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ABSTRACT

Ccavaaticunal wiater coacreting practice in Canada
racoamends coancrete tc pe amixad and piaced at 1C°C or aktove
1ad be cared for seven days (aot necessarily coasecutive) at
vhich the alC tROperatursa 13 abovs 10°C. Hovsver,
constructica of offsbcre Arctic structures vill usual;y take
olace at tamperatures clecss tetc that of the sea at
approzimately G tc 4°C3; and hence dnformatlicc on the
toflusnca cf tamperatur2 duriag wmiring, ©placing and curing
on the dsvalopzent of concr=te streagth 1is essential.
Previcus res=arch has weacva conflicting results oo the
affact of casting and curing teaperaturae. Since the ecoacaic
pepefits ¢t o02lag able to placas apnd cure ccpcrete at low
tamperature without any streajtn penalty are sigolficant,
tnlis study was undertaken to exarine tne effect of casting
1nd curiugg tesoperaturs on tha m=chanical prorertizs of
CONCTRt&e

Staadard ceoncrete cylinders made cf type 10
Portland cea=qat vere cured a2xtepmsively at G°C, 16°C and
459C after holding the 3pecisens 3t varicus casting
tswosratures for 3 tc 12 hoars to separatz the affect of
casting terpaerature aad curinjy teaperaturse. Concrete priszs

vera also cist 2nd cured at 09C, 169C and 45°C t¢ datsrrirne
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the dysanic nclulus of alasticitye Tha tests.on compressive
stra3ngtn, ildirect teaélle strenqgth, static ancd dynaric
mcd1lus Of elaaticlity wver2 cacriad sut at the agas ¢f 3, 7,
14, 26 and 90 days.

It gJeneral, th2 <ccaprassive strength 1ncreased
vitn iocreasing tine and decraasing vater=cament ratio. The
lovar the vatzr~-cemept ratio, tae fastsr tha‘concrete Jainad
its streungtne The e¢ffect of tesperature cn the strength
ievalopu2atr vas found tc be depandad upcn the wvatar=cerent
ratio ¢f to3 concrate. Tbka study stoved thkat casting angd
curiag at 09C or 45°C would not damage th2 ccncrete strength
but convsersely 1ncreased the 3trenqgtn if the water-cesent
ratio was xzpt belov (.35, Ccncrete cast and cured several
nours at 0°9C or 45°C and subssquently cured at 16°C receives
10 iasag2 obut bepefits to Lts strength previdicg vater-
cem2nt ratiy was as lov as 0.45. Hovever, extrete casting cr
cur.nJ teaperakture should ba *3couraged for wvater-=cement
Catio abova (.55

Tenslle strength, scatic ard dynamic =zodulus of
elasticlty lnocreasad with 1acreasing compressive strength
but at a different rates depeadiag cn thz casting and curing
temperatures Tansile strangtn, static aad dynamic rodulus of
2lasticlty vera related tc tha pcver of 0660, 0e65 and Ce31

of the cyliadec stranqgth, respectivelye.
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Chapter I

INTRODUCTION

Concrete 1s by far tn2 most versatlile .cerostruction
matarial iz ctha building izduszsiry abnd ip ralated structural
ccpstructione Besides 4ts low mraterlal cost, lov therzmal
ccaluctlivity aad 1it3 carability tc mola 1atc various shagpes,
{ts bigh reslstance to cerrosion and anrasicn mnake 1t
3Supearicrc tc ata2el, ceranics aod tincber. In addition, its
aoility to resist intense local préssu:e and its pnon-brittle
benavicur at Low teaperature also gives 1t an exparding role
in the construccicy ¢f offshora Arctic structur2se. Bovever,
the perforsaoc=: of concrete 13 very dependent cn various
stayes startiag from the manufacturing ¢f cemert tc the
alxing aod placing of tbe frash concrete and +to the curing
apvircnasnte EBither cae of thase cculd drastically affact
the strengtn and serviceabllity cf the coucrete. Althcugt
tnprcved ccnstructina practicas and techriques bave added
jreatly to ths ability to proluce good concrete, 1t 1s the
rwavonsinility ¢f these in caarge of constructicn wvork tc
becoze famillacr with these prastices and technigues anad to
m1aka s3ura9 tnar thay ars o=1la3 used =eifectively. Aovzvar,
the ccbtlnucu3 efforts «to explore and develop ©npev coacrete

that na& @or2 streadqth, mora wWocrkability, acre durabllity
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and concrete tnat is mcre ecoacmical to produce rest ca the
shcalaers of =many concrete researchers. The capability of
ccncreta 1s liaited only by tne Lngenulty and imaginatior of
angineers and cesearcherse.

‘1g8 eidit.on, the reczat rapid develcprent cf the
Arctic mineral angd hydrocarbon resources - vill need
significantly large civil eaglneeripg infrastructures fcr
iocks, nlztforms ari foundaitions wvhich are usually
constructsd la reinforced concratee. Conventional wisdos 1is
that ccacrat2 should be elxed 104 placed at tesperatures of
109c or above depaading cn the dirension cf the concrete
alsneat agd cured for swsvsan | days (unot necessarily
consecutive) at vhich tns alr ‘“terperaturs ls above 10°C.
MCT30Ver, <i1ter ccacreting in Canada®?? has ldentified
thrae Lsaportaat sctages 4in vioter rprotecticn and caring;
concrete should attain <sufficiaar 2initlal strecgth {7=-10
¥Pa) tc protsct against early frost daszage, concrete snould
thea attarr 3afficient streangton to suoport its owva veight
and the constrictlion loads, and finally, concrete should oe
arcoercly curaed tc reach its3 spacified strength and for
better durabilitye Hovever, Acctic comstruction 1p tha 3ea
will usualiy tike place at tamparature clcs= to that of the
saa at approxiasately O to 49C: and bence the infcrmation cn
«he w.nfluence of cesperatura during aoixiag, placing and

curing on toe levelorwent of coacrete strength Ls essential.
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1«1  SCORE

Tne aias of +this study 1s to prcvlide a oetter
andaratzadiag of the zftect of tesperature oa theé mechanical
prtopaerties cf concretee. dttention 1s drawn to th2 casting
and laltidi carireg teaperatura vbich are pell2ved to have
slgaificant affects on the concrate strength 1n Lts early
1ge and fr ite lorng vera percfcrmapce. Fezearco and
davalopmant on this subiject Ls essential 1f wmore specific
juirdauca2 13 to be provided ian the futurce. 3t the pre«sence
stage, guidance ino these ar2as 15 mostly conflned +to the
advica frea various acurcas rangiag frem tha ceneat
manufacturer to the Code requlatory cccmittees Scre of these
latormacica jourcaes are Pertlanag Caneat Asseciation,
Anerican Ccacrate Institute, Americaan Society fcer Testiang
4itarials ama Canadiaa Standard Associatior. Guidalin=s afe
orcvided for s=2lecting proper concrete materials, rizxing and
placiag of <tha coacrata, 21d the curing anvircraoents 1in
ordar tc ensuyre a satlsfactory concrete perfcrrance at
idvarse teamperature cooditisa. Previous ressarch2s have
Jenarally icvdlisated that concrate which mpixed, rlaced angé
curad uJnder lcv tamperatura attained higher ultimate
setranyeh in socite cf its low lultial screagths While on the
othar band, concrete that cast a&and cur=2d at aleveted
tamoperature bas a higber initial strength Dbeot a lcver
dltimate strengthe. Hcwever, «xncwledge oa this subjact is

st1ll limited and in waay cas33, tne lack cf certainty azkes
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it necessary to recoamend further researcn tc explore and
srplain scome ¢f the uncertaintiase.

Ccuosiderable infornation on the compressive
stranjth development urder varying tempearature ccadlitions 1s
avallabla. Tols inforration indicates that tbe compressive
dtran3yth can o3 pradicted Lf ths curling history} ic terms of
tamyperatdra an1 age, 15 &knovn. Hcvever, cther mechanical
orgperties cf concrete 3uch as <tensila streagth and
3tiffaoes3 at early age and tne durability of concrete urndsr
vairying curing cepditicns are 3till nct fully understood. It
is vell =established that all concrete oropertles locrease
with &an iocree3a Lo ccmprassiva strength amd Lt 1s usually
assunred toat taey are r2latad to sore eapirical functions of
the COmMpres3iva strengthe In North Amarica, comsoL practlce
1s to relate these s3trength paraseters to tne sguare root-of
the cﬁmp:essiva strecqth. Hovever, thare are no subatantial
facts to relrafcrce this assuaption especially wvhea the
csacrete is expcsad to azdversa teamparature conditliouns at
early agae. This inforwmation Ls needed for the counstruction
iadugtry iu detsrmining tha appropriat2 shoring pethods and
tize to strip the foravorks 1n Arctic ccpnstructione.
Thercetore, thi3 3tudy alsc examioed the relaticaship between
the cospressiva strength and otmer mecaanical prorertias and

to 3xamine the vaiidity cof tha cosmcn assuompticnsSe
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1e¢2 BACKGROUND

Early research oy Price®2? showved that coacrate
nix2d, placed and cured at lov temwperature developed
itranqgtn at a signiflcantly slover rates thap at rcen
temaoerature; while on the othner hand, the bighkest aixing,
placiog 13ad curing tenmpsratur2 developad tna highsst 28=day
3trangthe For instance, concrets specizens that vere mixed,
dlaced 2ad cur=2d at 4°C had a 23-day compreszive strasqeh 22
parcent lovar thanm the spacisens that vere cast anad
cortiaucusly cured at 21°9C as shovn in figure 1e1. <Concrete
3pec-izens tkat were cast and cgred at 469C developedu a
28-1ay strenqdth S opercapt highar than thoga «cast and cured
at 219c. Price alsc 1ovestigated the erffect ¢f 4initilal
tzmperature c¢a the atrecgth of ccocrcrate. Be tested the
3pecimens whica cured at 21°C after tolding the sreciasens at
VALLOuUs caisting teaparacuras for tvce hours and the results
inalcated ttat concrete attainad sligatly bigher wultizate
3tr=2aqth 1f Lt vwas mirxed and placed at lcv tampsrature and
3ubsequently curad at norsal Ltemparatire. The soecim21s
that vwera mixsi, placed ard cur24d cootinuously at 21°C has a
26=1ay coapra2ssive streanqth of 33 kFa while the 3specirens
that vera cast asd izitilally cursad at 4°C fcr tvc hours and
3ucsequeatly cured at 21°C has a 238-day coupressive strerngtk
of 36 wPa whica is 10 parcent higher as shcwa 1in figura 1+2,
By studying taase tast results, it coulid pe concludei that
it ¥a& the suripg teaperatura rather tnan the casting

