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MODELING OF CHLORIDE ION MOVEMENT IN THE SURFACE LAYER
OF HARDENED CONCRETE
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Tsuyoshi MARUYA Somnuk TANGTERMSRIKUL Yasunori MATSUOKA

The aim of this paper is to propose a model for simulating chloride ion movement in the surface layer of
hardened concrete. The model is to be combined with an analytical method for the movement of
chloride ions in hardened concrete to construct a complete model that is applicable to different
environmental conditions. For chloride ion movement in the surface layer, two models are introduced.
One is a surface condensation model that explains the phenomenon of higher chloride ion concentration
in the surface layer than that of the submerged environment, using the concept of quasi-adsorption.
The other is a cyclic wetting and drying model that explains the mechanism of chloride ion migration
into concrete on the basis of capillary suction and evaporation.
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TTlerehavebeenmanystudiesonthe simulationof chloridemovementin hardenedconcrete,withmany
those based on diffusion theory. However, none has been proved to be efficient at simulating the
conditionof structuresin a real environment. The reasonfor this may be that there is still inadequate
understandingof theinteractionbetweenchloddetransportmechanismsandenvironmentalconditions.

Thispaper aimsatdevelopingon analyticalmethodfor simulatingthecondensationof chloridesin both
submergedand cyclic wetting and drying conditions. Beginning with a brief explanationof the
previouslydevelopedanalyticalmethodfor simulatingoverallchloridemovementin hardenedconcrete,
the fKuSWillthen moveon to modelsfor simulatingchloridecondensationin the cases of submerged
and cyclic wetting and drying conditions. A model will be developed that explains the known
phenomenonof higher chlorideconcentrationin the surface layer than in the solutionin which the
concreteis submerged.

ne process of developingthe analytical method entailed by assemblingthe following quantified
conceptstogether: a conceptfor the typesofchloridein hardenedconcrete; equationsfor themovement
ofchlorideionsbasedon diffusiontheory; equationswhicharefunctionsof the typesand proportionsof
the concrete materials for obtaining material properties such as fixed chloride factors based on
experimentalresults ; and conceptsfor computingthe watercontentand themovementof watervaporin
the pores. ne resultinganalyticalmethodwas then used to derive equationsfor apparentdiffusion
coefficientsof chlorideionsand water vapor in the hardenedconcretebased on the testedchlorideion
disdbutionfroma set of experimentsspeciallydesignedto obtainthesecoefficients. TTleCOefficients
so obtainedare consideredto be materialparametersdependentonly on the mix proportionof the
concrete; they did not changewithenvirormentalconditions. It was provedthat thederivedequations
for diffusioncoefrlCientsare applicableto everyenvironmentalconditionwithouta needfor adjustment.
Finally,a methodof accountingfor cyclic wettingand dryingenvironmentwas includedto make the
methodsuitable for actual situations. nle analyticalmethod had been verified as effectiveunder
varioussimulatedspecimensandenvirormentalconditions.

nis paperconcentrateson one part of this analyticalmethod[1]namelythe characteristicsof transport
mechanismsofchloridesin thesurfacelayerofhardenedconcrete.

In this section,the overallstructureof our analyticalmethodfor simulatingchloridemovementin
concretewill be explained. This numericalmethodis applicableto varioustypes of environment,
including cyclic wetting and drying conditions. The process of assembling the various material models
andtheoriesconcemingchloridemovementwillbeexplained.

Illustratedin Fig.I is a now chartshowingthestepsinvolvedin computationusingtheanalyticalmethod.
Includedare computationsof the equilibriumbetweenfixedand free chloridesin terms of the total-free
chloriderelationship,the effect of carbonationon the equilibrium,and the condensationcharacteristics
of chlorides in the surface layer of concrete. Also used are diffusion theory, carbonationdepth
estimates,and computationsof watercontentand relativehumidityin the concreteneededto calculated
the concentrationof chlorides in the pores. Variousenvironmentalconditionscan be simulatedby
setdng the initialchlorideconditions,shownon theright sideof the flowchart in Fig.1, as indicatedin
Fig.2. For example,if we begin during a drying period of the wettingand drying cycle, the initial
chlorideion concentrationin the surfacelayeris consideredto be equal to thatof the environment,and
there is no movementof chlorideions across the surfaceof concrete. When wettingbegins,chloride
ions movetogetherwith the wettingwater into the dry portion of the concreteby capillaryabsorption.
The movementof chloride ions in the concrete is computedat this stage using a discrete element
techniqueto solve the differentialdiffusionequation. The elementwidth is set to I cm and the time
stepis onceper I day.
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Fig.1 Flowchartof the analysisofchloride ion movement
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For the material inputs, the unit binder content, B, unit water
content.W, unit fine and coarse aggregatecontents, S and G,
and the binder reaction coefficientare essential. The binder
reaction coefficient, Wnm, is derived in terms of the ratio
betweennonevaporablewatercontent,Wn, and the total binder
content, B. role nOneVaPOrablewater content can be obtained
by subtractingthe evaporablewater content, We, from the unit
water content, W, after prolonged drying of a hardened
concretesampleat 105oCto 110oC.

