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STUDY ON PROPERTIES OF HARDENED HIGH-PERFORMANCE CONCRETE
STRIPPED AT AN EARLY AGE

(Translation from Proceedings of JSCE, No.508/V-26, February 1995)
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High-Performance Concrete, which was developed by a group of the University of Tokyo, was
originally designed with a low water-cement ratio to ensure self-compactability. Consequently,
this concrete can be expected to offer adequate performance in the hardened state for ordinary
concrete structures, even if it is not well cured. In this study, systematic experiments are carried
out in order to evaluate the durability of hardened High-Performance Concrete when it is stripped
early. Its applicability in situations where early form-removal is required is discussed based on
the experimental results.
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I . INTRODUCTION

High-PerformanceConcrete(HPC), which was developedfor the purposeof improvingthe
reliabilityof concretestructures,requiresno vibratingoperationbecauseit is self compacting.
Consequently,this concreteis not affectedby the qualityof the concretingwork.HPCis highly
resistant to initial defects arising as a result of heat generationby the cement and drying
shrinkage.Its oxygenpermeabilityis also low, as is that of water whichcauses corrosionof
reinforcingbars embeddedin the concrete[1].In terms of mix proportion,HPCis characterized
by low water-cementratio and a large amount of powder material; both characteristicsare
necessaryfor self-compactability,whichis the mostimportantvirtueofthis concrete.As a result,
its propertiesas regardsheat generationand shrinkagemust be strictlycontrolledas compared
with conventional concrete[l][2]. Nevertheless,if cured by ordinary methods used with
conventionalconcreteunder normalenvironmentalconditions,this concretecanbe expectedto
have better-than-requiredperformancein areassuch as strengthand permeabilitybecauseof its
dense porestructure.

The propertiesof hardenedconcretegenerallydependnot only on the mix but also on curing
conditions.Since fomwork protectsmost of the concrete - aside from the cast surface -
againstdrying,the timeof form-removalis a substantialfactorin the curingconditionsof actual
structures.If the formworkis removedat an early age,the performanceof the hardenedconcrete
cannotfully developedto the levelobtainedundergood curingconditions.On the otherhand,it
is alsotrue thathardenedconcreteretainsa certainpotentialif curedunder lessthan idealcuring
conditions.Even in a case wherethe potentialof the concreteis only partly developed,it is
possibleto make practicaluse of it as long as its qualitiesexceedthe requiredlevel. A concrete
with good potentialmay makethis possible.

HPC has high potentialityafter hardening.If it could be shownpossibleto removeformwork
earlierand simplifythe curingoperation,constructionprocesswouldbe furtherrationalized;for
instance,less laborwouldbe neededfrom castingto curingand the costructionperiod couldbe
reduced.

In order to realize a constructionmethod in which the curingprocess is simplifiedor even
eliminatedaltogether,it is necessaryto establisha technologycapableof predictingthe properties
of hardenedconcretefroma givenset of concretematerials,the mix proportion,and the curing
conditions.It must be possible to judge in advance whether these properties satisfy the
requirements[l].Sincethe qualityof the concreteat the surfaceof a structureis greatlyaffected
by curingconditions,an investigationof durabilitypropertiesis particularlyimportant.Although
some investigationsof individualproperties have been reported as regards the quantitative
relationship between concretematerials, mix proportions,curing conditions, and concrete
properties[3], therehavebeenfeweffortsso farin whichthe variouspropertiesare systematically
investigatedanddurabilityis syntheticallydiscussed.

Thepurposeof this researchis to syntheticallyinvestigatethe possibilityof early form-removal
and simplifiedcuringoperationsusing HPC, mainly from the viewpointof durability.In this
paper,strength,dryingshrinkage,dryingshrinkagecracks,carbonation,chloridepenetration,and
freezingandthawingare examined.Thebehaviorof thesepropertieswhenformworkis removed
at an earlyage is discussedbasedon the resultsof systematicexperiments.