terperaturs tnat vas resvonsible for tme strength variatione.
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Kilegjer¢3? also. investigated the significance of
the casticg aad curing tampeCaturs cb strwagth developmente.
4a tested concreta speclrens taat were nmiged, placed and
curad At the 5&12 tenperaturai. Tha 28-dasy compressive
strangth of ths specimens that vaere uirxea, placed and cured
at 49C wvas about 20 percect lover than tha sﬁecimens that
vars aixad, yplaced and cured at 23°C. In addition, tte
specinens tvhat ware aixad aad placed at 4°C and then
ttxediacely transfarred and cootipuously cured at -4°C had a
23=iay coapressive strength 30 percant lower tham the
speslvens tbat wer2 wixrad and continuously cured at 23°C, as
showen in f£igurz 1«3, Therefora, flieger's results gave the
sama ccanclusiosn that 1t was the lcv curing tewperature
responaible for the 3trangrh reducticue.
Ic contrast, wore recent work by Gardmer angd
Pooat®?, Ailctcnir and Fizsocaeault®®? 1l3ed tc 2 different
counclusliocae. 3ardnar and Poon cast concrate sreclamens at
22°9C, «cured at 229C for a daflned time aad then conticued
curtng at 2°9C. The tes3t results frcor these speclmens have
indicatad tnat the 28~day coapressive strecgths weare
practically tae same as shown 1a figure le4. HKcrecver, these
ccamprassiva 3trengths vere sligyhtly bigher than the 28-day
strangth of tba specimens that vere cast and cured at 22°C.
Th.3 4iaplied thatv the lovw curicg terpsrature has nc
datrisental affect to tne strangtn of concrete except‘it vas
the casting aad laitlal curiag temperaiure that bhas play2d

an lmpcrtant role.
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A similar vdrx vai3 dcoa by 4Aitchin and
Pinsoaneault. Tkey testea th2 concrete speclasens vhich were
cast at uaccatrellad ta2aperatur2, cured at 4°C fecr a defianad
tlz2 and thea contlnued curingy at C°Ce The results shown 4in
figqure 1¢5 tave indicaced that che lcnger the ccncrate was
Kept at 4°C p2fcrs belng expo3ad to 0°C, tka lesser the
tafluerce oo the ralative 23=-iay strengthe
Ta2 acovoric benefits of kbelng able te ovlace and
cure cocncrete at lov teaparature vithcut any =ztrength
cecalty are significante. Therafore, 1t Ls necessary to
verlfy tne differeace in conclusions amongst the earlier and

mCC3 recant researchers.
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Chapter 11

HYDRATION PROCESS OF POBRTLAND CEMENT

It is vell established that ccucrete gaias
strenagth through hydratior. Hovever, this nydraticn process
vhich 1is essenctlally a series of chemical reactlicns asongst
tha CelMeat constituente is sensltive to tamparature. At low
temperature, the chesical reaction 1s retard24 ard hence the
rata c¢f str2agth develcrzent 18 slcwer chan at elevated
temperature. Early research¢®’? naé indicatsad that hardened
concrete ccntinued to gain strength at a temperatura as lcw
ay =129C, To 3xarine this temparature affect, kncvledge on

the Ccesent coipositicns and ta2ir hydration precesses 1is

es3aatlale

2.1 CHEMICAL COMPOSITIONS QOF RORTLAND CEMENT

The chemical coacositions c¢f an ordiasary Pertland
camant can o2 considered as coaprising four majcr compcunds
1ipely tricelclum silicace, dicalclur 3ilicate, tricalciur
aluafnate and tetracalciuw alusinoferrite. Azcnast these,
the twc caiciua 21licates , #hich acccunt for alvecst thrze-
Juarters py welght of the cerent, are tbe maln ccostituents
raliteda to streagth contributlca. Tricalciur silicate reacts

vitn vatar fairly raridly fcralng silicate hydratas and
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calciuu hydroxides. It- hacdens rapidly apd 1s larcely
Cesponsiole €or tna Iaitial setticg and the higa @arly
srrangth ot the concrete. Dicalcium silicate 1s alsc
tesponglidble for the strecgth develcrment; but because of its
lov steady reaction rate, the strength ccantrihunticn comes 1in
rataer late, onorvally at ages beyond oﬂe veeke Tricalciur
aluaingate i~ the scst reactive compcund which reacts with
vat2r violentliy and libesrates vast azount c¢f heat during
CezaCtlcsoi but it contributes lictl2 tc 3trengthe Ths same 1is
alsq true tfor tetracalciur afusinoferrite. It contributes
very little strsaqgth; hovever, this cempcund iz essential inb
the cenant sanufacturing pt:cess rather than ia the
nydratlon processe.

Ia brief, when vater is first addzd to the cement,
a violeantr dissolution 3nd reaction cf the cezent compounﬁs
0zgia to tak2 places. Thie lasts for savaral minutes before
it 2ntecrs tna dorzant periode In the doroant reriod, the
dls3olutlon aad reacticu proc2ed at a very elcv rates The
cem2nt graias slowvly build 1p toe iaitial «ccating cf
reactlon prcdactse It 1s tnils dortant period wvalch lasts
£or several hours, usaually 2 to 3 hours, eaabling the fresh
concrete tc remain ia a plastic conditicro. This s
2g3ential for the coastruction industry because 1t allovs
tresh ccocrete tc oe transported and placed iato foruss The
tupture of the initial gel coating c¢no the crystals of the

tricaicium s.liceta cecmpcund =aaplezs wvater t¢ react wvith a
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fresh rnraceive surface cf tricalclum 3ilicate; a pregressive
orccass of oraakup and reseallaq 1s postulated, resultiag
€ioally in the forwaticrn of calciun 31licate gel of
3afficieat azrount thbat cha raste begins to exhibit
iacreasing rigiditve Thia acrivity lasts fer abcut 6 hcurs

pafore the grocess of hardeniaq beginse.

2.2 EFFECT QF TEMPERATURE QN PORTLAND CEMENT

Hydratioca iz arp exotharasic precesse. By meazuring
tna amcuat wf neat evelved at a pericd of time, the rate of
hyaration caa be deterained. aoyever, it 1Is nct easy to
9¢eMine alcrescepically the affasct cf temperature on the
nydratica procass; it requires precision instrusents and
C:pr2ceptative samplese In addition, the temperature effects
on ovure tricalciuvy sillcate or aicalcium silicate, atc;.
capact fully recreseat the actual behaviocur of the cerent
oeciuse tne {pteracticn among3t the ceizeat coampounds 1s alsc
Lipo>rtante.e Hovever, thls dces precvide sone infcrrmation on
the tempuracura sensitivity of 2ach Ladividual ccmponantse.
Parnaps, the best way 415 -0 e¢xaszina specimsens nade of
various <typa of écrtland cenants. In this vwvay, the
31gaificance of each <cerent cowrpound 1in the ccncrete as
tifluerced oy the temperature ¢o2uld rCe studied by conparing
the results and the relative ancunt c¢f each ceaept compcund
in that particular type of Portland calent. But in view of
Lirgs quaatity cf apecizens raquirad in this project, cnly

typ2 10 Ordinary Fortland Cem2nt 1s usede.
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Ton2r2 18 evidence®?? that the hydraticn of cereunt

{s ra2tardea atv lov tempsCztuf3e A3 showvn 42 figure 2+1, the
heat evclved frow hyération over the first 3 days at 0°C
drecopud 60 parcert compzring to hydration at 20°C. This
could explaia vhy concrete has a low initial strength while
curad at lcv temparatures J8 the cther bhand, the heat
avolved froa hydration at 50°C 4{increased 25 percent
codo0ariag te 299C. Ccpeland 2nd Kaotro®®? {llustrated the
gffact of tz2aperature cn tae aydraticn of tricalctlur
3llicates Tricalcium silicata {s importatt bscauss 1t is
largely resoconsible for the algh early streagth cf the
Toncratra. From figure 2.2, i1t could be s33en that the
hydratlca of tricalciu» silicate was very sensitive to low
temparatures at tha first 24 hours aftar sirxing vith aat;r
and thkils teaxverature effect drastically reduced at age
b2yoad 2% hcurse From ths sans figure, it could elsc be sean
that tricalcian silicats wvas less affected by bhigh
temperaturc. Ia coentrast, oa.calcium 3ilicate 43 vary cuch
sensicive to high temperatur=. Verbeck¢?? studied the
Cea3lc hydratisu reacticn3 at early a3es and his rzsults
lnaicated that dlcaicium sillicate vas sensictive tc both high
and lowv teamperature as showa Lan fiqurs 23, Durirg tke first
2% agurs after mixing with wvater, tne dicalcium silicate
3ceciaens wvhich wera curad at 50°C sheved a 100 parcant
tncrease ic hyivratlon comparing tc srecitens cured at éu°c.

Furtanarrore, <cthe azcuct of dicalcturm silicata hydratad at
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49C durlng thsz first 2& days decreased 60 percant comparing
to thosa at 24°9C.

Orfcrtunately, there 13 ©oc available informatiorn
oo the aftect ot temperature on the hydration of mixed
coupounds. However, <the hydraticrn of rpure ccmpound as
dascrbed <warlier does vorovile scme 1infcrmation on the

tewperature s2nsitivity of each individual coarourd.




Heatevolved from hydration over 3 days (k1/kg)
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Chapter III

EXPERIMENTAL WORK

Sinca2 the purpcse of 2his study vas to investigate
tne effece cf casting and 1altial curing tamperature ca the
3tr2angtn apd stiffana2ss proosertlias of tha concretes, the type
of 3pa2ciaenmes 3224 te3ts vere chosen te Dbe a3 repressantative
as possible. Crushing strength, tensile sStrength, stiffnass
and duranlility of the concrete vere measured &t varying ages
aftar castiage. The dynamic modilus cf elasticity vas chcsen
35 a2 aeans of detervining the durability of <the concrete.
Howavar, becziusa of tirce linmlitaticos, this report Lncluded
only tce t2st rTesults up to 90 dayse. The tests -on
compraess3.Ve s3trangth and tensile strength vere carrizd out
using standard 150mm ¢ 300s» concrecte <cylinders cast in
si1ngyle-~us2 plastic wuwcldse The plastic cylinder wmclds ware
3upolied by 45L Testipg Equipreat Ccepanoy Lisited, Hamiltone.
FPor the tezt of dynamic mcdulué of elasticity, 75zm ¥ 75pm x
3001w rrises vere cast using teusalble »etal nolds.

4 tctal of rioe series of specilmens, three cast at
0°C, three cast at 16°C, aad the remaining three cast at
4592, vere mad=2 using type 10 Ordipary Portland Cemente Ezch
thr2e series of specimens wer2 cast vith water-cement.ratic

of Je35, Ce45, and Ge55, respectivelys. Tc exaalne the
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slgaificaace of castiry and d1ailtial curing tamrerature on
tne ccacrete, 3cme o¢f the compression test cylindrical
3Dec1néns vere later reaoved to anothef curing environrerntse.

The descripticns are as fcllowv:~

e Series one bad a tctal of seventy-eight 15Cze v 3G0mwm .

cylinders and tve 75na x 75ma x 300m» priers bavicg a
vater-casent ratic of Je35, The casting teamperature
vas 0°C. Thirty=-six of these cylianders were later
curad at elevated temparatures; twelve cured at 16°C
after a 3-hour delay, twelve cured at 16°C after a
12-hour dslay and the renaining twelve cured at 45°C
afver 2 3=hour delay et dastlnq tacperatura. Tha
r2st of the speclmens wvere thea cured at 0°C,

2e Series wWe vas =2ss2ptlally the same as series cCne
2icedt the water-cement ratio was 0e45S,

3« S9ries three wvar essentlally the same as sarles one
e€efcert the wvater—-cenent ratio was (53,

4« Saries four nad a total cf seventy-elght cylinders
aad two pris®s bhaving a vater-cesent ratic of 0e35.
Tha casting temperatﬂte ¥as 169C. Thirty-siz
cylinders were later resoved to anotkter «curing
eavirorasnt; tvalva cured at 0°C after a 3-hour
ialay, twelve cured at 0°C after a 12-hour delay, and
the ramainliag tvelve cured at 43°C after a 3-bhour
delay at 16°C, TLe rest of the speclmens were then

cursd at 16°Ce.
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D¢ S2ries five vas <aessentially the same as ar
except the vater=cerent ratic was QedS,

be Sarlez 3lr vas =w339ntially the same 2 serizs four

0N

&€xca3rt the vater-cessment ratic vas Qe55.

