more so
for the blendedpastesthan for plain OPC pastes.The rate of chloridediffusionin blended
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FIG. 17.
Ratioof oxygento chloridediffusioncoefilcientforhydratedcementpastes.

pastesfollowingcarbonationincreasesby two ordersof magnitude(Figure14)whileoxygen
diffision rates increaseby one order of magnitude(Figure 15). Figure 16 shows that for
filly carbonatedpastes,the relationshipbetweeneffectivechloridediffusioncoefficientand
capillaryporosityis very similarto that betweeneffectiveoxygendifllsion coefilcientand
capillary porosity. Furthermore,this figure demonstratesthat the relationship is roughly
constant,irrespectiveof the cementbinderused.

Theratio of oxygento chloridediffhsioncoefllcients(DdDcI)wasconsideredh previous
studies(7,8) to providea measureof the effectof pore surfacechargeon chloridediffusion
for non-carbonatedcementpastes.The resultsobtainedfor filly carbonatedpastesare illus-
trated in Figure 17,togetherwith the previousdata (7,8). This figure shows that the ratio
tends to 1 for coarse-texturedcarbonatedpastes(and OPCpastesof high w/c ratio) but can
attain high values (>10) for free-texturedblendedcementpastes which have not suffered
drying/carbonation.This confws previousconclusions(7,8) regardingthe effects of pore
geometryand surfacechargeon chlorideiontransport.Thusthe resultsin Figures16and 17
suggestthat, in filly carbonated,water-saturatedOPC, OPC/30Y0PFA and OPC/65°ABFS
pastes, the rates of diffusionof chloride ions and oxygen molecules are controlledby a
common,purelyphysicalmechanism.Thisis in contrastto the rate-controllingprocessesfor
chloridediffusionin non-carbonated,hydratedcementpastes,whichare believedto depend
on ion-poresurfaceinteractions(2,3,7,8).

Conclusions

The pore structureof hardenedcementpastes is alteredby exposureto drying or carbona-
tion, the extentof the alterationdependingon the typeof binderused.Thereis a reductionin
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total porosityfor OPC, OPC/30YOPFAand OPC/65VOBFSpastesas a result of carbonation
but a redistributionof pore sizes; the proportionof large pores (diameter> 30 nm) is in-
creased slightly for OPC pastes but much more significantlyso for the fly ash and slag
pastes. Similartrends are discerniblefrom porositydata obtainedby water resorption and
MIP.

Pre-dryingof specimensto 65% RH causesa substantialincreasein their effectivechlo-
ride diffision coefllcientsand this effect is particularlynoticeablefor blendedcementbind-
ers, whoseresistanceto chloridediffisionpriorto dryingexhibitslesssensitivityto increase
in w/s ratio (coarsecapillaryporosity)thanthatof OPC.

Carbonationhas a much largereffect than does dryingon chloridediffusionresistances
(and oxygen difision resistances)of hardenedcementpastes. For non-carbonatedspeci-
mens, every binder exhibits an individualrelationshipbetween diffision coefficient and
coarsecapillaryporosity;for carbonatedspecimens,there is a roughlyconstantrelationship
betweendiffision coefilcientand coarsecapillaryporosity.Thisappliesfor oxygenas well
as chloride.

The ratio of oxygen to chloridediffusioncoefficients(Do/DcJ tends to 1 for coarse-
textured carbonatedpastes (and OPC pastes of high w/c ratio) but can attain high values
(>10) for fme-tex~red blendedcementpasteswhichhave not suffereddrying/carbonation.
This confirms previous conclusionsregarding the effects of pore geometry and surface
chargeon chlorideiondiffision.

From a practicalviewpoint,it shouldbe noted that blendedcementconcretes, incorpo-
rating PFA or BFS, may be expectedto exhibithigh resistanceto chloridediffision in the
cover zone to reinforcementif they are well-curedand exposedto permanentlywet service
environmentswhere carbonationis unlikelyto be significant,e.g. in the splash and sub-
merged zones of marinestructures.This may not apply,however,to situationswhere con-
cretestructuresare exposedto prolongeddryingandcarbonation.
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