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ABSTWCT
Thelong-termperformanceof a concreteslab(CPFslab)exposedto chloride
ingressand atmosphericcarbonationfromthe surfacegeneratedby controlled
permeabilityformwork(CPF)is investigated.Theresultsare comparedwith a
similarslab exposedto long-termchlorideingressand atmosphericcarbona-
tion from the cast face (Controlslab).Techniquessuch as X-ray diffraction
(XRD)and differentialthermalanalyses(DTA)were employedto determine
the resistanceagainstcarbonationwhile,mercuryporosimetrywas used for
investigatingthe pore size distributionat the surfaceof the slabs.Amountof
acidsolublechlorideswasdeterminedby usingVolhard’smethod.

The CPF employedat the bottomof the mouldwas not filly effectivein
its intendedpurposeof generatinga permanentand dense impermeablecon-
crete layeradjacentto it whenthe designwater-cement(w/c)ratio of the con-
cretemix was 0.60.Thisresultedin an almostsimilarextentof carbonationat
the surfacefor both CPF and controlslabsas shownby XRD and DTA stud-
ies. Similarly,therewereno significantdifferencesin the amountof chlorides
and their depthsof penetrationfor both CPF and controlslabs, althoughthe
formerwas marginallysuperiorin chloridepenetrationresistanceat the sur-
face.01997 Elsevier Science Ltd

Introduction

For attaininglong-termdurabilityand protectingthe reinforcementsteel fromcorrosion,an
impermeableconcrete cover is essential for structural elements. Conventionally,this is
achieved by increasingthe cement content for the entire volume of concrete used in the
structure,althoughthe requirementis criticalonly in the coverregion.However,increasing
the cementcontentfor the entirevolumeof concreteleadsto increasedcost. Thus, alterna-
tive methodshavebeen attemptedto improvethe qualityof the exposedouter layerof con-
crete,withoutincreasingthe cementcontentforthe entirestructure.

Recent research in Japan has led to the developmentof an unique type of permeable
formworkas a replacementto the conventionalimpermeableformwork(l-3). Thepermeable
formwork is known to generatea denseconcreteat the surfacein contactwith it (l-5). In
literature,this specialkind of formworkis often called“ControlledPermeabilityFormwork
(CPF)”.The principleunderlyingthe CPF is that,the formworkactsas a filterthroughwhich
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the entrappedair andthe surpluswaterare drainedoff on placingand vibratingthe concrete.
The techniqueessentiallyconsistsof lining the inner surface of the pre-drilled formwork
with a customdesignedfabric materialbefore placingthe concrete.The very essentialre-
quirementof the fabricmaterial is its abilityto filter air and water effectivelywhile mini-
mizingthe lossof cement.Themethodsfor determiningthe waterandair permeabilityof the
fabricmaterialare coveredin ASTMstandards4491-85and 737-75respectively(6,7).

The concretesurfacelayerthusgeneratedin contactwith the CPF is reportedto be highly
impermeablewith a water-cement(w/c) ratio as low as 0.3, for a concretemixed at a w/c
ratio of 0.5-0.55(8). Laboratorybased short-termstudyon a C30 grade concretecast with
the CPF showeda 50%reductionin chloridediffision coefficientcomparedto the conven-
tionallycast concreteof similargrade(5). The concretecast with CPF was also effectivein
reducingthe depthsof carbonationforbothhighand lowstrengthconcrete.Forhighstrength
concretesuchas C50,overa periodof 11monthsof exposureto laboratoryenvironment,the
reductionin depthof carbonationwas ahnost50°/0,comparedto the concretecastwithoutthe
CPF undersimilarconditions(5). Thus,on short-termexposure,the CPF enhancedthe dura-
bility of concreteagainstatmosphericcarbonationattackand chloridepenetration.Further-
more,the CPF significantlyincreasedthe surfacehardness,and improvedthe surfacetexture
with minimumsurfacedefectssuchas blowholesevenin highstrengthconcretesuchas C50
(5). The blowholeson the surface are critical in structuressuch as the dam spillways,as
thesecan act as nucleifor cavitationdamage.However,all the aboveimprovementsin prop-
ertiesof concreteare confinedto a depthof 10-30mm fromthe surfacein contactwith the
CPF (l-5,8). The CPFis alsousedto reducethe form-pressureduringcastingas drainingoff
the entrappedair andthe surpluswaterfrominterfacerelievesthe pressure.

Investigationson the durabilityaspectsof concretecast with the CPF are limited in lit-
erature.Further,the investigatorshaveusedmore conventionaltechniquessuch as Schmidt
hammertest, water and oxygenpermeabilitymeasurements,water sorptivitytests and phe-
nolphthaleinspraytests(forcarbonationdepths)to evaluatethe performanceof concretecast
in contactwith the CPF.