7. Series sevea had & total of sixty=-sixy cylinders and
tvo prlsys baving a vater-cswrect ratlo of (e35. The
castiag temparature vasd 45°C. Tvelve cylindars were
later cured at 0°C after a 3=-bour delay and tvelve
cyiicders cured at 16°C after @z 3-hcur dslay at 45°C,
The rest of the specluans vere then cured at 459C,

Je Szries 21ght vas essenctlally the sams as 3srias seven
axcept the water-cezeat ratlo was Jed5,

3. SAaries nine vas essentlally the s3ama as seriss seven
except the water-carnrent ratio vas (55,

Tha tescs on  coapressive strangthy tzneile
3tranjyth, static and dynaaic nodulus of elasticlty vere rade
oc 3pecltans cur=d at the casting terparature. The varicus
castingy tecparatucas vere Q0°C, 16°C and 45°C, and the
3veclomens wera tested a2t ages eof 3, 7, 14, 28, 9C, 130 and
360 days after casting. For tné cylindrical specimens whick
cur2d 4t o temparaturs diffarent from casting, caly
couprassive strangths vare measured and the test ages were
7, 23, 90 aad 360 days, rCaspectivaly. A tctal of 66¢

ccncrete cylindars and 18 concrete priscs vare caste
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3.1 BATERIALS
vatural saad anao crusaed limestone were supplied
lccall} Dy Dufferin Ccncrete ~?roducts, Cttavae Material
testing wvas carried outrt folloving the quidelines recomaanded
by ASTM®20) 451 (CSA®21? standarise The gradings and physical
propartizs cf the aggregates Jere given ia figqures 3e1, 362,
1943 tables 31, 32 and 3e3. Tha ccarazes aggregate used in
thils prcject vas a cembinatioa of two aggragate sizes (14
aad 20wme)y Ln ordar te magt tha grading reguiranmrents of CSa
sStandardse Tne type 10 Ordinmary Ffortland Cewment vas a

prciuct of Casade Camert Lafarga Limitede.

3.2 CASTING PROCEDURE

Ivo properly insulated rocoss vere borroved fror
the Department of Mechunical €ngioearing, University of
Jttavae. Cne refrigeration wunit with the additioc ot a
bac<ud unit va3 iastalled 1ad the roon teoperature vas
adjusted tc 092, dn electric furnace was ipstalled to the
d0TthR2C 394 12 vhich the <temparature vas 41justed to 4sS°cC,
I'te ceaent, agjreqates and watét vare stored at thke regquired
taaoerature prior t9 castinge

A s3all concrate nmixer naving a volums capaclity of
0035 cunic m2ters vas purchasad toT the purpcse of this
prefjacte. The oiring druw wvalch was drivea Lty a Q5
horsepcw2r 2stor was inclianed ac an aagla cf 30°, rotating

at a speed cf 23 ravelutiocas per wiaute. Hovevar, 1n orier
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0 Rnsure a proper concrete aix, the wixipg vclume vwvas
c2aucaqd tc 0032 cublc metzrse The air antraining adeixture
1na superplesticizers vere first airxed vwitk the water before
it vas addeod to th=s mirxe Tha mirxiaqg regime vzs tkrsa mlpute
initial =oixing followed by a two szinuts reszt amd the
coacrete Jas than ramixad agala for a2 duration ¢f tvo mitute
before 1t was duomped intc a flat pan. Each patcbhb coutained
sufficieat concrete to caat six standard cyiindarse Sluanp,
alr centent by the pressure asthod, and copncrete temperature
v2ra3 peadured Lmmedlately after mixinge. Pcdding was used tc
ccnsolidata th2 freshly rixed concretee Slump (ASTH C143)
vas found varying from 60mm to> 63zs and the air coatent
(ASTM C231) varied from 5% to 6%, The teaperature of the
fresh ccncrst: vas measur=ed Dy 1nserting & therrcmeter intc
the 31xe Tne ilx propcrtions and the properties of the fresh
concrete vera listed in tables 3el4, 3¢5 and 3e6.

For concrate thkat vas cast at 0°C or 459C, three
extra cyllinaers wvere wpade 13 whican thermoccuplas vwere
lostalled 30 toat the curiny teaperature nistcry of tke

vrecimnensg cculi be tracede. The;a tesperfaturs were moaltcred
by an Eiectrcnlk 15% Strip Chart Yultipocint Feccrder, a

product c¢f Hecaneywall Coatrocls Limited.
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3.3 CURING PROCEDURE

Aftar filling, tae waoclis were covered by a
poiyethylsne saeet tc miniawize evaporaiicn. Special cautions
vara taksa fcr the spacimens tnat were cast at 45°C. A
cowninaticn of vet turlac and polyethylere sheet was useé@ tc
Sevar tna &clds and tha burlap wvas wvetted avery 12 hourse.
Ite molds vwver2 left undisturdel for a pericd of 24 tc 48
hours pricr to stripsiage The spacio208 1o tne ¢cold roon
tock 2 longer paricd to attain safficient stiffoess to allow
3tripriag vithout damag.ng the speciczanse Tnis usually tocok
48 nourse.

Iz ths cold rconm, tnelapecimens recelved further
curing 1in sevaral large galvanized steel tasks f1lled with
3alt vater. The salt water was nade by diluting 35 graaes of
coznercial daicing salt in evary liter of fresh vatere. The
Ccaezlical ccostitusnts of the delcing salt vas given 1in table
3e7. A sisilar curicq erviroaos3lnt wis provaded 1n the hot
£OCa €xCept the specilneuns war2 cured in bet fresk water
Catoer thzs 3ilt water. The 3o0ecicers thit were cured at
reca  tewlperatyre  vere stcrad in a foy cbapber <vhere
specimers va2ry contituously <ept amcist by water sprayinge.

The terperatura inside the chaebear was alsc acnltcred,




 Ba s taspaiates s

26
3.4 SIRENGIH TESTS

The cceopressive s3tr2agth tests vece carrisd out in
3 hydrauliic testing rachin2 capable of exerting a
comoressive fcrce of 300,000 FPouunds. Three 15Cam x 3C0znm
cylilader3s were capped and testad each tima: the crusking
strangth cf th2 concrete was taken as the average of the
thrae results. The sppiicadble testiang stardard wvas ASTH
C3%. 1In addition, deforvation of the specimen cver a gage
L2ogth of 203»m 1o <che direction of loading vwvae alsc
m2asured auriny the corpression tests using a Conpressoseter
2qulpped with tvo dial strain quages es3eptially as
dascrit2d by ASTM CUé69.

Tne 3plittirng tensile 3trength t=2st in accordance
+ith ASTM C496 vas chosen a3 the indicatcr of tensile
3trangtn of tua concretee The tests wera carcied out 13 a
Tinlds Ols3=2n Universal Testiaq Machin2 of 500,(00 Navtcns
capicity. Threea 15026 x 300n» cylioders wers spiit 2ach tinme
agG tne tens:ls strength vas taken as the average of the
thrae rasults.

In the case c¢f dsteradining the dyaamic roduluszs of
2lasticity, tvo 75am x 7502 x 300mm pri3ms vere testad or an
EVEFCO <£lectro Dynawic “aterial Tester (type SCTS) as
28s520tlally aqa2scribad by ASTY CZ215. Tha srecloen was
supported at the cunter vwith frequency driving ané pickur
131t attach2d to the enase. Phe fundamectal 1lergitudinal

frequency wis then Céeteralned by wseasuring the raxisurm

B b s ey
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osclliatioc of the sreciwmen. The welght of the srecimen vas
also recoraads. Tha dyaazic acdulus cf elasticity wvas ther
Cowputed Usiny the espirical equaticn as stated in  ASTHM
215, Thls equation 3tated that tha dynacic modulus of
2lasticity was related tc the weight and gecoetry of the
3Ducinea, aad alsc the fundamantal loagitudinal fraquencys
The average of tvo was taken as the target valuee Since tte
300.C t=23t vias acs-destructiva, the prisms vera rut back to
its curiag 2nvircamnent after testing so that 1t could pe
r2used agaige

All the speciazens panticnad above were tested at a

3urface dry conditione
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TABLE 3.3

PROPERTIES OF CONCZRETE MATERIRZLS
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Cement

I'ype 10 Portlaad Ceueant

Ccapinea AgqQregate

Maxlrum Size

Dry Redded vass
Relative Density
Absorpticn
Holsture Content

Fianae Aggregate

Fin2aneszs Modulus
kelative Density
Ab3orption

Molsture Ccatent

20 wmnm
16G6 RKg/n2
2965
Qe70%
0e50% (Laboratory)
0e50% (Cclié Focm)
0e0 % ( Hot Focr)

243

2461

1¢15%

0¢92% (Labcratory)
0e92% (Cclé Rcon)

0«0 % ( Hot Fco1x)

L—-——._—-_—-.—__..—-—_-.—_—_.—-—.————.—.‘.—_.—.—_-—J
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] |
| TABLE 3e4 |
| {
| PFOCPERTIES QOF COLD CAST CONCRETE |
| |
{ (
¢ . |
| |
( Water=Cergent Ratio ]
{ i
| 055 Ce45 0e35 {
| ———— -———— ———— |
| ( Eg/m3 ) |
{ Waiter 169 169 160 !
| Cersut 305 370 440 i
| Fip2 Aggqregate 740 684 668 |
| Coarse Ajgragate 1110 1110 1110 |
| Surerplasticizer pcae ncun2 31 |
i Density c¢f Fresh Concrete 2324 2333 2378 |
[ {
| Alr Cogtreat ( % ) el 60( 60 1
{ Slump ( aom ) 60 60 60 i
{ Terpe ¢f Frash Concrete ( 2C ) 0 0 o |
| Relative duwmidity ( % ) 80 80 80 ]
| |
| |
& ']

i
P = v ]
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l '
| TABLE 345 | :
| | ,
{ PROPERTIES OF WAR4 CAST COYCEETE ] f
| [
| ' é
¢ 4 {
| | f;
{ Water=-Cerent Ratio | ‘
! I }
| 0e55 Ge45s 0e35S | |
| ———— -—— ——— { |
| ( Kg/n3 ) | §
i Water 167 167 160 { :
{ Cement 305 370 440 | ;
| Fine Aggr=2gate 735 684 668 | {
| Coarse 2ggregate 1105 1110 1110 | §
| Surperplasticizer ncae ncae 3e1 | e
| Density of Fresh Concreéte 2312 2331 2373 { :
i l
i Arr Ccot=ac ( % ) 6eQ 60 690 | |
| Slusp ( =a ) 60 64 6u { }
| Terpe c¢f Frash Ceacrets ( °C ) 16 16 16 | |
i Relative Hunldiey ( % ) 20 20 20 | g
| I |
( [ !
L d f
‘ |
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r 1
| |
} TAELE 3.0 i
] |
| PROPERTIES OF HOT CAST CONCPRETE |
| {
| {
b 4
| |
| ater=Cezent Fatio {
| 1
| Q55 Qe45 De35 |
{ -——— -——— ——— {
| ( kg/m? ) |
| Vater 190 165 175 {
| Careat 315 385 450 |
| Fine Aggrejate 755 700 680 {
| Coarse AggJregate 1140 1140 1149 {
{ Superpiasticizaer Lole LChLe 302 |
| Dernsity ¢f Fresh Concrete 2400 2410 2445 {
| |
| Air Coutent { % ) Se0 Se0 5¢0 {
i Slump ( a3a ) 64 €0 68 |
[ Texpe ¢t Fresh Cocncrete ( 9°C ) 45 45 45 |
| Relative dumidity ( % ) 35 35 35 |
i |
{ |
[ J
r -1
{ |
| TABLE 3.7 |
| |
i CHEMICAL CONSTITUFNTS OF SIFTO DEICING SALT |
| |
{ }
¢ 4
{ i
i NaCl 97.60% i
| {
: .CaSO4 Te55% :
{ CaCO3 De58% §
{ {
] CaCll 0.02% i
| {
I thll 0e.03% |
{ ]
| MqCO3 0.20% {
J |
] Acid Insoluble 0.02% |
| {
| |
[ ]

Iofermaticu 3upplisa by DCMTAR Chen

i1calz Grecur, Toroatce.