ne threeenvironmentalconditionsused in the simulationwere
the under-sea or submerged zone (tested by continuous
submergingin saltwater),the tidaland splash zones(testedby
cyclicwettingand drying),and the atmosphericzone(testedby
drying). Twet and Tdry in Fig.I represent the wetting and
drying periods. Under continuously submerged conditions,
onlyTwetis input,whereas only Tdryis input for the continuous
dryingconditions. Both Twetand Tdryare input in the case of
cyclic wettingand dryingconditions.
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Fig.2 Flowchartof boundaryconditions

From previous studies, it is known that chloride ions behave as
follows. Chloride ions (Cl-) are present in the pore solution of
concretetogetherwith other negative and positiveions such as OH-
and Na', K', Ca2', and an overall balanceof negativeand positive
chargeis maintained[2]. mere is a uniqueeuilibriumbetweenfixed
and free chloride ions for concrete made using the same mix
proportion. ne fixed chloride ions consist of Friedel's salt (solid
chloride) and chlorides adsorbed between layers of the hydration
products of calcium aluminate hydrate[3]. With the ingress of
carbonation,which reduces the pH of the concrete, the equilibrium
betweenfixed and free chloridechangesbecausesomeFrieders salt
and adsorbedchloridesare freed into thepore solution,resultingin a
higher concentrationof chloride ions in the pore solution of the
carbonatedarea[4]. All of this behavior has been considered in this
analyticalmethod.

E]e:E]f;:c:h=el
adsorbed solidState
chloride chloride

solidph#

Cl

liquid

Cr

cr

Cr

Cr

cr

totalch[oride

CI

Cr

Fig.3 classificationof total
chloridein concrete

Figure3shows the classificationof chlorides in the concrete. Fixed
chlorides are considered to be non-moving in the concrete. Only the
chloride ions in the pore solution, are able to move in the concrete.

free chlorides,meaning the
ne fixed chlorides can be

quantified made through the fixed chloride factor, abed. men, using the fixed chloride factor, (he
content offixed andfree chloridescan be derivedas in Eq.(I) and Eq.(2)

Cnxed(x,t) = arlXed(x,I).Clot(x,t) (1)
Cfree(x,I) = ( 1 - afixed(A,t)).Clot(A,t) (2)

where Ched(A,I) is the fixed chloride content (wt% of cement), Cfree(A,I)is the free chloride content
(wt%of cement), Ctot(A,I)is the total chloride content (wt% of cement), afixed(A,I)is the fixedchloride
factor,Ais the distanceor elementnumberfrom the exposedsurface(cm), and t is time (days).

Figure4 demonstratesthe effect of carbonation on the release of fixed chlorides into free chlorides.
ne ratio of chlorideamount released by carbonation to the fixedchloride amount before carbonationis
denoted as the carbonationfactor, Pc. ne carbonationfactor is used to obtain the free and fixed
chloride contents as showtl in Eq.(3) and Eq.(4)

C free(x.i) = Cfree(x,I) + Pc(A,I).Cfixed(x.t) (3)
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Chloridestatebeforecarbonation
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Chloridestate aftercabonation
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Fig.4 Chlorideion releasedfromsolidstatechlorideby carbonation

C'fixed(x,I) = (1 - Pc(x,t)).Cfixed(A,I) (4)

where C'free(A,I)is the free chloride content after carbonation(wt% of cement), Cfree(i,I) is the free
chloride content before carbonation (wt% of cement), Cfixed(A,I)is the fixed chloride content after
carbonation (wt% of cement), Cfixed(x,I)is the fixed chloride content before carbonation (wt% of
cement),and Pc(x,I)is the fixedchloridefactor.

The free chloride content after carbonation,as obtained from Eq.(3), can be converted into a dle free
chlorideconcentrationas follows.

Cp&ee(x.,I) = (C' free(A,I)/lW).AA.Ax.@/1 000)/35.5Wc(i,I) (5)

where CpBu(x,t) is the concentration of free chloride ions (mol/cm3),A is the cross-see(ionalarea
normal to the diffusiondirection of the element (cm2),A is the element width (cm),B is the unitbinder
content(kg/m3),andWc(A,t)is the watercontentof the elementunderconsideration(g).