In the present investigation,an attemptis made to understandin depth the durabilityof
concretecast in contactwith the CPF on a long-termbasisagainstatmosphericcarbonation
and chloridepenetration.Techniquessuch as XRD, DTA, mercuryporosimetryand Vol-
hard’smethodfor acidsolublechlorideshavebeenusedas experimentaltechniques.

ExperimentalWork

1. Test spe~to Test Cmksm.
. . In the presentexperimental

investigationinsteadof usinga numberof smallspecimens,two slabs(500 x 500 x 150mm)
of fairly largesurfacearea(2500sq. cm)wereprepared.Further,a numberof sampleswere
drawn randomly coveringthe entire exposed surface of the slabs to generate an average
result.

Both the aboveslabswere castusingthe CPFat the bottomof the mould.Beforeplacing
the concrete, the permeablefabric was stretchedin perpendiculardirectionsand was then
fixedandtightenedonto the bottommould.Thebottommouldhad pre-drilledholesto drain
off the surpluswater and also the entrappedair atler placingthe concrete.A polypropylene
fabric,“ZemdrainMembrane”was used in the presentinvestigation.Accordingto the only
cementitiousmaterial in the mix. Thecementcontentin theconcretemixwasfixedat 350
kg m-3and the aggregate/cementratiowaskeptat 5.26.A specialmethodof concretemixing
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as describedbelow was adoptedto obtainan uniformmix with minimumbleedingduring
setting.To start with, all the coarse aggregatesalong with l/3rd of the total mixing water
were added to the mixer, and they were mixedfor 30 seconds.The fine aggregatesand the
cementwere then added to the mix, and these were mixed for 30 seconds.Finally, the re-
mainingmixingwaterwas added,andthe mixingwas continuedfor another90 seconds.

The mixedconcretewas thenpouredin threedifferentlayersin the mould,and each layer
was vibrated with a poker vibratoruntil no more air bubbleswere seen emerging.After
casting, the slabs were coveredwith polyethylenesheet for 24 hours. Then the slabs were
subjectedto wet curingby pendingwater on the top surfacefor 6 days, and afterwardsthe
slabswere spongedrie&demoulded,andfinally,the fabricwas separatedfromthe slab.One
of the slabswas now invertedso that the surfacegeneratedby the CPF was at the top, while
for the other slab, the cast face remainedat the top. The slabswere then exposedto ambient
conditionsfor 21 days for furtherair curing. In the followingsection,the slab which was
invertedso as to bringthe CPFgeneratedfaceat the top willbe calledthe “CPFslab”while,
the other slab with cast face on top is termedthe “controlslab”.It is reported in literature
that the CPF is effectivein generatinga relativelydenseconcreteupto a maximumdepthof
10-30mm from the CPF mould(l-5,8). Hence,for the controlslab,placingthe CPF at the
bottommould would not influencethe permeationcharacteristicsof the concretenear the
cast face.

To facilitatechloridesolutionpendingon the slabs,an acrylicframeof 50 mm in height
and exactly fittingalongthe outeredgesof the slab was glued at the top of each slab. This
frame at the top servedas an embankmentfor pendingof the salt solution.The slabswere
then exposedto cyclicpendingwith 4°Asodiumchloride(NaCl)solutionat the top surface
followedby drying.Each cycle consistedof pendingfor 7 days, then removalof the solu-
tion, and dryingthe surfaceat ambientconditionfor 3 days.Freshlypreparedsolutionwas
used for each cycle, and the depth of pending was kept constantat 10 mm. The pending
fromthe top surfaceof slabswas continuedfor a totalof 70 cyclesin stepsof 10,20,50 and
70 cycles. Short time gaps in terms of days were maintainedbetween 10 and 20, and be-
tween 20 and 50 cycles.Longertime gap of aboutoneand halfyearswas deliberatelymain-
tained between 50 and 70 cycles. Afier completing70 cycles of pending and drying, the
slabswere exposedto a laboratorydryingenvironmentfor abouttsvoand half years similar
to thatof an interiorof a building.

2. Chloride Penetrationand Ca bonat Studr ion ie~, After completing70 exposure cycles
followed by the two and half years’ exposureto laboratoryenvironment,the slabs were
subjected to a variety of experimentalinvestigations.The first stage of the experimental
investigationconsistedin establishingan acid solublechlorideprofileoverthe depth of the
slabs. During this first stage, the degree of atmosphericcarbonationat the surface of the
slabswas also investigated.