Chapter IV

OBSERVATIONS

In 3s3naral, <che physical tests on tha properties
of fresnly 21zed concrete ani the rechanical tests ca tae
birdened ccncreve specicens have carrled out successfullye.
Howaver, there are several reracks that cust be mentioned 1n
drd3r to zake thls repcrt complete. fcr 1nstence, the
cylindrical spacicens that nave tc be transferred to ancther
curing =avircanents after a 3-hour delay at casting
terperature reguired special actentione Practically, the
ciacrets m23s of these 3srecimeas was still in its derrant
period aad excessive vibration duriang transgcctation cculd
darage the laitial <chemical oond establizhed vithin the
crystal structure of ths coerent pasts and hance the strendath
of the <ccLCCete. Alteouqh coacreta vith 1lecv vater-carent
ratlioc hardgersd rapidly, this vas bpct true for the concrete
vith & wvater-cament ratic cf 0;35 wkich tcok a lengser time
to S€te Tais vas due to the laccrperaticn ot
suparciasticizar ioatc the 1ixe Ip  cthis case, srecial care
“ag takea to riniosize vibration during transpertaticn of the

IDeTITERS
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441 EEFFECT QOF TEMPERATURE QN SUPERPLASTICIZER

Superplasticlzer as & high range water=reducing
adedt has bs=2u used successfully 4ip producicg high strargth
concrete DY vaklng possible larys reduction 1n wvater coantent
tc Aachiave th2 required .consistency and workabilitye. A
recant study by kalhctra®?2? revieved developments on the
sfract of suparplusticizer cn the prcopertlices of frasn and
niriened concrates The reviev gnas generally ipdicated that
incarperatica of  superplasticizer Lnte tae ccucrete mlx
agpsared to have ao significant adverse effect o¢n iaitial
32t and the rate of bleadiag 5f fraesh coccrate. Furtharmcra,
the streagta, skrinkage and creap bropecties cf tke hardened
coacrete var2 founpd comparibla t0 coacrete vithout
tocorpcecrating 3uperplasticlizer. In splte of these, the use
Oof 3uperplasciclzer ip preduciny high streagth ccacreta has
2ssentlally pbe=2n confined to tas precast concrete industry
vhera2 tnpe duration betwvaea wlxing and pcuring into forms 1is
ra2iativaly shcrte. Th2 ready=-alx ccncrets companies were
4til1l reluctant tc us9 this simply because of the rapid loss
tn 3luzp and vorkability with tize and teaperature.

A sliutlar problea vas anccuntered in thils project
during the cas3tingy at 45°C. Concrete mix 1incorpcrating
suparclasticizer ( te. #/C = 035 ) was tcubd to be very
senslitive tc elevatad temperature. While the vet concrete
as3intatned 3uifflcieatr vorkability fcr a 1lcag paricd of tipe

at J°C and 16°¢C, the verkability wvas rapialy reduced at
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$59C, TL2 wat concrete at +hls temperature Bappearedh
flovapnl: pbut the raste vas found to have hign adhesion whick
tade sbuffling 2arcd pouring difficulte Time was a crucial
factor nwere bescauce this adheslon i1ncrsased vith lncraasging
tliae A delay of 10 winutes after »i¥xing cculd induce an

adh23lcn 3Cc gr2at that it was dLfficult to vork withe

4¢2  EFFECT OF TESTING TEMPERATURE

Aa interestiag oproolem wvas te decide at vhat
tepperatura the srtecinens should be tested. Obviously,
concrete scculd be tested at tne curing teaperature because
3 ¢€lmncretct? structure will not -éit fer thse temrerature to
Ceacth rcol tewrperature if it fallse. Unforzunately, because
of che ausper of coacrete spacimesz that had te be tasted,
35082 ¢f the spacim2as were 2xposad tc roon terpevature fcr.a
pericd a3 119 a3 2 hours iad a small erperimeat has
iodicatad tnat the temperatura, oseasured at tke center of
the sreclamea, cculd change 997 sver a 2-hcur pericd as shown
in fiqure 4e4, Kliegert3?, ic  his investigation,
oreconditioned the specisens in a aclst rocs at 23°C for cpe
11ad nalf obcurs prior tc  taste. Othar researchers, as
zention2d eacller in Chapter [, Jave ao further detalls on
t23t.2q t20p2Cature.

Saeman and Washa¢?3? {pvestigated tbe vartation of
concrete orcoerties vith temserature. They cast aad cured

coucrzte spacisens &t room tagperature, 100% relative
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huwsldity €or 14 days, aad than cured at 219C, 50% relative
houeidity for 13 days, and finally preccnditioned the
3pecluwns at the prescribedl testing temperature for 24
hourses Tnelr r2sults, a3 showna Ln figure 4«1, indicated that
the 20-day compressive gtrenjytan vwas sandasad affected by the
t2stiag tesperatura. Toe str20gth was reduc2d 5 perceat Lf
ts3c3 were carcied out at 459C and & 10 percent increase 1in
strangytn if t=3ts vere don2 at 0°C, <cowxpar=d tc testing at
TIO1 temparatucer. But howevar, <thelr 1lovestligations vwere
7¢Cc3 ¢r lass dedicated to the fire resistance of tne
concrete meabace A rCecent study on the 2ffect ¢f temperature
at time Of testing was concucted by th2 Cetent ard Coacrete
Associaticn®“? and the laovestigaticn was acre related tc
tnis studye They cast and cured cezent Dportar cubas at
prescriped teamperature ana then tested scame of the speclrens
3t the same curing tamperature vhile sore of the spacimens
vara tested at 20°C after 2 nours rraconditiocuing prior tc
t23te The resualts, «& shown ta fiqures UGe2 and U3, have
inaicatad taat tne effect of tomperature at tise cf testlng
verz virtuz2lly neqligibl2 exc3pr wher thu curlag temp=rature
¥as abcva 659C. For lastance, tbhe specimen cast, cur=d and

7=dey couapressive strsngth of 200 MPa

fry

testad at 5°9C has
volle a siivilar specirmzan tasted at 20°C bhas a 7-day
C3EOoCr2331lve strength ¢f 200 MPa which vas wexactly th2 sanme
135 forwser. Tbe problam nere was to justify whether the

resiles ootainaed freoaz cerant adrtar cubes cculd relate tc

L. ERSBISTES
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the actual pzhaviour of th: concrete cylinders. T¢o further
exzaine the effect of <testiny teuperature, twelve concrete
Cylinders w.th wvater—cemeat ratic of 055 and tvelve with
vatar=-ceeent ratio of (35 war2 cast and cured 24 nours at
ToCca t3apercture. The 3pecimans vere th2n demolded and
Capoeds Half of these speclsens wvere later cured at 0°C and
the other baeif vere cured at 459C. The compresgion tests
vara doas 14 days after castlnge. For each water=cacent
ratlc, three soecimwans vere tastad at the curing temoerature
and tarea speclzens vere testad after a Z2-hour delay at roor
temoAaLature. Thas rasulty i1s shown in table 4.1 rtave
inailcate2d tuat there wveare pracfically no variaticn 1n
COmdIC2g31ve strenqgthe How=ver, the c¢uly strength vartaticn
canm2 from watecr=cesant ratio of 0455« The results indicated
that ccacretz curad apd tested at U45°C has a cocmpressive
str2a9th fiva percent less than a sisilar concrete which has
2Xpiossd tC LCO1 temparatura for ¢vo hCUCS. Frco the abcve
iarormaticn, the 2ffect of teaperature at tire oOf tasting
vas believed to be insignificant orcviding specizens vere

2xpdsed te rocm teaperaturs 0o a0re thaa tvwo hcurse




.00

40

SP.OO. 6

5#.00

SP.OO

28-DAY COMPRESSIvgsggRENGTH IN MEGAPASCALS

4p-00

FIGURE 4.1

8‘
8-

T;gg IﬁéEHENT
2 ST RE0BER A7 B
zizo.od 20.00  60.00  100.00 140.00 180.00  220.00 260.00

TEMPERATURE IN DEGREE CELCIUS

t+ VARTATION OF CONCRETE STRENGTH WITH TESTING TEMPERATURE u®




eire R RN A DG

41

W/C is 0.14
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Compressive Strength ~MPa

FIGURE 4.2 : EFFECT OF TEMPERATURE ON THE STRENGTH OF CEMENT(M)

(Cast, cured and tested at indicated temperature)
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300 W/C is 0.14
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FIGURE 4.3 : EFFECT OF TEMPERATURE ON THE STRENGTH OF CEMENT(M)

(Cast/Cured at indicated temperature)

(Tested at 20°C after a two-hour period of preconditioning)
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ROOM TEMPERATURE = 20°C
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FIGURE 4.4 s+ CHANGE OF CONCRETE TEMPERATURE WITH TIME
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TABLE %41

FFFECT OF TESTING TEMEERATURE
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Curing tezperature ( °C ) G 0 45 45

dours ¢t Dalay at fcca
Treperatitre Befcore Taest U

fc { 14 days, w/Cc=0e55, MPa ) 1€e2
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Chapter v

DISCUSSION

Fcr the sake of clear 1identification and
int2rpr2tatioa of the experirental results, +thke discussion
15 divided 18tC tv¥Oo Fartse. FLrst, the discussion vere
Jedlcated tc the effect of teaperature on thte wmechanical
prcpertises ¢f ceoncrete cast aau cured at 0°C, 16°C aad 45°C,.
The relationsnips bpetwveer the compressive streangth, tensile
strangth, static and dynanic moddlus of elasticity are alsc
=¥zaiaed anc elaborated. The saccad part of tae discussicnh
deals with tae effect of casting and dvitial curing

tampsrature ¢ the conpreesiva 3trangth ¢cf concrete.