2. OUTLINE OF EXPERIMENTS

1.1 ConcreteUsed in Experiments

Two types of HPC and one conventionalconcretewith a water-cementratio of 55% wereused
in the experiments.The two HPCswereMS, whosepowderphasecomprisesmainlymoderate-
heat portlandcement,and S6, in which60% of the powderphase is replacedby blast furnace
slag. Thesetwo HPCsare self-compacting.Theyare designed,in this study,with equal water-
powderratios in volume,and equalunit water,unit sand,and unit gravel contentsso as to allow
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Table 1 Mix Proportionand Propertiesof FreshConcreteUsed in the Experiments

Note) Ad.1 : superpla.sticizerin MS and S6 and AE admixture in OP, Ad.2 : air adjustment admixture.

Table2 Propertiesof Materials

Notadon Narne SpecificGravity BlaineValueetc.

MC Moderate-HeatCement 3.17 Blaine 3200[cm2/g]
c ordinary Portland Cement 3.l5 Blaine 3300[cm2/g]
L18 LimestonePowder

S6 BlastFurnace Slag
S Sand

G Gravel

2.68 Blaine 18000[cm2/g]
2.91 Blaine 6000[cm2/g]
2.62 River Sand,

Absorption 1.54[%],

Solid Volume 70[%],
F.M. 3.01

2.7l Crushed Stone,

Absorption 0.6[%].
Solid Volume 6l[%],

F.M. 6.85

Table3 Test Subjectsand
Curing Conditions

Mix MS MS
Form- 16th 2nd

Removal hr day

MS S6 S6 0P

7d1 2nd 7ul

day day day

Compressive O nStrengul
Drying (•`) r)
Shrinkage
Dryhg ( i
shrinkage Crackw
Carbonation
Chloride
Penetration
Freezingand
Thawing

C)r)

(i

(I)

( '1)

(1)

(1 6T3)

,i n O A

3 (1 C) A

3 :l5 Ej 2
n - v

Note) 6): Curing in Water, A: Stripped at he 7th day,
V: Stripped at ale 2nd day.

investigationsof the effectof mix proportionand curingconditionson the concreteproperties.
ConventionalOP concretewas used for the purposeof comparison.Mix proportionsand test
resultsfor the freshconcreteare shownin Table1.Thepropertiesof thematerialsusedare shown
inTable2.

2.2 Curing Conditions

The curingconditionswerecontrolledby altering the age at whichthe formworkwas removed.
After castingand up till form-removal,the concretewas protectedfrombothdryingand wetting
by polyethylenesheeting.The concreteage at form-removalwas basicallyl6 hours,2 days,and
7 days for MS concrete,whosebase cementitiousmaterialis moderate-heatcement,and 2 days
and 7 days for S6 concrete,whichcontainsblast fumaceslag. After form-removal,specimens
werekept in a roomat a temperatureof about20oCand a relativehumidityof about60%.These
conditionswerechosenbasedon a considerationof the mean climateof Japan.For conventional
OP concrete,whichwas testedfor comparisonpurposes,the formworkwas in principleremoved
at 7 days.The variouscombinationsof test subjectsand curingconditionsareshownin Table 3.

2.3 Test Subjesctsand Procedure

a) CompressiveStrength
Specimensizewas 4 10x20cm.Thecompressivestrengthof concreteis not onlyrepresentative
mechanicalpropertybut also providesan indexfor the time of formworkremoval.Besidestests
to investigatethe effects of curing conditionson compressivestrength,strengthdevelopment
withinthe formworkswasalso examined[4].
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b) DryingShrinkage
Specimensize was 10x10x40cm.After form-removalat the designatedage, specimenswere
exposedto dryingconditionsin thetemperature-controlledroomwitha temperatureofabout 20oC
and a relativehumidityof about60%.Time-dependentweightchangesand shrinkagestrainwere
measured.Strain was measuredusingcontact gages.

c) Characteristicsof DryingShrinkageCracks
A test apparatusfor dryingshrinkagecracksas proposedby JIS was used Pig. I)[5][6][7].After
form-removal(removalof the bottom plate) at the designatedage, specimenswere dried in the
temperature-controlledroom.Strain on the restrainingsteel plate was measureduntil cracking.