For establishingthe acid solublechlorideprofile over the depth of the slabs, the slabs
were cored with a water lubricatedvacuumbased Hilti core cutter. The slabs were cored
using a 25 mm diametercore cutterat four randomlyselectedlocationsto a depth varying
between 105and 115mm fromthe top exposedsurface.The coreswere then slicedusing a
water lubricatedcircularsaw into followingdepths:O-5,5-25,25-45,45-65,65-85and 85-
105mm. The slicedsampleswere thenpassedtwicethroughajaw crusher.In orderto get a
representativesamplefor each slab at a givendepth,the slicedsampleshorn the samedepth
weremixed.To separatethe largeaggregates,the coarselycrushedsampleswerethenpassed
througha 2 mm sieve.The coarselycrushedparticleswere finallycrushedto a fine size by
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crushingthem in a heavy duty pestle mortar.Finally,the crushed samplesfrom the pestle
mortarwere passedthrougha 150pm sieveand the powderwas used for acid solublechb-
ride analyses. The acid soluble chloride contentsby weight of cement were determined
indirectlyby Volhard’smethodas describedin BS 1881(9).

To studythe extentof carbonationat the exposedsurfaceof the slabs,techniquessuch as
powdermethodof XRD and DTA were used. The powdersamplesletl over from the chlo-
ride analyseswereusedfor the abovestudies.

TheXRD studieswere carriedout on a PhillipsX-raydiffictometer with a X-ray source
of Cu & radiation(A = 1.5418A“). The scan speed was 2° per minutewith scan step of
0.02°. The X-ray tube currentand voltagewere fixedat 30 mA and 50 KV respectivelyfor
all the samples. The “ftont loading”method was adopted for loadingthe sample into the
aluminiumwindow.

A StantonRedcroftDTA (model673-4)was used for thermalstudies.Powderedsamples
weighing100mg were used in orderto makethe samplesmorerepresentative,althoughthis
might result in thermalgradientswithin the sample.The sampleswere scannedtlom room
temperatureto 850”Cwith a scan speedof 10”Cper minute.Platinumcrucibleswere used
for fillingboththe sampleandthe referencematerial(aluminaignitedto 1100”C).

3. PoreSizeJMrbutlon Stidks.
. . . . The secondstageof the experimentalwork dealswith the

studyof pore size distributionat the pondedsurfacesof slabs.For this study,the slabswere
once again cored with a 25 mm diametercore cutter to a depthof 30 mm from top ponded
surface as already explained.The cores were then sliced as previouslyexplained into the
followingdepths:O-5mm and 5-25mm. The coredsliceswere thenreducedto smallmortar
fragmentsusing a lightweighthammerand a smallchiselseparatingthe coarseaggregates.
It is believed that this method of samplepreparationresults in a minimumdamage to the
pore structureof the sample.The size of the chiselledirregularmortar sampleswas slightly
larger than the maximumcoarseaggregatesize (10 mm). These mortar sampleswere then
soaked in methanol (solventextraction)in air tight polypropylenebottles for a minimum
periodof 10-15days.The sampleswerethendriedin an ovenheldat a temperatureof 105°C
untilthe samplesreacheda constantweight.Theheatingtime for reachinga constantweight
did not normallyexceed2-3 hoursas the sampleswere small in size. Upon reachinga con-
stantweight,the sampleswere removedfromthe oven and were storedin a desiccatoruntil
the day of the experiment.The abovemethodof dryingthe sampleis knownto preservethe
originalpore structureof the sample(10).

The pore size distributionstudywas carried out on a MicromeriticsPore Sizer (Model
9320) having a high pressure limit of 30,000 psia. The contact angle “6” used in the
Washburnequationwas 117°as the samplewas oven dried followedby solventextraction
(11).The poreswere assumedto be of circularcrosssectionand hence,the shapefactor “$”
in the Washburnequationwas chosenas 4. Weightof the samplesused for the pore structure
studiesvariedbetween2 and2.5 grams.

Results

In the followingsectionthe resultsof the tests carriedon the samplesdrawn from CPF slab
are comparedwith thosehorn the controlslab.
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FIG. 1.
Acid solublechloridecontentsforthe CPFandcontrolslabs.

Figure 1 showsthe chloridecontentsat differentdepth intervalsfor
the CPF slab and the controlslab for whichpendingwith NaCl solutionwas done fromthe
cast face. The resultspresentedin the abovefigureare atler pendingthe surfaceof the slabs
for 70 cyclesof wettinganddrying.