Since the calbonation factor, Pc, in Eqs.(3) and (4), and the free chloride concentration,Che(x,I) in
Eq.(5), can be derived when the relative humidity in the concrete,FiHc(A,I),is known, the free chloride
concentrationcan be obtainedif the water content in the concrete is known. nerefore, the behaviorof
moisture in the concrete will be discussed next. At the time under consideration, t, in a no-drying
condidon,the saturatedwatercontent in a concreteelementcan be computedusingEq.(6).

Wsal(A,I) = (W - B.Wnm)/1000.AA.Ax (6)

whereWsaI(X,t)is the saturated water content (g), W is the unit water contentof the concrete (kg/m3),B
is the unitbindercontent (kg/m3),wnm is the water-to-binderratio, AA is the cross sectional areaof the
element (cm2),and A3(is the element width (cm). Then the water content in each element can be
derivedfromEq.(7)

Wc(x,t) = Cw(x,I).Wsal(X,I)/1 W (7)

whereWc(A,I)is the watercontentof theelementunderconsideration(g), Cw(x,t)is the relativewater
contentof theelement(%),andWsa((x,t)isthe sa(uratedwatercontentof theelement(g).

It is knownthat thewatercontentas derivedfromEq.(7)doesnot have a linearrelationshipwithrelative
humidityin theconcretepores. And sincethe transportmechanismof water in pores is relatedto the
movementof watervapor,thevaporpressureor relatiyehumidityis necessaryto simulatethemoyement
of waterin the concrete. TYlerefore,therelationshipbetweenwatercontentand relativehumidityin the
concretewasalsoimplemented[5].

The movementof water in the concretepores at any time I is assumedto be diffusion-basedand
dependenton thevaporpressure(humidity)in theporesas
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FH(A,I) = -DH(x,I).(RHc(x,I)/lW - RHc(x - Ax,I)/1W)/Ax (8)

whereFH(A,I)is the flux of vapor (cm3/cm2/day),DH(x,i)is the apparentdiffusion coefficientof the
water vapor(cm2/day),and RHc(x,t)is the relativehumidityof the concreteelement(%). A higher
diffusioncoefficientis alsoassumedat theexposedsurfaceof theconcretein thisanalysis.

nlen the relativehumidityin the pores of concreteelementx at time I+Atcan be obtainedfrom the
followingequation:

RHc(x,I+At) = RHc(x,I)+100.qH(x,I) - FH(x+Ax,I)). AuAx (9)

where RHc(x,I)is the relativehumidityof concreteelement x (%), Ax is the element width (cm), andAt
is the timeinterval(day).

Previousresearchwas shownthat chlorideions appear to move by diffusionas a result of the ion
concentrationgradient[6,7],and they move togetherwith the non-hydratedwater in the pores[8].
Exceptin the case of cyclicwettingand dryingconditions,chlorideions are assumedto moveby the
diffusionprocessinthis study.

Sincethe diffusionprocessof chlorideions in concreteporesis not the sameas that in waterdue to the
complexityof the pore structure (which means the diffusionpath is not straight and not always
continuous)and diffusionalong the path of capillarypores is not consideredin the simulation,the
apparentdiffusion coefficient,which is smaller than the diffusion coefficientof chloride ions in water,
was applied. Thevalue of the apparentdiffusioncoefficientof chlorideions in hardenedconcreteis
lowerwhentheporestructureis morecomplexandlesscontinuous. Inthis study,the followingfactors,
thoughtheyhave an effecton the apparentdiffusioncoefficientof chlorideions in hardenedconcrete,
are not considered:temperature,degreeof hydration,and the concentrationof chlorideionsand other
ionsin thepores.

Fick'sFirstlawofdiffusionwasadoptedto simulatechlorideionmovementin theconcreteas[9]

Fc = -Dc.@Cpfree/ax) (lO)

whereFc is the flux of chloride ions diffusing across a unit cross-sectionalarea of concrete in unit time
(mol/cm2/day),Dc is the apparentdiffusion coefrlCientof chloride ions in the concrete (cm2/day),CpAee
is the chloride ion concentration(mol/cm3),and Ais the depth from the exposed surface of the concrete
(cm).

ne diffusioncoefficientof the exposedsurfacelayeroftheconcreteis assumedto be largerthanthat of
the bun of concretebecausechlorideions must movealongthe pore path within the concrete,while
theycanmovefreelyin alldirectionsat theboundary. So,

Dc(1,I) >Dc(A,I) x22 (ll)

It was confmed in the laboratorythat the chlorideion concentrationnear the surface layer may be
higherthan that of the solutionitself when a concretespecimenis submergedcontinuouslyin it[10].
nis behaviorcannotbe explainedby diffusiontheoryalone. ne conceptof surfacecondensationdue
to ionadsorptionis introducedto take thisbehaviorintoaccount.