d) Carbonation
Specimensizewas 4 10xlOcmPig.2). ARerform-removalat thedesignatedage,specimenswere
coatedwith a rubber-typebondingmaterialon all excepttheir bottomsurfaces.Theywere cured
in the temperature-controlledroom until the 28th day and then in a temperature-andhumidity-
controlledchamberat a temperatureof 40cC and a relativehumidityof 40% from the 28th day
until the 42nd day. From the 42nd day on, specimenswere exposedon envirormentof 40oC
temperature,40%relativehumidity,and 10%carbondioxidein the chamberfor a further28 days.
Finally, they were taken from the chamberand cut along the castingdirectionusing a concrete
cutter. l% phenolphthaleinsolutionwas sprayedontothe cut surface.The width of the portion
whichdid not turn red was measured[8].

e) ChloridePenetration
Specimensize, themethodofcoating,and the curingconditionsuntilthe 42ndday werecommon
with the carbonationtest Pig.2). Fromthe 42ndday on, specimenswere exposedto a salt-water
sprayat 35oCand 5% soditm chlorideand, in turn, to an atmosphereof 40oCand 40% relative
humidity,for 7 days each until the 70th day. After that, the sampleswere cut along the casting
direction.Fluoresceinand silver nitrate were sprayed onto the cut surface.The width of the
portion whichturnedwhite was measured.

i) Freezingand Thawing
Specimensizewas lOx10x40cm.The testmethodconformedto the JIS method.The arrangement
of test casesdifferedfrom other the other tests[9].The amountof air entrainedin the MS and S6
concretewas variedusingan admixture.Formworkwasremoved2 daysafter castingin all cases.
Specimenswere cured in a roomat a temperatureof about 20oCand a relativehumidityof about
60%until the 28thday.Somewere curedin water.The measuredair contentof the freshconcrete
was 2.8% and 5.2% in MS, 2.9% in S6, and 4.5% in OP.

3. STRENGTH DEVELOPMENT

3.I Strength at Fom-Removal

Beforethe formworkcan be removed,the concretemustbe at leastbe strongenoughto support
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the deadloadof the structureand any appliedloadresultingfromconstructionwork[lO].Strength
development at an early age was investigated first. Figure 3 shows the developmentof
compressivestrengthof MS and S6 concreteuntilthe 7th day while in the mold[4].The strength
developmentof thesetwoconcretesis almostidentical.If we considerthe ageat whichformwork
can be removedfromthe viewpointof deadload and load appliedduringconstruction,basedon
the designspecificationsfor concretestructures[10],it is possibleto removethe formworkafter
16hours (in the case of MS concrete)at the surfacesof footings,after one day for columnsaJld
walls,and after two days for slabs.

3.2 StrengthafterForm-Removal

The compressivestrengthof MS and S6 concreteat the 7th day and the 28thday in the case of
early stripping is shown in Fig.4. For comparison, the compressivestrength of MS and OP
concretecuredin wateris also shownin the figure.HPCs are designedwith a low water-powder
ratio to comply with the requirementfor self-compactability.Consequently,when hydrationof
the cement ideally proceed in water, 54.1 MPa of compressivestrength at the 28th day was
obtainedfor MSconcrete.Whenformworkwasremovedonthe 2ndday, the compressivestrength
on the 28th daywas 43.8 MPafor MS concreteand49.I MPafor S6concrete.Thus, if formwork
is removedearly, the compressivestrengthafter hardemingis lowercomparedwith the caseof
curingin water.However,it is still possibleto use theseconcretesin normalconcretestructures.
MS concretestrippedat 16 hours showed26.3 MPa in compressivestrengthat the 28th day,
whichis a useablestrengthfor someactualstructures.