In general, both slabs show almost identicalchloridecontentsat any given depth, with
chloride contents decreasingwith increasingdistance from the surface. Compared to the
controlslab, the CPF slab showsrelativelyloweracid solublechloridesat the top;however,
beyondthe 25-45 mm depth interval,the CPF slab showsrelativelyhigheramountof acid
solublechlorides.Thus, the CPF slab is marginallysuperiorin chloridepenetrationresis-
tance than the controlslabuntil the 25-45mm depth interval.The resultsobtainedafter 10,
30 and 50 cycles of wettingand drying,thoughnot presentedhere, also supportthe above
view(12).

Acid solublechloridecontentsfor the O-5mm depth intervalwere not analyzedas ab-
normallyhigh build-upof chloridesat the surfaceis expected.This is primarilybecauseof
the chlorideprecipitationat the surfaceduringthe dryingperiods.

~ DTA w. All the XR13diffractogramspresentedbeloware plottedwith an
identicalscale for the y-axis;that is, the numberof counts,and hencethey are comparable.
Similarly,all the DTAthermogramspresentedbeloware alsoplottedwith an identicalscale
for the y-axis;namely,the temperaturedifferences(AT).

2.1. Slabporukdfrom the surface generated by the CPF (CPFslab). Figure2 presentsthe
X-ray dithactogramsfor O-5mm and 5-25mm depthintervalsfromthe top pondedsurface.
The diffi-actogramfor the O-5mm shows a relatively large maximumintensity peak for
calcite(CaC@ at 3.o4AOcomparedto that for the 5-25mm depthinterval.The me~-stable
vaterite (CaCOl) is also evident at 2.06 AOfor the O-5mm depth interval. Portlandite is
evidentfor boththe abovedepthintervalsthrougha maximumintensitypeak at 2.63 A“.The
presence of calcite and vaterite is explainedby the chemicalconversionof a part of free
portladitetoCa(X)3(calcite and vaterite) in the presence of moisture and atmospheric
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FIG.2.
XRD diffractogramsfor the CPF slab. (Keys:QT: et-Quartz,PT: Protlrmdite,CT: Clacite
and VT: Vaterite.Thekeysin bold lettersindicatethe maximumintensitypeaks).

carbon dioxide(COZ).FromFigure2 it appearsthat, the O-5mm depth intervalhas greater
proportionof portlanditethan the 5-25mmdepthintervaldespitethe factthat the formerwas
carbonatedto a greaterextent.

The aboveXRD resultsare inconclusiveas otherhydratedcementphaseshavingidentical
d-spacingare sometimesmistakenlyidentified.For example,the poorly crystallineC-S-H
gel is knownto giveabroad andweakpeakaround3.07AOcloseenoughto calcite(13).The
peak intensityfor a phaselikeportlanditefromX-raydiftlactogramis sometimesunreliable
due to the preferredorientationexhibitedby portlanditecrystals,althoughthis can be mini-
mised by “back loading”the aluminiumwindow(14), Furthermore,due to the presenceof
calcite in both crystallineand amorphousforms in hydratedcement,the results from XRD
are inconclusivein identi~ing the total quantityof calciteformedin concrete(15,16).This
is becausethe XRD identifiesonly thosephasesexistingin well-crystallineform. Thermal
studiessuch as DTA, or differentialscanningcalorimetry(DSC) are useful for identifying
amorphousand crystallinecalcitepresentin concrete.On a DTAthermogram,the decompo-
sition of crystalline calcite is indicated through an endothermicpeak centered close to
800”C,while the amorphouscalcite decomposesat relativelylower temperaturesthan the
well-crystallinecalcite (15,16). The higher degree of dispersity(lower activationenergy)
associatedwith the amorphouscalcite is believedto lower its decompositiontemperature
(16).

Similarly,portkmditeon a DTA thermogramstartsdehydratingto CaO at about400”C,
andthereforegivesrise to a strongendothermicpeakaround500”C(17).The a-quartz gives
an endothermicpeakat 573°Cat whichit transformsinto&quartz(13).