Fc=Fc+Sc (12)

whereFc is the total flux of chloride ions enteringthe concreteat the surface and is the sum of the
fluxesdue to diffusionand ion adsorption(mol/cm2/day),Fc is the nut of chlorideionsdue to diffusion
only(movcm2/day),andScis thethefluxofchlorideiondueto ion adsorptiononly(mol/cm2/day).
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TTleion adsorptionmechanismarisesas a resultof a propertyof the porewalls,whichare knownto be
electricallypositive. rule positivechargeat the poresurfacedrawschlorideions from the surrounding
environmentinto the concrete,and thesecondensein the surfacelayer[l1]. When theconcentrationof
chloride ions in the submerging solution is higher than that of the surface layer of the concrete, chloride
ionsmoveintothe concreteby both diffusionand ionadsorption. Onthe other hand,when thechloride
ion concentrationof thesubmergingsolutionis lowerthan that in the pores of thesurfacelayer,chloride
ions moveoutof theconcreteby diffusionbutat thesametime moveinto theconcreteby ionadsorption.
The ion adsorptionflux falls as the chlorideion concentrationin the pores increases. TTlerefore,the
concentrationof chloride ions in the surface layer gradually increases until equilibriumis reached
betweenthe diffusionand ion adsorptionmechanisms. TTlisleads to a rather constantconcentrationof
chlorideionsin thesurfacelayeroverthe long term.

nus, the diffusionequationin Eq.(10)can be modifiedto take the effect of ion adsorptioninto account
as follows

Fc(x,I) = -Dc(x,I).(Cpbe(A,I) - Cpbe(A-Ax,t))/Ax (l3)
Fc(1,I) = -Dc(1,I).(Cpfree(I,I) - Co )/Ax + Sc(I,I) (l4)

where i is the depth from the exposed surface (cm), I is the time interval (day), Fc(A,t)is the flux of
chloride ions due to diffusion (mol/cm2/day),Dc(A,t)is the apparent diffusion coefficientof the chloride
ions (cm2/day),Cp&ee(A,t)is the concentration of chloride ions (mol/cm3),co is the chloride ion
concentrationof the submerging solution (mol/cm3),and Sc(I,I) is the flux of chloride ions due to ion
adsorption(mol/cm2/day).

Then, Eq.(15)and Eq.(16) are used to compute the chloridecontent of element Aat time I+At.

Cc(x,t+At) = Cc(x,I) + (Fc(x,t)-Fc(A+Ax,I)).35.5.AA.At (l5)

whereCc(A,I)is the totalchloridecontent(intermsof weight)in elementx at timeI (g).

Ctot(x,i+At) = I•`.Cc(A,t+At)/(B/100)/AA/Ax (l6)

whereClot(A,I)is the totalchloridecontent(intermsofweight% of binder)in elementAat timet andB
is the unit binder content (kg/m3).

In this section, the reason why the model of chloridecondensationin the surface layer of concrete,the
modeling procedure, and the experimental methods of verifying the model are explained. ne
condensationdoes notoccurby cyclicwettinganddryingbut doesby othermechanism.

Analyticalmethodsfor chloridemovementin concretebasedon diffusiontheoryhavebeenpopularfor a
long time. Using such methods, apparent diffusion coefficientsare commonly derived from the
distributionofchloridesin theconcrete. Indoingso, a constantchlorideion contentis usuallyassumed
at the exposedsurface of the concrete as the boundarycondition. Further in Japan, the free chloride
content is usuallyobtainedusing the test methodproposedby the JapanConcreteInstitute(JCI) for the
water soluble chloride content in concrete[12]. Some analytical methods have even used the total
chloridecontentin the diffusionprocess. However,actualbehavioris not as assumed. For example,
the solublechloridecontentobtainedusing the JCI methodhas been proven to be too low, with some
studieson actualstructuresreportingresultsthatare twiceashigh[13Las the free chlorideion contentin
the pores of the concrete. Also, the free chloride concentrationin the surface layer may even be
become higher than that of the submergingsolutionas mentionedearlier. It is impossibleto explain
this using diffusion theory alone the concept of chloride condensationmust be introducedinto the
analyticalmethod.
As already explained in Section 2, the movementof chloride ions in the submergedcase can be
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simulatedby consideringbothdiffusionand the condensationof chlorideions by ion adsorption,as
illustrated in Fig.5 and expressed by Eq.(17).