51 TEMPEEATURE EFFECTS ON THE MECHANICAL PROPERTIES OF
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5¢1.1 Effect of Tesperature agd Ade on the Compressive

strength
I 3jeneral, the 3pecimens have falled in a
comslstant manaer 1o that the compressive strength increased
sita lncreasing time and decr2asing watar-cesaent ratice The
lyv=3trengta 3oecimneas want throudh a considerable amount of
olastic deforeatica befora failure occucred. It contrast,
3pecimeas haviag higk compressive stresgth, typically atove

43 4Pa, tcok 4D vary little plastic straia azd the fallure

- U8 -
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vas bctan sudden aand 2xplosiva,. The rcesults of tbhe
COoDOr2ss8lvy  t2WIL3 At VvVaryviag agsa, vatar=czment ratioc,
casting and curing tesperacura vere given in tables 3471, 542
4200 Je3s T¢ we@xaanine ths tasct reszsulte, tha cecmpressive
strengtn versu3 the age of concrete vere also plotted as
3nova o figuras 5.1 tc 5.711« A dimilar trend could be se=n
frcn all these flqures tbat comoressive strength varied witsn
Vvarcylnog a3z, vatar=-cemert ratilc aond casting erd curigng
tamoeratureca. Iz addition, concreta continued +tc gain
strength evaa though it wvas cast and cuzed at low
tapparatares A distinct stre2agth variatlca was cbserved by
coaparing figures 5.2 and Se3. Attenticn tust te given tc
the spacing of the curves ia flgure 53 in vanich the curves
vera spaced further apart than thcse Lo flgure Se2¢. This
iudlcat2d that ccapressive streagth was more sensitive to
#atar-ceaent ratlo at =2levatad teaperature <pere a slight
decreas~ an vater-cement ratid could result in a substantial
increase ic strengthe A sSorewvnat siastlar trend was alsc
Jpsarved ip figure 5.1 fcr concrece ca3t znd cured at (°C.
The ccrpressiva strengta ilacr=2ased raridly for ccpcr=2te with
watar=-czment ritlios of Q.45 2ad 0635 but nct the (C.55 water-
cea3nt Tatice
A3 expect=2d, ccacrate cast aad cured at 0°C
devalcped very little streangtn at Lfts early ages as shevro 1n
figures Se4 to 5+€. Despite tn2se lcv initial strength, 1its

loaj=teras streaqthk was fcund coaparabla tc ccpcreta curaa at

A o e s £
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16°9Ce Figura 5e4 sncws that the 90-dzy coapressive strength
of concrate cured at 0°C vith vater=ceszent ratio cf 0.55 was
slijhtly belcw tb2 strengeh >f concretve cast ard curad at
15°9C. Hcwevar, for watesr-cewment ratic belov 045, 0°C cured
coencrata picked up strecgth rapidly and aven exceed that of
16°C at ages oayend seven dayse In centrast, ccpcrete cast
and cur2d at 459C has both faigh 2arly strength aad high
lonjy-tera streaqth especlally for those with water~cement
ratic ¢f De35. It showed a auch highzr strscgth than these
at 16°C at all ages.

Bestdes the ragritade cf ccacrete streagqth,
attantion was also given to‘ the rate of strength
developuent. ACI Ccaniltte 205¢%5? proposed that the
compressive streagth of concrete zade of ordinary Portland

cemant could be predictad by
fc = f'c x t / (& + b X t) =ee—cecemccacmnaa - (541)

vaecs a=44.00 aad b=0.65 for aoraal zo0lst cured ccncrete andgd
1=1.00 aad 0=0.95 for steam curad ccncrete. This sguation
sLoply states cthat the cospressive strenqth at any tine t
could b2 related <*c the aga of ccocrete and its 28-day
cowpresslve 3trengthe Hdcwvever, as shown 1o figures S.7 tc
5¢9, tha rate c¢f strengthk davalcpment vas also affacted by
the vatar=cenent ratio aad <the castina and curing
rewperature. The lover the vater=-cement ratic, the faster

the concrste galned Lts streigta. Furthsramora, concrete that
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vas cuet and cured at 0°C deviloped straagth slcwly at sarly
aJe3e As shown in figure S.7, the 3=-day compressive
atranqgth3a werce abcut 20% cf its 28~-dey strength wvhiles others
at 16°C anéd 43°C have already ceached 60%. Despite these,
ccucr=ta at lov teaperacute maniged t¢ catcn up the strergth
vith the otners as tice procsaded. For instaomce, figures 5.6
and 5.9 sncwsa that cecncretse at elevatad taamparature cculd
reach at least 60% of its 23-day strength within 14 days
vhile figure Se7 Taviewed a s3lallar ﬁercentaqe even thcuqt
the concrete vas cast aand cured at 0°C.

Figure 510 1adicatad that concr=te cast and curead
at 0°C and with an appropriate‘ vater=-c2mzent vatio cculd
d2valepr & higher ccropressive streagth than a 3iailar
concrete cast and cured at 16°C. Fe¢r 1instance, the 3=day
3tr2a3th of ccacrete at 09C ani with vater-cement ratic of
Je43 wvas about one-quartar of tne 2d8-day strength of a
similar coccruete at 16°C, but then ths streagth was able to
reach 100% at 14 davs and 123% at 90 dayse. Siilarly,
csacrate vith vater-cemact ratid of 0.35 attzlned 40% at 3
days, 100% at 28 days and 125% at 90 dayse It coatrast,
cencrate with vater=-cemant ratio of 055 started out vith a
lov initital strength and ended up also with a low 90=-day
strangth cciopariug tc the 28-day compressive strepgth of a
similar concrate at 16°C. Apoarently, cecncrete at  low
tezmoerature bhas benefited from Llev watar-cawmeit ratics The

lowar toe watar <Zagzent ratlio, the higher thne long=tern
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relactive strengthe Hevever, 1t could be seer thkat concrete
¥ita vatsr-ceneut ratlo of Ue35 has a lcver strength
percentage than Q.45 at ages o2yond 14 dayse. dlthough 1t
3till sagaged wo attalir bign long=term streagth rerceatags,
the TvTeascn for the variatloa in the rate c¢f strerqth
develoruat petveea watar-cesant Tratic cf Ue35 and 0Qe45 is
aot Kkocowne Jae possible explanation could be the effact of
incorporatisu of 3superplasticizar i1atoc tne concreta with
vater=cezeat catlio of GC.35¢ As shovn in figure S.11,
coucrate cast apnd cured at 45°C ¢vith a vater-ceaent ratic of
Je35 attalnsed 110% of <the 2¢=-day strengta cof a similar
caaucrete at 16°C wvithia 3 11v$. and this perc«atage
continuaed tc iacrease and resachz2d 17C% at 5D dayse Concrete
vith wvater-csm22t ratlo ot 0.45 davsloped 100% 2t 14 days
and 120% at yJ days while ccocrate with water=cerant ratdic
2t Q.55 dia npot yleld very geccd 3traagth at Lkigh
t2aparatura. Apparently, <c¢oacrete with lov vater=cesent
Catld has recsived penefirs to Ltd ccrpressive strength fror

bcta castinjy aad curiang at 0°C and 459C,.

5¢1.2 Tepsila Sirepgth of Concrete

Ina jeperal, the t=2a3i1le stra2pgth of ccacrate
locr2ased witn increasing tiae and increasinag comprassive
3treagtd as shovn 1in tadles 3«1 t2 Se3e I'he Cacadian Ccde
fer the Deslyga of Ccecacreta 3Structuras for Buildings¢te?
su9Jested that the tensile streagth cculd pe telated to its

Comoregsive strength Dby equatica (3e2)e

I BT a2

T ar = b+ b o 8 o 4 847 A e ene
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fct = O.Sé(fc)o.s.<j s eccccr—ca——— m——mmmmm—ae (5,2)
Hcwaver, whea all the wexperlmental results wvhich coliected
from all diffarent vwater-cement vratio and all different
ci¥riang and c¢uriang temperatur2s verle plotted as shown 4in
figur2 5.12, 1t could =2asily ba seen that tals relatiomnship
3.4 ac¢t held for the najorliety c¢f the test results.

Jdbviously, a better relatloasalr could bz establisheé by

131329 tha thsory ¢f 3tatistics aad crebability te determine_

the distribution of the 9xpariamamntal datae To d¢ this, the

tensile strenieh was firat sxpr:ssad as a pever function

fct = K(£C)Y wmmmemecmcmmcmccecccceemeceameee (543)

vhere K and § are the nnkoowa paraestars tc ba detarmipsade.
*urther, ¢ty taking onatural lojyaritha on both sides of the

3quaticn,y, squaticn (543) becanma

Log (fct) = log (K) + ¥ 10G ({C) =eveccemccac== (5,4)

0K/ Y = A ¢ BY ==mmmecccccceccccecccccccecae e neee (5,5)

vhere Y=log(fct), A=1lcqg(K), B=N and Y¥=lcg(fc)e This siuply
d2&0s thuat 4 lipear relationshio coculd be reached when all
the experisentil éata vera plott2ad on a log-log paper., Usling
Laast 3Square Fegrassdion Method (zs« Appendir 1A), the
reqression coefficirants (K=0.45, N=0460) vwvere deteranined as
Jivan 23 tapia S5.4%. The ccrralatics ccafficient was fcund to

b2 Je.d6 whican indicatei that a good linear trernd existed
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betveen tensil2 and ccmpresslve strength in log=loqg scale.
As shecwa La figure 5413, 44 out oFf 45 of the Jgiven data f=ll
vitaln the 93% confidence liaicse. In ctaer wvcrds, the
eroocsed regrassics lice deternlned from least sauare arror
ainizization u2athcd vas acceptanle.

Fcon®*??  fcuad +that K=0.3% aad N=0465 1in his
study. Carino and Lev¢'®? collected previous research data
frca Naticoal Bureau cf Stagdards and the pararetars were
found to be K=0e24 and M=0.71 froz a series cf statistical
acalysise Flocwtizy all thnesa Ln fiqura Se.14, 1t could be
3=en that Fo0a's cesult was in gocd agraecept vith the
preieat stuaye A remark must bHa pdinted out that scme cf the
data f{ros Poca's equatica vare collected from specirens
cirad at 2°C. Apparently, <Cariao and Lev'se results have
Jivan & lower oournd solution vhsre ocnly 7% of tke data fell
D£10VW the Ccurves. In zaditica, the results from Pcon,
CAN3=A23.3-477 and tha opreseat study wvere all 1in gqcoag
ajr2ezeat -u rpredictisy tha tensile strength of ycung
concCrete with Corpressive sStrength less than 20 MFae Wher
the ccmpressive atrengtn of ccoerste ingreased furtker,
2gquation (52) vlielded a conservative result. It
indarestiaated the tensile scrsagth of cocacrete vwvhich has
nlga cospressive screnqthe Hovwevar, the above equations Lave
oresumed that the tensile streajyth was only related to its
comDrCa33lve strengthe "nen tae Least Sguare Regression

metnod vis appliea  te data vhich ccllectad from indivicual
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casting anl curiug Tr=29iuwe, ctne curves in fiqurs 5.15
inalcated tnat t=3n3ila stranjta ¥as dalso éffected by
t2aoeraturse Lovw temperatnrae visg affeétlnq tens3ile strergth
q0ra tnan Ccoupressive streagth and nenc2 iiffermnt
relatloaships Oatwewn tensile aad compras3ive srrength could

b2 derived for ditfarsnt casting and curing tenperatura.