Figure 3 shows the DTA thermogramsfor O-5mm and 5-25 mm depth intervals.The
thermogramsfor the O-5mm depth intervalshows endothermicpeaks centered at 805°C
and 765°Cto indicatethe presenceof calcite in well-crystalline(as shown by XRD) and
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FIG.3.
DTAthermogramsfor the CPFslab.(Keys:PT: Portlandite,CA:Calcite,QT: et-Quartz).

amorphousformsrespectively.Similarly,the 5-25mm depth intervalalso showstwo endo-
thermic peaks centered at 795°C and 765°C to indicate the presence of well-crystalline
(as shownby XRD) and amorphouscalciterespectively.By takingthe totalpeak heightdue
to both crystallineand amorphouscalciteas a criterionfor estimatingthe extentof carbona-
tion attack, it appearsthat the O-5mm depth intervalis carbonatedto a greaterextent than
the 5-25mm depthinterval.BothO-5and 5-25mm depthintervalsalso indicatethe presence
of pordandite through endothermicpeaks centered at 475°C and 495°C respectively.By
comparing the peak heights for portlandite, it is evident that the O-5mm has a slightly
greater amountof portlanditethan the 5-25 mm depth intervaldespitethe former was car-
bonated to a higher extent.The XRD resultspresentedin Figure2 also supportthe above
observation.

2.2. Slab pondedfrom the cast face (control slab). Figure4 presentsthe XRD diffracto-
grams for O-5mm and 5-25 mm depth intervals.The difii-actogramfor the O-5mm depth
intervalshowsa relativelylargemaximumintensitypeak for calciteat 3.04 A“ comparedto
the diffractogramfor the 5-25 mm depth interval.The O-5mm depth interval, apart from
calcitealso showsa maximumintensitypeak for vateriteat 2.06 A*,which is absent in the
diffractogramfor the 5-25 mm depth interval.The above evidenceindicatesthe relatively
higherextentof carbonationof the slabat the O-5mm depthinterval.The aboveobservation
is also supportedby the total absenceof portlanditefor the O-5mm depth interval.On the
otherhand,portlanditeis evidentfor the 5-25mm depthintervalindicatingrelativelylower
extentof carbonationat the 5-25mm depthinterval.

Figure 5 presentsthe DTA thermogramsfor O-5mm and 5-25 mm depth intervals.The
thermogram for the O-5mm depth interval shows a large endothermicpeak centered at
790”Cto indicatethe presenceof crystallinecalcite(as shownby XRDresults).On the other
hand, the thermogramfor the 5-25mm depthintervalshowsrelativelysmallerendothermic
peakscenteredat 785°Cand 735°Cto indicatethe presenceof well-crystalline(as shownby
XRD results) and amorphouscalciterespectively.In conformitywith the XRD results, the
thermogramfor the O-5mm depthintervalalsoshowsthe absenceof portlandite.In contrast,
the thermogram for the 5-25 mm depth interval shows an endothermicpeak centered at
510”Cto indicatethe presenceof portlandite.
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XRD diffractogramsfor the controlslab.(Keys:QT: &Quartz, PT: Portlandite,CT: Calcite
and VT: Vaterite.Thekeysin bold lettersindicatethemaximumintensitypeaks).
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FIG. 5.
DTA thermogramsfor the slab ponded from the cast face. (Keys: PT: Portlandite, CA:
Calcite,QT: et-Quartz).
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By inter comparisonof the DTA thermogramspresentedin Figures3 (CPF slab) and 5
(controlslab)the followingobservationsare evident.By takingthe total peak heightdue to
both well-crystallineand amorphouscalciteas a criterion,the O-5mm depthintervalof both
CPF and control slabs appears to have carbonatedto a nearly similar extent. Despite the
similarextentof carbonationat the O-5mm depthinterval,the CPF slab showsthe presence
of significant amount of portlanditeat the O-5mm depth intervalwhile, portlanditewas
absentfor the controlslabat the abovedepthinterval.Similarly,the 5-25mm depthinterval
of both CPF and control slabs also appearsto have carbonatedto a nearly similar extent.
However, the CPF slab showsa greateramountof portlanditethan the control slab at the
5-25mm depthinterval.Theotherimportantobservationwas thepresenceof slightlygreater
amountof portlanditeat the O-5mmthanthe 5-25mm depthintervalof the CPF slab despite
the factthat the formerwas carbonatedto a greaterextent(Figures2 and 3).

Figures6 showsthe cumulativeintrusionplots for both
the CPF slaband the controlslabwithsamplesdrawnfromO-5and 5-25mm depthintervals.
Table 1presentsthe porosities,the totalaccessibleporevolumesandthe thresholddiameters
for bothCPF and controlslabsfromthemercuryintrusiondata.

3.1.Slabpondedfiom the surface generated by the CPF (CPFslab). In Figure6, the steep-
est portions of the cumulativeintrusionplots correspondto the geometricallycontinuous
pore system(capillaries)present in hydratedcement(11). The maximumpore diameterat
which the cumulativeintrusioncurveattainsthe steepestslopecorrespondsto the threshold
or the neck diameterof thecapillaryporesystem.