Fc = Fc + Sc(Cfree) (l7)

where Fc is the total flux of chloride ions entering the concrete at the surface and is the sum of the
nuxes due to diffusionand ion adsorption(mol/cm2/day),Fc is the fluxof chlorideions due to diffusion
only (mol/cm2/day),and Sc is the thenux of chlorideion due to ions adsorptiononly (mol/cm2/day)and
is a functionof free chloride content, Cfreeis the free chloride content at the exposed surface of the
concrete(wt%of cement).

envjronmentaICr concentrationasuHace C[-concentration

sudace jnnner

ewironmentaJCI-concentrationi;suHace CJ- concentration

surface inner

Fig.5 Condensationmechanismofchloride ionsin thesurfacelayerofconcrete

ne binders used in the tests were ordinary Pordand cement
Type I (OP),ny ash (FA),and blast furnace slag. Sandfrom
the Ohi river (S) and crushed ruk from Nishijima (G1, G2)
were used as the fine and coarse aggregates,respectively.
Table 1 shows die Physical properdes of the aggregates.
Piped watersuppliedto the laboratorywas usedfor mixingand
curing.

Four types of mortar specimenand one type of concrete
specimenweremadewiththemix proportionsshowninTable
2. OPM,OFM,OBM,and OFBMare the mortarspecimens
madefromcemen(only, cementwithfly ash,cemen(withblast
furnaceslag, and cement with fly ash and blast furnaceslag,
respectively. OPC is the concretespecimenwith cementas
the only binder. ne mixture proportionsof the mortar
specimenis equalto thatof thepart ofmortarin concrete.

Table1 Aggregateproperties

Table2 Mixtureproportions

Mortar specimens were made using a 30-liter mortar mixer in batches of 16 liters. Mixing was
according(o JIS R5201. ne lOx10x4bm steel formworkwas divided with vinyl plates into eight
5x10xlOcmspecimenswhich were cast at the same time. TYIeSpecimenswere then coated withepoxy
afterform removal,leavingone 5xlbm face as theexposedsurfacefor all specimens. A sideface was
selectedfor exposure in order to excludethe innuenceof castingdirection. All specimenswere cured
underperfectlysealedconditionsfor28 days.

concrete specimenswere made using a lW-liter pan-typemixer in batches of 50 liters. Bindersand

-76-

h rLLl U nk v O
Pq d

9d cd Fh
h N

9pd
dIN

0
(kP ) dqh

～
+ 4 ddb

(% ) (% ) rrNn

S 1.77 2 ,60 2 .5B 1 .a 7 7 .3 2 .66

G 7 1.5 S 2 .q T 2 .85 0 .70 5 8 .5 7 .1 4

G 2 1.4 9 2 .～ 2 .81 1 .07 57 . 1 6 ,0 5

N o . 6 J7W

(lTn 1)

W W

r% )

g ?
O 61

u nk vrd g ht ( k9/m 3)

W
a

S G
O P F ^ B S

O fW 5 0 27 4 54 8 135 5

O FW 5 0 26 9 43 1 10 8 1332

C W 5 0 27 2 27 2 27 2 1346

m Ad 5 0 26 7 16 0 10 7 26 8 1323

O P C 20 50 4 B 17 5 35 0 eec
G 1:4 8 1
G 2..4 75



aggregateswere mixedfor 30 seconds,then wa(erwas added and mimig continuedfor l20 secondsto
obtainthe fresh concretemixture. The slumpand air contentof the fresh c.nc,ete we,e 78mmand
1.5%,respectively. The lWxlh4Wmm steelformworkwas dividedwith the vinylplates to produce
two lhlWx200mm concretespecimens. Onlyone lu)x10mm face was leftexposed,with the rest
coatedin epoxy.

To preventm?isture exchangebetweenspecimensand the environmentduringcuring,and to stabi)ize
chemicalreact10nSwithin the specimens,the open surfacesof the specimenswere sealed withplastic
sheeting,and all specimenswere storedin plasticboxes. These werekept in a curingenvironmentof
20.C and lOO%RH for 28 days.

Aftersealedcuring,the one surfaceof eachspecimenwasexposedandall specimensweresubmergedin
a 3% NaCl solu(ion under a control 20oC environment. TYLiswill be referred to as the chloride
Penetrationtest hereafter. After submergingfor 28, 9l, 180,and 365 days, the mortarspecimenswere
cut Into layers at intervalsof 5rrm down to a depthof 20mm from the exposedsurfaceand at intervals
of20mm to a depthof 50mm. TTleCOnCreteSpecimenswerecut at intervalsof 10mmdown to 50. A
handdiamondcutter was usedfor cutting. ne total chlorideand solublechloridecontent of eachcut
layerwasanalyzedusingdie JCI method[l2].