Simtlarly, the static rodulus cf elasticity
incraased witn lacreasing coapressive strengttbe Using the
3273 2Apprcacn as 121 the previous secticn, tas static modulus
of alasticity vas once agqain expEeSSGd as a rover function

Lho2quaticia (S5e6)e

Ec = K(fc)\ mmmmmmcmmmemcc—ccm—es—e—ceeecmecec (5.6)

Taa ragression cc=2£ficient3s £ and N wvare found tc be 3.05
and J.85, c2spectively, as qiven 1in table 5.4, The
corcelaticn coafficient waz 0495 wvhich indicated a strong
lipsar reletlonship betvean <che Young Mcdulus and 1its
compressivs strength In lcg=log scales Flgure 5.16 shoved
toat 93% cf the given Jata fwall vitnia tha 95% confidence
lisits which further veriflal the acceptabillty of the
prcoosed rsgr23sion line,

The Capaidian Code¢l®’ suggested that K=5.00 acd
N=0e50 fcr noraal weight coucreta,. Ca the cthar hand, the

British Code of ©Practice¢®®? s3330ested that K and ¥ shcula
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og 2qual te J.70 2aad 0.33, respactively. flcvevsr, wvhae these
vera plotted as shown 1n figuce S5+17, it could be seen that
o3th tha Canzalan Cedws and British Coda have overastimated
toe static sodulus of elasticicy of the vyoung concrete and
unrdaréestindrad that for the matura concretas

Figure 5.18 show=2d that concrste at 45°C yielded a
nigher Yourg acduius tham those at (°C feor ccpprassive
strengta belowd 30 MFa and a lover static rodulus of
3lajticity for strangth abocve 30 MPa. 1In other wvords, the
3tatic sodulus of elasticity 1ncreased wvitd lncreasing
ComprLessive dtrength Ltut the rats varied depnrading on the

Casting and curing tevparaturae

5¢148 Dynamic Hodulus of Elasticity

The dyrazic wmodulus of elasticity 1increased w1£h
iocreasling cospressiva strengthe Fronm 2 seriles of
dtaclstical asalysss, the cerralaticr coefficieunt as shcwn
iln table 5«4 Jas found to be 0.94 vaolch 1ncicated a StTong
lilnaar ralaticnship beatweaeg tha dynaaszc wredulus of
elasticity and 1its cosprassiva strength in log=lo37 scalee.
itallarly, vaen the dynanlc acdulus of slasticity wvas

2xrressed as a powar function of

N

Ed = £(fC) =mmmmmeceaceccccmec————- mmemmmmee (547)

the regressica coefficients £ and N fror Least Square

agalysis vere d=teruvined tc b2 13.30 azd 0e31, rerpectively.
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In additlicnu, 23 sebovn ln flgure 5419, 96% of the given data
£all within the 95% confidenca 1linrits vhict fucther
justified tka orercsad regresiion =a2gquaticne

The Britlish Cocde of Fractice®i®? suyggested that
the dygaalc nodulus cof elasticity could be related to Ltes

compra2ssive strength by equation (5e43).

Bd = 140 ¢ 7.60(fc)°'33 . SR (5e8)

A3 sn0wa in  figure S5.20, the Code has apparently
overestinated the dynamic =@adcdulus cf elasticity for
sorpressive stcangch lese thaa 20 MEa while it ccptinued te
undarsstisate thbte dypaalc noduius of elasticity of the
concrete bhaviag ccmpressive stra2ngth exceading 20 MPa.
Figure 5427 saowved that ccancrete cast apd cured at
higa temperature attained a highsr dypasic wodulus of
2lasticity thaa a siailar concraste having the saze strength

(below %45 Mra) but cast ard curad at low temperatura.

52 CASTING AND CURING TEMPERATURE EFFECTS ON CONCRETE

2o, S ————— — it o e e e i s i B i e i mm s S S Amam e X e So e

SIRENGTH ‘

A¢ diszcu3ssed earlier .a gecticr S5e141, coicrste
that cast ana cured at 0°C could develop oauch higher lcang-
tara strengrth than these at 16°C Lt the vater-cement ratic
¥is K3pt to .t3 dradimune. Ia ccatrast, concrete cast and
curad at #5°C develova2é both high early and long=teran

3trangthe Th3s key ~g3ue wa3 3 X2ep the water=-cement ratic

as low a3 pcssible so that coacrate will suffer vc damige tc
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Lts strengtt but conversely bznafit from casticg and curing
At 3rtreme temDAraturae.

Altnough the strangth vas afrfected by terperature,
there ¥as n¢ doupt that cosprassiva strength of conucrete, as
JLv3n ia tadles 545 to 5.7, lacreased wilith increasing tine
31d decreasing varer-cerant ratlo. The tread aprlied to all
vartous ccadiraations Of castiag and curing tesperature.
Fiyura 522 na3s sheva that curiag &t (°C has no adverse
3ffact on concrete strenqth as lcng as thbe vater-cement
ratlo vi3 Kk2pt lcwe The cas3ting camperature wvas gelsc
affactingy tua streagtht as well. For lnstance, the best
C3mDLiaatlon vas obvicusly canmne ffom the cne that cast and
cared 3 aours at 459C and subseguently cured at 69C. It bas
2rhioited tte inlghest streageth 18 both 7-day and 90-daye
Statlarly, <asting at 45°C tojatoer withn low vater-cerant
citlso were alsc good Ln producing high strepgth concrete
regardl2ss of the curing tempecvature. Fligures %.2722 to S.24
all zadicated that the beat strengqth, both earlv aad lcag=-
t2re, vas obtalued from concretz cast at 459C. Hcvever, to
jugtify which <casting and curing regime vyieldeo the best
results, 1t LS ne2cessary to out Uup a referance 30 that
1irect comparisons could b2 made. Since ccamcn otractics vas
tc cast and cure coancrete at room tewferawure, the ccacrete
that cazt and cured at 169C vas chcsen to o0e the referesce
and the ccoapressive strength froa various casting and curiag

rrglmes vculd be compared to tha 2d-day compressive strengtt
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of the rafsceace. The resuits were given in tables S5.b tc
510 znd graohicelly in fiquras 5.25 to 5.33.

Fijuce 5.?5 shoved that casting at 45°9C did indaed
iteprove the &4arly strangth to a certaler dsgree but the
nsverall pictur=s sboved that concsraete vith water=-cerent ratilo
5f D0e55 and curing at 0°C yiwslded pocr resultse Even though
cast at an slavated terperature, 1t still falled to produce
gscl strengta comparing with a similar coacrate at 16°Ce
"hen the water=cesant ratlo vas rTeduced to 0.u5, scme
Lmprovemsprs showsde A3 shown Ln figura 5.2b0, concraeta cast
ana cured at 0°C vielded results cowparable to the
rafarencee It shcved 2 reletlva étrenqtn percentage of 68%
ip 7 days, 107% in 28 days and 124% 1in 90 dayse. Ino addition,
coacTets cast and cured 3 hours at 459C aad ccantianued curing
at 0°C alsc yia=lded favourable cesults. 1t shcved a relative
streangth perca2atag2 of €9% ia 7 days, 114% in 28 days and
132% in 90 dayse. In ccntrast, concrete that cast at 16°C and
curad at (°C shovaed a 1littla Laprcveasnt and the strapgth
vas lov corparing ¥ith tbe rafarance. For water-cenent rattio
a3z low as 0e35, th2 cverall picturse definitsly Lrrrovede 4s
skovn in figura 5.27, the Dbast teaperature ccabination wvas
certascly th2 cne cthat cast 3ad curad 3 bours at 45°9C and
subseguenotly cured at 0°C. [t snoved a relative strangth
parceataga of 102% 1o 7 days, 145% io 28 days and 169% ir 9C
days whicn were axtra2sely gqoods The second best resault canre

froa ths ccacrete that cast anil cured 3 hours at 16°C and
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sub3aqueatly cursa at 09Ce It yislded high strecgth 1in both
lts early aod 1later ages. Apparently, three 1rportant
J03arvations could be drava fron these thres figures. First,
castlag at 459C di¢ improve the dnittal and lona~terr
3tr2ngth of coacretz. Next, Lt was the vater=cem=2ot ratic
that played aun Llsportant role in low temperature curinge The
lovar the wvater-cerent ratic, the Detter the results.
finally, ccocrate cast and cured 3 hcurs at 459C or 16°C angd
tnea ccatinuz2d to cure at 0°9C yislawd very gocd strangth
oroviding vater=cenzent ratio was kept to its rioizume
Figures J>¢28 to 530 3howed thae relative concrete
3trangth cucrad at 16°C btut cast at different tesperaturee.
For vater-cemeat vcatic of 0455, filgure 5.28 choved that
casting at el=2vated teaperatur2 c¢r lcv termperature reduced
the concrete strenjtine. In coatrast, as showa in fiqure 5629,
the concrete wi3 actually pep2£fitad froa castipg at 09C whenp
Jat2ar-=cea20t ratlio reduced to Q.45. The longer the concrete
remiined at 0°9C bafore raceiviag evteusive curing at 16°C,
the nigher the strength, bors 1inictial and long-tern.
8lthough caatiug at 4#5°C did Qct giva hign streeqth, the
rasults vere found comparable to the refsrence. Cnce again,
vhea water=-cexza2nt ratio reduced to (.35, tke cverall picture
rav2aliled deflalte loorcveseats in  all various casting and
curliag raglaas, The bzst resylt obviously care frorz the
concrete thac cast and cured 3 hcurs at 45°C ard ceootipued

curing at 16°C. It 3howved a ralitive strenygthk percentage of
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35% in 7 days, 119% 1in 28 days and 132% in 90 days. Casting
at 09C aad subsequenatly cured at 16°C alsc yielded a better
strangth thas those cast and cured at 16°Ce. The longer the
concrete stayaed at 0°9C, tne'oecter the 3trenqgthe A 3iamilar
observation +a3a5 that ccncrete strength from varlous casting
and curiag r=3ylaes Jlaprcved oaly Lf tha vater-cemeat ratic
va3 Kept co it3 cialinmur.
Siaeilarly, fcr extandad curing at 45°C, figures
531 t¢ 5433 shoved the relative strenqth of concrete versus
tza2 with ditferent wvatrar-cameat ratic. Figure 5431
indicatea that curing at 459C woulid dasage the <concrete
3traagth fcr vater-cement ratio of (e55e Scme improvemeats
in 3trengta v2are observed 4in figqure 332« Concrete witk
vatar=-caiaat ratio ¢f Q.45 showsd a higher 1aitial and long-
tera strangtn L{f 1t wvas cast and cured at 45°C. Casting at
lov temperatur=e aaod to2n cured ar 85°C would damaga the
3trendthe fcr vater~-ceqsnt vratic ct 0.35, similar
iaprovemant .o 3tranqgth vas observed in ftigura S5e33. The
pest result came from concrete cast and cured at 45°cC
continucuslye. It 3boved a ral;tive strength percentage of
126% 4in 7 days, 150% in 28 days and 167% ip 90 days. Castihq
at 0°9C and th2a a vperaicd of 3-hour inizial curirg at 0°C
3l1so irproved the relative streagtan of concrete,
Toe above results vere found consistent wvich the
rasults froam previsus researcae A5 discussed earlisr In

section 1.2, Price®?? jadicatad that concrete amlixed, ©placed
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ang cur2d at 4°C hava @ 23=-day ccupressive streagtn 22
pzrzaat lewel than those which wers mixed aréd ccotinucusly
car2d at 21°C as shcwa 1lu figure T.1. Ia additicn, the

ccuorz2sa3ive sirength of concrata that cast andé cured 2 hcurs

at 4°C and subsequaotly cured at 219 vas fcundg kFigher than
the copcrets <Cast aad cortipuously curaa at 21°C. Hovever,
1ll cencrete speclaens in his study vere using vater-cement
riatlo  cof  Je30. Although ¢the present study did not
lavistigate <tals wvater=caneat ratic, by averaging the
Axparimeatal rs3ults frcr wvatac-cerent ratic cof 0.55 and
Oel45, the sarc obsesrvatlions could pe rade. As shcovn in table
5¢11, Erica's results wera fouad cerparable tc this studye
Altaougn am =2xact correiation is not pcssible bzcazuse cf the
iifferences 1u the type ¢f cameat that vere being wusaa in
toe 3tudies, tae ovarall plcturs has shovn a sirtlar rasult
vitn this stady. Prica w23 using ASTM type II cemant which

nas a higner opaAarcentaqge of tricalcius silicats apnd a lower

o

erc2mntage of dicalciur siliceace thar the type I ordirary

w
O
"
o
’_‘
n&

0d cement. Klieger®3? vas using watec-~cernrent ratic of j
0e842 @&nd is results 1ud1ca£ed & slignt deviatioa 1in
ccnclusione For instancsz, as saown 1ln figure 1.3, concrete
Cast apd cur2d ic 49C Geveiop3ad o 28~day s3trength 20 cercent
lower than a sieilar concrata cast and cured at 23°Ce
dcwaver, troe guality Of czpent has inproved over the last 25
y2arse AS spcvan in tabie 5,12, tne chezical ccaorcsiticns of