In Figure6, the cumulativeintrusionplot for the O-5mm depth intervalfor the CPF slab
showsthe least total accessiblepore volume.This indicatesa largereductionin the volume
of the geometricallycontinuouspores for the abovedepth interval.Table 1 also showsthe
smallestthresholddiameterfor the CPF slab at the O-5mm depth interval.In contrast,the

0,08

0.00

-1 ‘.“. L CPF slab, 5-25 mm

1 10 100 1000 10000 100000 1000000
Pore Diameter (rim)

FIG. 6.
Cumulativeintrusionplotsforthe CPFandthe controlslabs.
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TABLE 1

Resultsfromthe MercuryPorosimetryStudies

Slabtype Depthfromthe
pondcdsurface.

mm
Slabpondedfrom O-5
the cast face 5-25
(Controlslab)
Slab pondedfrom O-5
the CPF face 5-25
(CPF slab)

Porosity.Y. Totalaccessible
porevolume.
nL/g-nm

13.70 0.0644
12.80 0.0640

6.70 0.0321
13.50 0.0712

Vo]. 27, No. 7

Threshold 1
diameter.
am I

%300
=100

=80
=100

cumulativeintrusionplot for the 5-25 mm depth intervalcomparedto the O-5mm depth
intervalshowsmore than two fold increasein the total accessiblepore volume.Table 1 also
showsa similartrend when the porositiesfor the O-5mm (6.700A)and 5-25 mm (13.50°/0)
depthintervalsare compare&althoughthe aboveporositiesare not the totalporositiesof the
samples.This is becausethe maximumpressurelimitationof the instrument(30,000psia)
restricts the minimumdiameterthe mercury can penetrateto around 4 nm (contact angle
1170).

In the followingsection,thoseporeswithdiametersgreaterthanabout 100nm are termed
the “large”or the “macro-pores,”while those pores below 100nm are termed the “micro-
pores.”The macro-poresrepresentthe unfilledvoidspacesbetweenthe clusterof hydration
products.

3.2. Slab pondedfiom the cast surface (control slab). In Figure 6, though the cumulative
intrusionplots for the O-5mm and the 5-25mm depthsintervalsshowalmostidenticaltotal
accessiblepore volumes,the former showsrelativelyhigher pore volumesfor the macro-
pores. Table 1 showsporositiesof 13.70’%.and 12.80%for the O-5mm and the 5-25 mm
depth intervalsrespectively,emphasizingthat the differencebetweenthe abovetwo is insig-
nificanttlom a practicalviewpoint.

The porosimetryresults indicatethe presenceof a relativelydenserconcrete(minimum
macro and micro-pores)at the O-5mm depth intervalfromthe CPF for the CPF slab. How-
ever, at greaterdepthsbeyond5 mm the CPF appearsto be ineffectivein generatinga simi-
lar denseconcrete.Furthermore,the 5-25mm depthintervalsof CPF and controlslabshave
a nearlyidenticalporestructure.

As alreadypointedoutaboveboththe CPFand controlslabscarbonatedto a nearlysimi-
lar degree at the O-5mm and 5-25 mm depth intervals.Further,the CPF slab showedmar-
ginalsuperiorityin resistanceto chloridepenetrationthanthe controlslabat the surfaceuntil
the 25-45mm depth interval.However,the mercuryporosimetrydata showedthe presence
of a relativelydense concretefor the CPF slab at the O-5mm depth interval.Thus, for the
CPF slab, the mercuryporosimetrydata fail to explainthe chlorideand carbonation(XRD)
results.
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Discussion

1. Gend. For the controlslab pondedfromthe cast face, the presenceof CPF at the bot-
tom of the mouldshouldnot influencethe propertiesof the concreteat the top cast face. This
is due to the fact that the slab is 150mmthick,andthe CPF is reportedto be effectiveupto a
maximumdepth of 10-30mm from the CPF mould (l-5,8). Thus, the resultspresentedfor
the controlslab are not influencedby the CPFplacedat the bottomof the mould.However,
the permeationcharacteristicsof the concreteat the cast surfaceof the controlslab are cer-
tainly influencedby the sedimentationeffectsdue to bleedingof the concrete,but the slabs
were cast in such a way that bleedingwas reducedto a minimumas describedat the begin-
ning.