A model for surface chloride condensationhas been
proposed by the authors on the basis of the chloride
penetrationtest results[1]. ne condensationeffect not
explainableby the diffusionprocesswas modeledby the
conceptof ionadsorption.

It is necessaryto establishthe relationshipbetweenfixed
and totalchloride,in this casein termsoftheratiobetween
fTIXedand total chlorides(a{lXed),in order to computethe
free chlorideconcentrationfor use in chloridemovement
analysis. TTleapparent diffusion coefficient of free

Table3 Diffusioncoefficientof chloride
ionsin analysis

chloride ions in the concrete is also necessary. Methods for derivingthese two coefficientshave been
given in a previous study by the authors[l]. The values of abed and diffusion coefficientsfor the
differenttypes of bindertestedare givenin Fig.6toFig.9 andTable 3, respectively.

Basedon the analysisof the chloride penetrationtest results, Scin Eq.(17) wasderived for each type of
binderas in Eqs.(l8), (19), (20), and (2l) for cementonly, cement + ny ash, cement ' blastfumace slag,
andcement+ ny ash+ blastfurnaceslag'respectively.

Sc = 1.4. 1.0.lO-5.exp(-I.15.Cfhx(1,t))

Sc = 1.4.0.6. 10-5.exp(-1.15.Cfree(I,I))

Sc = 1.4.0.3.10-5.exp(-I.15.Cfree(1,I))

Sc = I.4.0.2. 10-5.exp(- 1.l5.Cfbe(1,t))

(18)
(19)
(20)
(21)

3..4LYedf&ation..Qf.Suzfa.c.e...C.a.nde.nsahoA.Mode.I

Figtue10showsthe relationshipbetweenthenux dueto ion adsorptionand thefree chloridecon(entof
the surfacelayer. ne nux due to ion adsorptionis largestfor cementonlyand is lowerfor cement+
ny ash,cement+ blastft-ace slagandcement+ flyash+ blastfurnaceslag, in thatorder. nis canbe
exp)aimedby the lowerpositivechargeat the pore surfacein the blendedbinders,especiallywhenthe
pozzolanratiois higheror thecementratiois smaller.
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Figurell to Fig.15 showthe testand analyticalresultsfor free
and totalchloridecontentsthe surfacelayerversussubmerging
dme for OPM, Oft, OFM, OBM and OFBM specimens,
respectively. Here, the surface layer is the layer from the u,uO.000015
exposedsurfaceto a depthof 10mm. Free chloridecontents
are converted from the test results of soluble chloride
content[1]. As shown in Fig.ll and Fig.12, the contents of
free andtotal chloridesincreaseuntil approximatelyl82 days.
AAerthat, the chloridecontentsremainalmostconstantat a
valuehigherthan the chlorideconcentrationof the solutionin
which the specimenswere submerged. For the specimens
with fly ash (OFM and OFBM)in Fig.l3 and Fig.15, the free
chloridecontentsincreaseuntil 182 days, but are lower at 365
days andnearer the value of the solution. nis is because the
chlorideion flux due to ion adsorptionis lower over the long
term due to the pozzolanic reaction of the fly ash. TTLis
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Fig.10 Chloride ion flux by quasi-
adsorptionin thesurface

pozzolanicreaction is consideredto be very activefrom28 to 9l days. As the reactionproceeds,SiO2
in thefly ash reacts with the Ca(OH)2Producedby the hydrationof cement[l4]. ne Ca(OH)2COntent
is thusreducedby thepozzolanicreaction. nis reducesthe ion adsorptioneffect in specimenswith fly
ash, so diffusionof chlodde ions backinto the solutiontakes place over the long term. On dle Other
haJld,specimenswith OBM do not exhibit a tendencyto reducedfree chloride ions after 182 days
becausethe pozzolanicreactionofblast furnaceslagis not as reactiveas thatof ny ash. nis indicates
dlat the effect Ofreduced ion adsorptionin ny ash blendedbinderhas to be taken into accountin the
future.
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Theanalysisin this sectionis proposedfor investigation
of the splash zone, which is the most criticalzone as
regards steel corrosion, and of the marine tidal zone.
These two zones can be reasonably simulated as an
alternatingwetanddrycondition.
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ZhxhQDnenl