Thesecompressivestrengthmeasurementswereallobtainedusing 4 10x20cmspecimens.In the
case of an actualstructure,water evaporatesless rapidly frominsidethe structureas compared
withthe surfacelayer.Evenif the formworkis removedatan earlyage,hydrationofcementdeep
within the concretecan proceedwithout being affectedby evaporation.Thus the strengthof
concreteinsidethe structurewill developbetter than indicatedby the test resultsreportedhere.
Therefore,there shouldbe no seriousconcernin using theseconcretesafter earlyform-removal
taking into account the strength required to obtain adequate structuralperformance.More
importantarethe propertiesrelatingto durability,whichimperfectionsin hydrationat the surface
have a directeffecton. Theseare discussedin the nextchapterandbeyond.

4. PROPERTIES RELATING TO DURABILITY

4 .1 Drying Shrinkage

In orderto discussthe qualityof concreteas it relatesto structuredurabilitybasedon the test
results, it is necessarytodclariTfythe relationbetweenthe test resultsand the durabilityof actual
concretestructuresmadeof that concrete.In otherwords,it is essentialto establisha general
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estimation systemfor structuredurability which takes into accountthe shape and size of the
structure,boundaryconditions,and environmentalconditions;this will enablethe test resultsof
concretespecimensto be efficientlyused[11].However,sucha generalizedestimationsystemable
to predict the occurrenceof cracksand the penetrationof deteriorationhas not been developed
as yet. Thus,in this study, the qualityof HPC strippedat an early age is comparedwith that of
conventionalconcretewitha 55% water-cementratio curedby standardcuringconditions.

Figure 5 shows the relationshipbetweendryingtime and mount of evaporatedwater.Figure6
shows the relationshipbetween drying time and shrinkagestrain. In these figures, amount of
evaporatedwaterand shrinkagestrain reach zero whenthe dryingtime is zero.The evaporation
of water is morepronouncedin cases whereform-removalwas earlier.Large shrinkagestrain at
an early stage was observedin the case of MS concretestrippedat 16 hoursand S6 concrete
strippedon the 2nd day. In other cases, includingconventionalOP concrete,the relationships
between drying time and shrinkagestrain were little different from each other. The observed
shrinkagestrainin S6 concrete,whichcontainsblastfurnaceslag,variedremarkablywiththe age
at form-removal.The authors believe that this is because of hardeningshrinkage,which is a
volumetricchangeindependentof drying[2][12].In this experiment,strainat the time of form-
removalwas definedas zero.Therefore,if there is any time-dependentdeformationwhichis not
directly due to drying,this will have a progressivelygreatereffect on the observedshrinkageas
form-removaltakesplaceearlier.The behaviordemonstratedin these experimentalresultscanbe
understoodif it is assumedthat S6 concrete,which contains blast furnace slag, has a large
hardeningshrinkage.

4.2 Drying Shrinkage Cracks

Figure 7 shows the relationship between
dryingtime and averagestress in a concrete
crosssectioninducedby restraintplates.The
points where the stress is released in the
figure correspond to the occurrence of
cracking. In this test, cracking occurs after
aboutseveraldaysor weeksof dryingin most
cases[6].The numberof days until cracking
occurs can be regarded as an the index
representingthe concrete's characteristicof
drying shrinkage cracking under restraint
conditions.
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An overviewofthesetestresultsshowsthat thenumberof daysuntilcrackingoccurredwasmore
greatlyaffectedbythe materialsusedthan bythe differencein age of form-removal.In the case
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of MS concrete,cracks occurredafter about50 daysof dryingin spite of differencesin age at
form-removal.With S6 concrete,cracksoccurredafterabout10days. ConventionalOP concrete
whichwas testedfor the purposeof comparison,crackedat the27th day - thus fallingmid-way
betweenMS concreteand S6 concreteunder theseexperimentalconditions.

As to the reasonfor S6 concrete,whichcontainsblast furnaceslag, crackingafter less drying
time, the authorsare consideringthepossibilitythat eitherhardeningshrinkagebeforedryingwas
large[2][l2] or that this concretemight have brittle characteristicsunder tensile stress due to
crystallizationof the slag.
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Figure8 showsthe depthof carbonation.The resistanceto carbonationof MS and S6 concretes
was similar. In both cases, the resistance fell as form-removaltook place. The depth of
carbonationoftheseconcretestrippedat the 2ndday wasalmostequalto that of conventionalOP
concretestrippedat the 7th day.