In the presentinvestigation,for mercuryporosimetrystudies,the coarseaggregateswere
taken out of the concretesamplesas describedearlier.This was done in order to eliminate
the sampleto samplevariationsarisingdue to the non-uniformdistributionof coarseaggre-
gates in the samples.Otherwise,a concretesamplewith higherproportionof coarseaggre-
gate would show a relativelyless intrudedpore volume,comparedto a sampledrawn from
the same location with a lower proportionof coarse aggregates.Ideally,hydrated cement
paste samples are more suitablefor mercury porosimetrystudies.Further, the removal of
coarseaggregatesfromthe concretemightmodifi the porosityand the pore structureof the
originalsample.Incidentally,in the presentinvestigation,relativedifferencesin pore struc-
ture betweenthe identicallypreparedsamples(mortar)withoutcoarseaggregatesare com-
pared. Hence, it is thoughtthat, the methodemployedprovidesreliabledata for the purpose
of relative comparisonof the results. Furthermore,the samplesthus prepared from cores
taken from the same locationshowedreproducibleresults.Collepardiet al. (18) have also
carried out mercury porosimetrystudieson mortar samplesobtainedby separatingcoarse
aggregatesfromthe concretesamples.

~ F O~eration. In the present investigation,for both slabs the fabric
membranewas fixedat the bottomof the mould.On placingand vibratingthe concrete,the
fabric membraneas normallyexpected,drainsoff the surpluswater and the entrappedair
tlom the concretelayerin closecontactwith the CPF(l-5). As a resultof this, voidswill be
created in a layer of concretein close contactwith the CPF. Due to gravity effect, the ce-
ment, aggregatesand waterfromthe adjacentconcretelayertend to fill in thosevoids.Thus,
due to the movementof additionalcement from the adjacentconcrete layer, the concrete
layer in close contactwith the CPF eventuallyattainsa relativelylowerw/c ratio compared
to the bulkconcrete.

The DTA thermogramsconfirmedthepresenceof significantamountof portlanditeat the
O-5mm depth intervalof the CPF slab while,portlanditewas absentfor the control slab at
the above depth interval.The above observationis interestingbecause the O-5mm depth
intervalof both the CPF and controlslabswere carbonatedto a nearly similarextent.Simi-
larly,for the 5-25mmdepthinterval,the CPFslabshowedhigheramountof portlanditethan
the control slab despitethe fact that both of the slabswere carbonatedto a similar extent.
‘l%eaboveevidencemay suggestthe presenceof a greateramountof cementat the O-5mm
and 5-25mm depthintervalsof the CPF slab.Thepresenceof a greateramountof cementat
these depth intervalsof the CPF slab appearsto be due to the movementof additionalce-
ment fromthe adjacentlayersas explainedearlier.However,for the CPF slab, the O-5mm
appearsto be relativelymore rich in cementthan the 5-25 mm depth interval.This is con-
firmedby the presenceof slightlygreateramountof portlanditeat the O-5mm than the 5-25
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mm depth intervalin spiteof the fact that the formerwas carbonatedto a relativelyhigher
extent.

3. ChloridePenetmtiwandCarbouMism.The abovediscussionsuggeststhe movementof
additionalcement into the concretelayer in contactwith the CPF fromthe adjacentlayers.
However, it is not clear how far the increasedcementcontentat the O-5mm and 5-25 mm
depth intervalsof the CPF slab has reducedthe localw/c ratio of the concretefromthe w/c
ratio of the bulk concrete.Researchreportedby the presentauthors(19)has clearlydemon-
stratedthe penetrabilityof chloridesin substantialamountsuntil the 25-45 mm depth inter-
val eventhroughconcreteof 0.45w/c ratio on long-termexposure(70 cyclesof wettingand
drying). Thus, long-termresistanceto chloridepenetrationin concretestructuralelements
cast with CPF is achievableprovidedthe CPF generatesa denseconcreteskin of w/c ratio
anythingbelow0.45.

In the presentinvestigationthe atmosphericcarbonationof slabs is not expectedto occur
duringthe 7 day wettingperiodof the 10day cycle.This is due to the unfavorable RH, as
air permeabilityof concrete decreasesmarkedlyabove 80V0RH (20), and the maximum
carbonationis at 50°ARH (21). The atmosphericcarbonationmay start during the 3 day
dryingperiod of the 10 day cycle at somerate, but it is consideredthat it will be at a very
slow rate and much below the optimumrate. This is due to the limiteddrying of capillary
poreswhich enhancesthe flux of CQ throughthe concrete.Thus,the severecarbonationof
the slabs is believedto have takenplaceduringthe one and halfyears time gap betweenthe
50 and 70 exposurecycles,and also duringthe NO and half years time gap after the com-
pletionof the 70 exposurecycles.