In the fTlrStdrying period, water evaporates from the
exposedsurface of the concrete into the environment,
causinga reductionin the relative water content in the
concrete near the exposed surface. When wetting
occurs, salt water enters the dried portion of the
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concre(efromthe environment,saturatingor newly saturatingthe concrete withina relatively short time
period. Duringthe next dryingcycle, the waterevaporatesout of the concrete,leaving salt in the dried
portion. nis process is illustratedin Fig.16. So, when alternatingfrom drying to wetting,the total
chloride content in the surface layer and near the surface layer increasessuddenly. T7lerefore,in the
wettingand drying model, Eq.(22) and Eq.(23)are applied for the chlorides and Eq.(24) is appliedfor
Water.
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Fig.16 Mechanismofchloridepenetrationintoconcretebycyclicwettinganddrying

C(ot(x,I+At) -- C (ot(A,I)+ C" tot(x,I) (22)

whereI is the last time step of the dryingperiod(day),Clot(I,t+At)is the total chloridecontentat the
begimingof the wettingperiod(wt%of cement),Cto((x,I)is the totalchloridecontentat theendof the
dryingperiod(wt%of cement),andC"tot(x,I)is thetotalchloridecontentof the saltwaterthatsaturates
thedriedportionofconcreteat thebeginningofthewettingperiod(wt%ofcement).

c-I.I(x,I) = co. (1 - C,w(A,I)).Cwsa(.35.5m.loo (i3)

where Co is the chloride ion concentrationof the sea water (the solution in which the concrete is
submerged)(moVcm3),cw(A,I) is the relativewatercontentat the end of he dryingperiod,Cwsa(is the
unitsaturatedwatercontent (=W-Wn,kg/m3),andB is theunitbindercontent(kg/m3)

Cw(I,I+At) = 1 (24)

wheret+Atisthebeginmingof thewettingtime(day).

To verify the wetting and dryingmodel, concretespecimenswith the OPC mix proportionas shown in
Table 2 were made. After sealed curing for 28 days, the specimenswere subjectedto cyclic wetting
and dryingcondidons. One cycle consistedof 14 days, with 7 days of drying and 7 days of wetting.
The measurementsof total and free chlorideswere madeafter the 2nd, 7th, 13th,and42nd cycle, which
is consistentwith 28, 98, 182, 378 and 588 days after curing. TYledrying environmentwas 20oC,
60%RH,and 0.06 CO2COnCentration.Wettingwas in 20.C salt water. ne procedurefor measuring
total and free chlorides was the same as in the verificationtests
forsurfacecondensation.

Figure17shows the test and analyticalresultsfor totaland free
chloridecontents in the exposedsurfacelayer of the concrete
specimenssubjectedto wettingand drying. TTLeSurfacelayer
was definedto have a thicknessof 10 mm from the exposed
surface. TTIeanalysisshowed that at the beginningof wetting,
the chloridecontent in the surface layer increasedsuddenly,
while it graduallyfell duringdryingas the chlorideions moved
deeper into the cotlCrete. For comparison,the increase in
chloridecon(entin the cyclic wettingand dryingtestwas slower
than the chloridepenetration(Fig.l2) early on at the beginning
period,but the chloridecon(entdidnot reachaconstantvalue,as
in the case of the chloridepenetrationtest, but kept on rising
with dme.
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Fig.l8 and Fig.l9 show the test and analyticalresults for
total and free chloridedistributions,respectively,below the
exposedsurfaceof the testedconcretespecimensat 28 days
(4 cycles), 98 days (7 cycles), 182 days (l3 cycles), 378
days (27 cycles), and 588 days (42 cycles). Figure20
shows the analyzed distribution of chloride ion
concentration. It should be noted here that all analysis of
die Cyclicwetting and drying condition consideredthe effect
of carbonation in the drying period (20.C, 60%RH, 0.06
cot) and also the ion adsorptioneffect in the wetting
period.
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In the actual environment,the periodsof wettingand drying of the concretesurfaceare complicated.
The moistureand ambient temperaturealso vary greatly in the real environment. The process of
chloridepenetrationinto the concreteis also differentfor differenttypesof structureand differentparts
of structures. To be able to predictsteel corrosionin reinforcedconcretestructures,it is necessaryto
analyzethe movementof chloride ions in the concreteunder these complicatedconditions. In this
study,the classificationof marineenvironmentsinto submerged,tidal, and splashzonesis illustratedin
Fig.21. nis classificationis different from ale Classificationmade by the Japan ConcreteInstitute
[l5].

In the submergedzone (under the sea surface),the concrete is always saturated. ne mechanismsof
chloridemovementin the surface layerare assumedto be ion adsorptionand diffusion,whereasonly
diffusion is considered for the inner bulk concrete. This is the same assumption as made in the
submerging(chloridepenetration)simulation.