4.4 ChloridePenetration

Figure9 showsthe depthof chloridepenetration.It is clear as with the resultsfor carbonation,
that chloridespenetratedeeper as form-removaltakes place earlier. However,the differences
amongthe variouscasesare smallercomparedwith carbonation.Both MS and S6 concretehad
higherresistanceto chloridepenetrationthan conventionalOP concrete.Even when strippedat
16 hours,MS concretehad better resistancethan conventionalconcretestripped.atthe 7th day.
As farasresistanceto chloridepenetrationis concerned,S6 concrete,whichcontainsblast furnace
slag,is slightlysuperiorto MS concrete.

4 .5 Freezing and Thawing

Figure 10 showsthe relationshipbetweenthe
number of freeze-thaw cycles and relative
dynamicmodulusof elasticity[9].WhereMS
concrete containing a small amount of air
(measuredair content : 2.8%), S6 concrete
containinga small amountof air (measured
air content : 2.9%), and conventionalOP
concrete (measured air content : 4.5%),
specimenswhichhad beenstrippedat the 2nd
day and cured in the air deterioratedwithin
100cyclesof freezingand thawing.
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Inthis seriesofMS and S6 concretewitha smallamountof air, specimenswhichhadbeencured
in water were also tested for comparisonpurposes.Resistanceto freezingand thawing of MS
concrete was not improvedby changingthe curing method.Results for MS concretecuredin
waterwere little differentfrom those for air curing.On the other hand, S6 concreteprovedto
have high resistanceto freezingand thawingin spite of an air content of only 2.9%. Although
the reason for this has been investigatedin a previouspaper[9] from the viewpointof pore
structure,void structure,and strength,it is still unresolvedat this stage.However,this test result
implies that some propertiesof concretecontainingblast furnaceslag are remarkablyimproved
when it is curedundergood conditions.

MS concretecuredin air and with a measuredair contentof 5.2% wasalso tested. If it contains
an adequateamount of air, MS concrete provedto have adequateresistanceto freezingand
thawingeven when strippedat the 2nd day and thereaftercuredin air. Compressivestrengthin
this case (measuredair content : 5.2%)was49.4 MPa,whichis littledifferentfrom that of MS
concreteused in the other tests in this study (measuredair content : 4.2%). Differencesin air
contentwithinthis rangewill, therefore,not degradeotherqualitiesof the concrete.

5. DISCUSSION ON CONSTRUCTION USING HIGH-PERFORMANCE CONCRETE

5.1 GeneralAssessmentof Qualitiesof HardenedConcrete

Figure1I showsacomparisonof thequalities
of hardenedMS and S6 HPCsstrippedat an
earlyageandconventionalOP concretecured
under ideal conditions. Results for drying
shrinkage,depthof chloridepenetration,and
depthof carbonationare givenas reciprocals
so that distance from the origin represents
superiorityin eachproperty.

MSHPC,whosebasecementitiousmaterialis
a moderate-heatcement,has similaror better
qualities as regards compressive strength,
drying shrinkage,drying shrinkage cracks,
carbonations,and chloride penetration than
conventionalOP concretecuredunder good
conditionswhen strippedat the 2nd day and
thereaftercuredundernon-idealconditions.

Compressive Sb'engd1

/u]

DepulOfC'vbonation [1/mm]

Fig.ll Performanceof Concrete Strippedat
an Early Age

Althoughit is not shown in this figure, it was also proved that this concretehas adequate
resistanceto freezingand thawing,as a result of its air content,even when strippedat the 2nd
day. Whenstripped16hours after casting,this concreteis inferiorto conventionalconcretein
compressivestrengthandresistanceto carbonation.

S6 HPC,whichcontainsblast furnaceslag,tendsto sufferfromdryingshrinkagecrackswhatever
the age at form-removal.Even whenstrippedat the 2nd day,this concretehas the samelevelof
qualityas conventionalconcretecuredundergood conditionsas regardscompressivestrength,
dryingshrinkage,carbonation,andchloridepenetration.