CSa type 10 Portland cecant was roughly equal to the averaqge
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>f the chenical compcsiticns of ASTK type I and tyce III
cemant that Kllieg=ar used in als study. The ccopressive
3trangth cf tyoe 10 cewment wvas alsc toﬁnd comrparable to the
average of tn2 strength of type I and type III cetent.
PThercafcocrs, by averaging the results a3 shown 1in table 1.3,
the relative 23-day ccacrete strownythb vas found comparable
tc this stuly. Hovwevar, it 3hcuid be Dointed out that
averagioy the concrete strenqth of tyce I  and type III
ceEant oLgbe l2ad ts a8 ccaclusion different froan the actual

¢oancrata rade of type 10 cemeate.
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TABLE 5.

1

I e~ |

MECHANICAL PROEEFTIES OF CONCRETE CAST/CUFED AT 0°C

1
| |
{ i
| |
i |
| |
| |
t+ 4
| {
| |
{ Cospressiva Tans:ile Static Cynamic |
i Strength Strength #e0.E. MeOeke {
1 eeeesccccscs | ssssases coswse | scosee- |
| |
{ (ME2 (4Fa) (GEa) (GFa) |
1 |
F 4
| {
| 3 Days 3.8 1425 Nede 19.8 |
| 7 Dayas 10«56 2421 11«5 3062 |
| 14 Days 171 277 164E 33.2 |
{ 26 Dayas 20«2 3407 2145 35.2 |
| 90 Days 2243 319 2245 3648 |
| 1&> 11 2~ 7 13- S 37- < |
L 3¢ (R 34 52 32-F h
L R
1 {
| W/C = .45 |
| 3 Days el 1.77 9.8 22.38 |
| 7 Days 1944 268 2142 34643 |
| 14 Days 2343 401 2643 34,5 |
| 28 Days 3142 he18 2363 37.1 |
{ 90 DaYS 3661 445 31.7 3940 [
i g 35-8 3-G< 321-0 o6 i
F e & 37-9 Lo LS 33~ b G1-¢ ]
| |
| A/C = 0e35 {
| 3 Days 131 Ze59 1347 2641 |
| 7 Days 266 3626 25.4 35.1 i
{ 14 Days 33.2 4,89 31.38 376 |
| 28 Days 34.8 5407 33.0 4043 |
| 90 Days 4242 551 3645 44,2 ]
i jg e 3. 457 36 5t |
b 30 i i §rpu 371 463 |
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TABLE Se2

MECHANICAL PROPERTIES OF COACKETE

CAST/CURED AT 16°C

r |
| l
| |
| {
| i
| |
| {
[ 4 |
| |
] |
{ Ccapressiva Tansile Static Pynamic |
l Strength Strength MeCefe NeDoLos [
I eecssceccss ssccsses  ssssse | cocoeo- {
i |
| (%Pa) {4Pa) (GPa) (GPa) |
| |
s 4
{ |
| ¥/C = 04535 {
| 3 Days 159 1483 1940 3046 {
| 7 Days 1843 177 2009 3443 |
| 14 Days 23.0 2e32 2441 36.0 |
| 28 Days 273 277 25.9 3765 |
| S5C Days 30.4 3.56 277 38645 |
| ige 3:-7 38 312 395 ]
b 3 © 1.0 3-8 30-y Go 7 4
| |
| W/C = (e85 |
/ 3 Days 17.2 1.81 20.4 32.6 |
| 7 Days 2045 257 2246 3642 1
| 14 Days 26.0 2674 2547 3845 |
| 2b Days 29.1 233 2940 40.4 i
| 30 Days 33.2 3.17 3C.9 42,1 |
| 18~ 235 3-83 3/~ © &7 |
- 3cc 279 &rof 324 3 1
| |
| #/C = 0435 (
[} 3 Days 2449 2.54 21.6 37.7 {
| 7 Days 273 376 24,5 4142 |
[ 14 Days 31.3 4,02 30.3 8242 |
| 28 Days 34,6 4,16 32.5 83,06 |
| 3G Days 39.3 4450 3443 4547 |
| jg° P34 [P & X 354 46 o i
b g 463 bs 2 P8 Wb 3 !

P e e
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TABLE 5.3

MECHANICAL PKOPERTIES OF CONCRETE CAST/CURED AT 45°C

| |
| |
| |
( |
| ]
| |
+ 4
| |
| |
} Cowpressive Tenslle Static Cynaaic |
I Strergth Strangth Me0eke MeDoFe |
| e meceeeaa— cemmmn—- m—————— —emme—— {
i |
i (MPa) {4Pa) (GFa) (GPa) |
1 i
| |
i 7 Days 171 2.26 2049 3662 |
| 14 Days= 19.0 2e506 23.1 37.0 |
{ 28 Days 2147 284 2642 38.0 |
{ 90 Days 2243 300 27.8 3845 |
] 1gc 2¢- 3¢/ 18- 37-3 |
E 3o 17- -5~ 1L8>7 375 4
] !
I #/C = Cet5 ‘
| 3 Days 20.3 2.06 2243 34.6 |
{ 7 Days 2647 3.08 25.3 3643 |
] 14 Days 2943 3.54% 2743 37.4 |
| 28 Days 3243 «78 3Ce4 3843 |
| 90 Days 35.1 4433 33.0 39.0 {
| lgo 2¢-3 395 32-3 g0 |
PR £ 4 335 ol 7i e Lo o 1
| |
| /C = 0635 [
| 3 Days 39.3 3,04 2541 1.3 |
| 7 Days 43,7 3.9¢ 2740 43.1 ]
{ 14 Days 4842 4,67 3345 44,90 |
| <28 Days 523 S«.0€ 39.0 45,2 ]
| 90 Days 5743 Sebl B2.4 4646 |
| igo £1-7 &-77 Ips b6 ¢ |
I 340 £2-9 S.52 Gho %y !
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TABLE >.4

LEAST SQUAFE® LINEAK REGRYSSION AND CORKELATION

Iteas
y = fct
x = f¢
y = Ec
xr = f¢
y = Ed
xr = f¢

Number ¢f
Observaticn

4s

4a

45

Correlation
Coeffilcient

o T e e e e e e e - e - ——— —

Log
Log

e e - -]
won owon
4

Log
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A~
L —
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TABLE 3.5

STRENGTH CF CONCRETE CUFED AT 0°C

Casting Teaperature gec 16°C 16°C 45°C
Hours ¢f D=lay 3 12 3

Cowmpressive Sirenqth (¥Fa)

o e e e e e e e e - e G e e S e A = g T e e e o e e —— . —

7 Days 105 1162 13.5 1449 :
26 Days 2042 1644 18.8 2240 :
906 Days 22.3 2040 21.5 2446 :
3¢o Te-s  Fi-1 26 7§

|
W/C = 0445 §

7 Days 19.3 1340 1744 2041 i
26 Days 31,2 201 22.4 33.2 §
90 Days 3601 2348 2549 3845 g
3¢o 27-9 3¢-7 18 ¥ =7

7 Days 2646 3541 3246 4242 !
28 Days 38¢3 443 3646 5040 :
90 Days 4242 4543 43.5 5846 3

3¢e G6-j S1-v 33 £i &

b oy e s e o o o el e o e i o wh - ol - — . e e - — D
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TABLE 5.6

STFENGTH CF CONCRETE CURED AT 16°C

Casting Temperature 16°C 0°cC 0°cC
dours of Delay 3 12

45°C
3

o T e e e e e e e —— e T e A e S e e e e e e - A - - -

|

|

|

|

i

|

4

)

|

|

|

{

Compressive Strength (MPa) |

;

{

F/C = 0e55 |
7 Days 1343 13468 1745 14,9 |
28 Days 2743 1842 2641 19.8 |
3G Days 304 2246 2845 2247 |
Elad 31-0 174 373 345 !
|

W/C = 0445 )
7 Days 20 5 2645 2804 207 !
28 Days 231 34.0 35.1 2841 |
90 Days 33.2 36e8 3746 32.9 {
3¢o 2295 35 i sz
|

7 Days 273 2849 3.4 3269 |
23 Days 3446 375 39.0 41.1 |
30 Davys 33.8 43,1 4542 4547 1
2¢ o %6-3 -9 éo-2 £6 S5 :
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TABLE 5.7

STRENSTH OF CONCRETE CU®ED AT 4sec

Casting Tewperature 4597 0°c 16°cC
Hours of Delay 3 3

Cozpressive Strength (MPa)

,—--——.__.-._-1’-_.—._——-—1P.—.-_._——.|r___.—-—-—.—._".———.—-——q

N/C = 0435

7 Days 17.1 1Ze6 177
28 Days 21,7 1545 21.8
90 Days 2243 15.1 23.86
3¢ 17-%9 . les 3% ¢
A/7C = Qa5

7 Daya 2647 173 185
28 Days 3243 2141 2449
3G Days 35.1 2343 3C.8
3¢ » 3¢~ 3/ ez
¥/C = 0435

7 Days 43.7 31.9 2367
28 Days 5240 L1745 32.6
90 Days 57«3 45.6 3849

3¢ o §3-7 S30 57-9

T S e S e .
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TABLE 5.8

STRENGTH DEVELOFMENT OF CONCERETE CURZD AT 0°C

Casting Teaperature
Hours cf D=2lay

0°c 1€°C 16°C 45°C
3 12 3

Parcant fc tec flc(16°C)

- T e e e e e e R e e e G e e e e e = e e e = e - —

¥/C = 0455

7 Days 3343 41.0 435 S4.€
23 Days 7440 601 6849 80.6
90 Day=s 817 7363 7848 901
262 §¥-7  ilu-3 96+ © Jop~o
W/C = 0445

7 Days 6340 dlhe7 5946 6941
28 Days 10742 691 770 114,17
5C Days 1241 0148 8640 132.3
3¢ o 130- 0 ]2 77- v 13%F
#/C = 0435

7 Days 7649 1C1e 4 94 42 1220
28 Days 1006 12945 106 .4 18445
36 o 1331 iso~9  j15., Ji7E-T

e e e e e e e e e e s e s e e e e e e e o e e e e e cme we n ode e - — - a— o
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TABLE 5.9