Recallingftom the sectionon experimentalwork, it is emphasizedthat the pore structure
studywas carried out by takingfresh cores from both slabson completionof the exposure
regime.Thus,it is naturalthat the porestructurespresentedabovehavebeenmodifiedby the
penetratingchlorideionsand the carbonationproducts.As alreadypointedout earlier,at the
O-5mm depth interval,the CPF slab showedsignificantreductionin the numberof macro
pores (-bout 100nm in diameter)comparedto the controlslab.Accordingto Powers(22),
the macroporesprovidenumerousnucleationsitesfor the atmosphericcarbonationattack.In
contrast, atmosphericcarbonationattack is inhibitedin the micro pores due to inadequate
nucleationsites. This is due to the fact that the macro poreshave a large internalpore wall
surface area comparedto the micro pores. The preferentialprecipitationof CaCOJin the
macro pores as explainedearliermodifiesthe pore structure.It is reported that due to the
atmosphericcarbonationof concretethe number of pores in the range of 20-1000 nm in
diameteris reduced(23). Further,the productsdue to atmosphericcarbonationof concrete
such as calcite,aragoniteand vateriteare voluminous.Thus,conversionof each gram mole
of portlandite into CaCOJ results in an increaseof 11.8’Yoin volume (15). The diffusing
chlorideionsderivedfromNaCl are also knownto decreasethe numberof pores around80
nm in diameter(24).

The abovemodificationsdueto the atmosphericcarbonationandpenetratingchloridesare
superimposedon the pore structuregeneratedat the castandthe CPF facesdue to hydration.
Thus, for the CPF slab, at the O-5mm depth interval, the chloridesand atmosphericcar-
bonationproductsfirther decreasethe numberof macroporesfromthe relativelydensepore
structuregeneratedby the CPF.Therelativelylessernumberof microporesfor the CPF slab
at the O-5mm depth intervalis believedto be mainlydue to the effectof CPF. On the other
hand, for the controlslab,bothchloridesand carbonationproductsdecreasethe macropore
volumes of the relativelycoarse pore structuregeneratedat the cast face. The rise in the
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numberof pores less than around4 nm diameterdue to the possiblepartialblockingof the
macro poresby chloridesand carbonationproductscannotbe seen due to the pressurelimi-
tation(maximum30,000psia)of theporosimeter.It is importantto notethatboth slabswere
cured and exposedto identicalexposureregimes,hencethe observeddifferencesin the pore
structureare not influencedby the differencesin degreesof hydration.Thus, the pore struc-
ture presentedhere for CPF slab is not solelydueto the presenceof CPFat the bottomof the
mould;it is a modifiedstructuredueto penetratingchloridesand carbonationproducts.

The XRD and DTAresultsshowedan almostsimilardegreeof carbonationfor both CPF
and controlslabs at the surface.Also, the CPF slab showeda marginalsuperiorityagainst
chloridepenetrationat the surfacecomparedto the controlslab.One is thus lead to believe
that, the pore structureand permeabilityof the concreteat the ponded surface in both the
slabsafter28 day curingwerenot verydifferentfromthe viewpointof resistanceto chloride
and carbonationattack.Thus, it appearsthat, the CPF employedat the bottomof the mould
decreasedmarginallythe w/c ratio of the concreteadjacentto it from that for the bulk con-
crete. The concretethus generatedadjacentto the CPF was not denseenoughto effectively
controlthe transportationof chloridesand atmosphericC02 throughit. This suggeststhat the
CPF is not filly effectivein its intendedpurposeof generatinga permanentand long-lasting
denseimpermeableconcretelayeradjacentto it for concreteof 0.60w/c ratio.

Conclusions

The followingconclusionsare derivedfromthepresentinvestigation.

1.

2.

3.

4.

The CPF employedat the bottomof the moulddecreasesthe w/c ratio of the concrete
adjacentto it marginallycomparedto the w/c ratio of the bulk concrete.Thus, the CPF
is not fullyeffectivein its intendedpurposeof generatinga long-lastingdenseimpermea-
ble concretelayeradjacentto it whenthew/cratioof the concretemixwas 0.60.
Due to the CPF not generatinga dense impermeableconcrete,the CPF slab, exposed
from the face generatedby the CPF, carbonatedto an almostsimilarextent(XRD and
DTA) as thatof the controlslabexposedfromthe castface.
Also, due to the failure of CPF in generatinga dense impermeableconcrete,the CPF
slab, pondedfrom the surfacegeneratedby the CPF showedalmost similaramountof
chloridesand theirdepthsof penetrationas thatof the controlslabexposedfromthe cast
face,althoughthe CPFslabwasmarginallysuperiorin chloridepenetrationresistanceat
the surface.
Severeatmosphericcarbonationand chlorideionpenetrationthroughconcreteresults in
substantialmodificationto the originalporestructure.
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