In the tidal zone,concrete structuresare subjectedto wettingand drying, normallyat a frequencyof 2
cycles/day. Since the time step in the analyticalcomputerprogramwas fixed at 1 day, it is assumed
that the 1-daywetting+ I-day drying cycle simulatesthe conditionsof the tidal zone closely enough.
Nevertheless,it is possibleto modifythe time step so that 2 cycles/dayof wettingand dryingcan be
simulated.
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In the splash zone, wettingand dryingconditionsmay
applytoo. However,thedryingperiodis usuallylonger
in this case
Even when
experienee
conditions.

than that considered for the tidal zone.
in similar splash zones, structures may
different microscopic environmental

In this analysis,it is assumedthat thecycles
of wettinganddryingin thesplashzonecanbe simulated
as lday of wettingand x daysof drying, whereI ranges
from 2 to 10 days dependingon the details of the
enviroTmentat thestructuresurface.

Figure22 to Fig.24 show examplesof simulatedresults
for concrete structures in the various zones i.e.
submerged, tidal, and splash zones, using the assumed
behavior mcndonedearlier in dlis section. The wetting

Variationoftotalchloridecontentin
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and drying cycles for the splash zone in Fig.24 were assumed to be I-day wetting + 5Jay drying.
Fromthe simulatedresultsinthefigures,it canbeseenthatchloridepenetrationis moreseriousinthe
tidal and splashzones than in the submergedzone,and is particularlyseriousin the splashzone. TTle
chloridecontentof dle Surfacelayer of the concretein the submergedzonereachesa constantvalueat
some time, whereasit tendsto increasegraduallyin the splashzoneeven up to 50 yews.
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Figure25 and Fig.26 illustrate the simulatedresults of total and free chloride contents in the concrete
surfacelayerwhen subjectedto cyclicwettinganddryingfor 20 years and 50 years, respectively. The
parameteron the horizontalaxis is the lengthof he drying periodwith a fixed wettingperiodof 1 day.
It is clear from the figuresthat a dryingperiod of 5 daysresults in the greatestchloridecontent in the
surfacelayerof theconcrete.

5.....COblpCL.US.rob(a

(1) It was confirmedthat the chlorideion concentrationin the surface layer of concretecontinuously
submergedin salt watercan exceedthat of thesalt waterin whichit is submerged. This is considered
to have an effecton the chloridecontentof the innerconcrete,so modelingof the this surfacechloride
condensationis important. The condensationeffect is caused by an ion adsorptionmechanismdriven
by thepropertiesof the pore walls,whichare knownto be elecbicallypositive. The positivechargeat
the pore surfacedrawschlorideions into the concretefrom the solutionand causescondensationin the
surfacelayer. Plus, movementOfchlorideionsin thesubmergedconditionis due to bothdiffusionand
ion adsorption.

(2) Based on the relationshipbetweenfixed and total chloridecontentderived from chloridedissolving
and chloridepenetrationtests,togetherwith the apparentdiffusioncoefficientderivedfromthe chloride
dissolvingtests, the fluxdue to ion adsorptionwas derivedas a functionof the free chloridecontentof
the concretesurfacelayer. nle ion adsorptioneffectwassmaller in blendedbindersthan in a cement-
only mixture. Amongtheblendedbinders,theeffectof ion adsorptionwas smallestin thecement+ ny
ash+ blastfurnaceslagbinder,followedby thecement+ blast furnaceslag binder,and thecement+ ny
ash binder, respectively. However,the flux due to ion adsorptionin fly ash blendedbinders had a
tendencyto fallover the longtermdueto thepozzo1anicreaction.

(3) Cyclicwettingand dryingconditionswere simulatedby assumingthat when thechangefrom drying
to wetting conditionstook place, salt water from the environmentimmediatelymoved into the dried
portion of the concrete,suddenlysaturatingthe driedportion. In simulatingchloridemovementunder
cyclic wettingand drying conditions,a numberof resultswere applied : the relationshipbetweenfixed
and total chloride content derived from the chloride dissolving and chloride penetrationtests-,the
apparentdiffusioncoefficientderivedfrom the chloridedissolvingtest; the surfacecondensationmodel
derivedfrom the chloridepenetrationtest; the carbonationmodelderivedfrom thecarbonationtest; and
theapparentdiffusioncoefficientfor thediffusionofwater vapor. TTleSimulatedresultswere found(o
besatisfactory.

(4) ne analyticalmethod can be applied to the simulationof chloride movementin various actual
marineenvirorments,i.e. the submerged,tidal and splash zones, by varyingthe length of the wetting
and/ordryingperiods. It was clear from the analysisthat with a constantwettingperiodof I day, the
peakchloridecontentwasobtainedwhenthedryingperiodwas5 days.
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