5.2 Discussionon Applicationto ActualStructures

HPC,throughnot requiringcompaction,has a similarqualityasproperlycompactedconventional
concrete.On the contrary,if it is vibrated,it will sometimessegregate.In other words, not
vibratingit is the best and most positivemethodof extractingthe full potentialof HPC.As far
as curing is concerned,however, it is true that better curing can developthe potentialof the
concretefurtherandthat worsecuring degradesthe qualitiesof the concrete.Therefore,curing
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mustnot be ignoredwithoutfully quantifyingthe performanceof the concreteevenif is a high-
performanceconcreteunder good curing conditionsand skippingcuring wouldbe beneficialto
the constructionprocess.Theauthorsconsider,however,that this study shouldbe takenas a first
step towardquantificationof the qualitiesof HPCwhenthe curingconditionsarevaried.

All experimentsin this study werecarriedout inside the laboratory.Specimensand the number
oftests werealsolimited.Althougha deeperand wider-ranginginvestigationis necessaryin order
to theoreticallyobtaina more generalconclusionas regardsapplicationto actualstructures,the
resultsreportedhere suggestthe followingpossibilities.

Structureswith adequatedurabilityif constructedwith conventionalconcretewith water-cement
ratioof 55%and curedunderstandardconditions,- normalconcretestructuresin other words,
- would suffer from no problems of strength, drying shrinkage, drying shrinkagecracks,
carbonations,chloridepenetrationor freezingand thawingif constructedwithMS HPC,stripped
2 days after casting and not thereaftercured. If stripped l6 hours after casting,this concrete
would be slightly inferior to conventionalconcrete as regardsperformanceafter hardening.
Nevertheless,it canbe appliedto structuresin whichhighdurabilityis not required,sincethelossissmall.

S6 HPC, which containsblast furnaceslag, can be used in structureswhich would be little
affectedby dryingshrinkage crackseven if strippedat an early age. However,sinceone of the
advantagesof usingblast furnaceslag is its good resistanceto freezingand thawingwhen well
cured, this concreteshouldonlybe used wheregood curingcan be expectedso as to make fdl
use of the advantagesof the material.

In this study,experimentswerecarriedout basedon the assumptionthat curing wascompletely
omittedafterearlyform-removal.Insteadof completelydroppingcuring,simplifiedmethods,such
as reducingthe period of water spraying,could be applied in reality. It is obviousfrom the
experimentalresultsgivenhere that higherqualitycouldthen be expectedthan in case whereno
curingtkes place. This wouldwidenthe rangeof application.

Further studies need to focus on deeper and wider-ranginginvestigationsrelated to the
quantificationof concretequalitywhenthe curingconditionsare varied.On the otherhand, it is
essentialto establishan estimationsystemwhichcanpredictthe durabilityof structuresfromthe
propertiesof the concreteand the envirormentaland structuralconditions.

6. CONCLUDING REMARKS

In this study,systematicexperimentswerecarriedout onpropertiesof two types of HPCwhich
were stripped at an early age and then not cured. The possibilityof a constructionprocedure
involvingearly form-removaland omissionor simplificationof curing was discussedbased on
the experimentalresults.The followingconclusionscan be drawnfromthis study.

(1) The two types of HPCused in this studyare both of highenoughstrengthfor use in normal
structureseven if stripped2 days after castingand then not curedfurther.

(2) An HPCbasedon moderate-heatcement,whenstrippedat the 2nd day, has similaror better
qualitiesthan conventionalOP concretewith a water-cementratio of 55% cured under good
conditions as regards compressive strength, drying shrinkage, drying shrinkage cracks,
carbonation,and chloridepenetration.It alsohasadequateresistanceto freezingandthawingsince
it containsenoughamountof air even when strippedat the 2nd day.

(3) An HPCcontainingblast furnaceslag tendsto sufferfrom dryingshrinkagecrackswhatever
the curingconditions.Whenstrippedat an early age, its compressivestrength,dryingshrinkage,
carbonation,and chloridepenetrationare similar to the HPC based on moderateheat cement.
When cured under good conditions, its resistance to freezing and thawing is sigmificantly
improved.
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