STRENGTH DEVFIGFMENT OF CONCRETE CUFEL AT 16°C

Casting Tenmperature 169C goc goc¢ 459C

Hcura c¢f D=2lay 3 12 3

Parcant fc tc £'c(16°C)

W/C = (0«55
7 Days 6740 50e5 6441 S4e46
28 Days 100 .0 66e¢7 3546 7245
90 Davys 1114 8248 104 .8 8342
) 117 . oo 176 € iis %

4/C = De45

7 Days 704 9141 9376 71.1
28 Days 1003 11648 12046 9666
90 Dayse 11461 12645 12942 113.1
> )30. ¢ 132/-3 1i6 7 176-3

o e e gt e s e h S tme T e e MR = e — amL e e e me S e e o o

W/C = (e35

7 Days 7369 d3e5 50.8 9%.1
28 Days 1000 108.4 112.7 118.8
90 Days 11369 124406 13066 132.1

3¢z i332-3 is21-¢ J75 7 i92-%

b e e e o e i e o e e e ok - - — e e s - v e - - - -
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TABLE 5.10

STRENGTH DEVELOFMENT OF CONCKRETE CURED AT 45°C

-n e e oy

Casting Temrerature gs50; gec 16°C
Hecurs ¢f Dalay 3 3

farcaat fc to f'c(16°C)

4/C = 0455

20 Days 73«5 5668 7549
30 Days 3345 700 J6 4
3¢~ ler-q 7y i g7

#/C = Ue45

7 Days 913 5945 63.6
28 Days 11247 7245 3546
9G Days 120 <6 001 1548
J¢ o 132-3 /57-9 1571-1

e T e T T e e e e e e e . o - - -

'i/C = 0e35

7 Days 12643 9242 66e¢5
28 Days 15043 11949 9442
30 Days ' 1673 13148 112.4

3¢z ]18&~/ /33~ }yo-

b—.——._—.—_.-ll-._—..__—_-JL————-..JB—.—..————_-J\-___-——-—.J
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TABL®

23-DAY COMFFESSIVE

311

STRENGTH RATIO

P e e e e e S e e S e e - R e S e e e e e g = e -

Strzuaqth Ratio 2 == Fxparimaat,

-
|
|
|
!
|
{
|

Casting Tamperature (°C) 4 0 u6 45 |
Zuring Teaperature (°C) u 0 46 45 |
{
Streugth Ratio 1 082 107 {
Strangth Ratic 2 0691 Ge96 |
|
1
4
i
Casting Te2eperatur2 (°C) 4 0 46 43 |
Hours at Jasting Tamp. 2 3 Z 3 !
Curlag Teaverature (°C) 21 16 21 16 ]
|
Strength Ratio 1 T¢01 0«87 {
Strength Ratlc 2 Ge92 G.d85 |
|
4
|

Notes : |
{

Strenqgth Ratlo 1 =~ Prica (Eafe 2), f'c/f'c(13°C) ]
{
|
{
d

f'c/ttc(16°C)

A A e 4 s e o e

e Rt e A e et = e




A et e b B

T i~

e

105

TABLE 5.12

PHYSICAL CHARACTERISTICS OF CEMENT

fc ( ¥Pa )

o T e e T T e e e e e e T e e e e = = ———

Percent py fWeljnt

¢f Ceunent 50 mm dortar Cubes

Cerment Cab CZS C3A :4AF 7 d 14 4 28 d

1e Typa I 4245 2848 1763 3.0 13.6 21.7 3.2

De Typea TII 5862 1371 10e3 340 273 3549 4742

Ce AV2LCAqQe SCe¥ 2760 1CGed 3.0 2067 3G 8 39.2

—~1e Typa 10 57«7 2842 943 349 19.0 2948 40.2
Notas

C3S == Tricalcium Siliicata
CyS == Dicalcium Silicate
CSA == Tricilcium Aluminate

C#AF -= Tetracalcium Aluzinoferrite

{ Kliaqar, Ref.
{ Rlieger, kef.

ae ASTM tyrce I Cemant
be ASIM type III Cedent

de CSA type 10 Cem2ut ==- Infcrzatico suppliad
by Canada Cement Lafargae I1td.
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TABLE 5.13

23=-DAY COMPFESSIVE STRENGTH RATIO

Casting Temperatura (°C) 4 0
curirqg Temperature (°9C) 4 0
Strangth Ratic 1 0.83
Str=2ogth Fatic 2 1.4
Averaqge Qe99
Strength Patic 3 1.07
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Notes

Strangth Ratio 1 == Klieger (Refe 3), f'c/f'c(13°C)
ASTM Type I Cedent

Strength Ratlo 2 == Kliegec (Eef. 3), £'c/f'c(13°C)
ASTY Typ=2 IITI Cenmaat

Streagth Ratic 3 -- Expetriuent, frc/€'c(16°C)
CSA Type 10 Csrtent
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Chapter VI

CONCLUSTIONS

Apparently, there .8 ac unigue 3c¢lutica teo
d2tarmine which casting or curing teamperature cr cc®bination
of one to aaother produced the higaoest <concrete streagthe.
Hcwvaver, cn& cthing 13 clear that corcrete vith low wvater=-
ce2x3nt ratlo not only yieldad satisfactory ccompressive
strsajth, rejirdless cf tne casting acd curing temparature,
out also iwproved the mecnanical propsrties c¢f cconcrete as
velle It Ls Alfficult te ccma up with a geu=ral conclusion
because concretr 1s sensitiva cc many diffsrent raramecers.
8ut the autbor wruly believes tnat this study hae servad ité
ourposes and has dezonstrated, fro:z tbe experinental
rasults, 3everal lapcertant 133u3s oL the tempsrature effects
on tne mecoanical prorerties of cconcrete. Ore additicnal
Lssue that aoust bring Iintg the. digcussicu L3 the vater-
caa20t ratic +hicn vas found to play an isportamt role in
this study. Phke folloving ara the <conclusicns summnarized
frca the exp=arirental results:

1e Coumpr=ssive streaqgth increased with 1iacreasing tise
and decre=asing vit2r=C2D20C Ta8TiCe
2« The lLos2r the wvater-cesa2nt ratio, the faster " the

coacrutae gained Llts streagthe
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Casting and curing at 0°C or 45°C did not.damaqe the
gtrength of concrate' DUt convarsely inocreased the
streangta (botn 7=4day aad 90-=day) a3 leng as  the
vater-camant vrtacio vas kspt to 1its aminimum (ie.
0e35)e
The compressive strength wvas very much sersitive te
vater—cazent rdatic at 45%°C vhere a sitaght decrease in
vitar=cament ratio could result 1in A substantial
lacrzasa 1n streugthe.
Taensile straength, gtatlc ard daypamic rodulus of
2lasticlty vere all related to some power fuunction of
its ccepressive strenqgth.
Tenslle strangth vas ralated tc  the pever ¢f 0.60 of
the cylinder strength, 3tatic acdulus of elasticity
vas r2lated toc the povwar c¢f 0.65 c¢f the cylinder
strergta; and finally, dynasic zodulus vas relatec tc
the powar of 0431 of the cylicder stranath.
Tansille strangta, statlic and dynamic sodulus of
2lasticity increased witan lacreasing ccrmprassive
strapgth but at a rat2 devénding oa the casting and
curing temperature.
Fegardless of th2 castiny temperature, curing at C°C
or 45°C has no adverse effects to thke coacrete
serecgtn providing vatac-cemelt ratic vas as lov as

0.35.
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Extrese casting or curing teuperature vould danmage

the straoqth cf ccacrats with Witar-cemant ratic of

Ce55,.

Concrete cast ara cured szeversgl ksurs &t C09C eor 459¢

aad subsequantly cured at 16°C receivag RC damage but

benefits tgo 1ts strengeh providing viter-cement ratio

¥is a3 lev a3 (.45,
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Chaptar VII

RECOMMENDATIONS

From this study, Lt wvas found +that lov wvater=-
cza2nt ratic not oanly increasel the wecnanical =strengtht of
cocucrate but alsioc caused to= strength to increase
substapntlially from casting and curing at adverse
tesperacure. 31inc2 lov vater-caaent ratlo m=2an3 sore cem=nt
and accordingly more calcium 3ilicates in the concrete, 1t
Ls lecglical to belisve a coacraeta mada of tyre 2C Pertland
cer3nt coula bavse a better streagth under adverse

temoaraturas ccnditicnse Therafcre, future resaarch is

racoarended to study the affact <¢cf temperature on the.

n=caaaical prepertiazs of concrate wade ¢f type 30 Portland
Cem3nTe Itz characteristics of sbrinkage and creep of
ccacrate ear: also recorvzended to be 4Lncluded 1atc the
lovastigaticne.

lasczly, a field favestigation 1is also recommacaad
tc cortalate the field results tc tre results obtaipned fror

laboratory-sades coacretee.
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Appendix 3

REGRESSION ANALYSIS

"haw the functicnal ralation betvear tve variables
(xg7) are of 1nterest, regression analysis is conracnly
amployed tc icvestigate tae prctabilistic relationship
DRtvean tne variables 1n teras of the sean and varlance of
ote vVariable as a functlicn of the other variatle, The
follovingy egquations vhick vere useful tc ttis study wvere

reproduced frce Feference 20,

8«1  METHQD OF LEAST SQUARE

It tne functionay ralationship between variables x -

and y is lin2ar, & linear regression equation (Y=A+BYX) which

2
D
/7]
[¥]

2rlbes a straight line bpassing through ma-jority of the
d2t1 pcints {(<f,vyL) can be datarwined by rlaizizing the

Squarec eCIOr terms as stated 13 equation (i=1),

| s
ES = z<Y<—3L>z=z<H+B>CL—gL) (2=1)

If T is tne saaple meap cf x agg Y 1s the satple sean of Y.
the regressica Parametsrs 8 apnd & can be determinad by

2quaticns (A=-4) and (a=5), respectively.

2 X

X = n (A=2)
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g= - (4-3)
B_ Extgl—r\x«d
-4
SX-n 2 (a=4)
A= §-BX
d (A=5)

In addivicnm, the 95% confideace Latervals cn ladividual
predictad value of Y bhaviny the t-distributicn and n=2
degress ot frasdoa are alsd? coastructed tc Justlify the
prcocsed acdel. The upper aand lower 55% counfidence linmits

ire 3tated in =2aquaticas (A=-6) aad (&A=7), Ta3PECLIVELY .

E? L (X-%)
N = . ' . [+ = 4 ===
Uexd H+B"L+f”75'“z/n-l / oS- 2 (a=6)

2

) _
&+ €xezx (3=7)

(X)) = A+ RXL- Co15,n-2 =
Lexiy = a - g TX-3)?

n-2

ol CORRELATION COEFFICIENT

Corralation Coefficlieat (F) is a weasure of lipear
Celaticnshlp between tvo variablas x and v. Pathematically,
tne ccrrelatican coefficlent can be deterwinad by

R = / SXYL-nXy

(a-8)
n-/ Sx Sﬂ

vhere Sx and S5v are the zaagpla stardard deviatlons a3 stated

L3 aquatioocs (A=9) acd (A=10), respactively.
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= -1 A

X J/h-l SCX-X) (3=9)
[ . 2 (A=10)

55 /—-h_‘ 2Cy-4)

If R 1g clcee te uanity, a 3trong linear relatioanship betvaan
x and y erists. In contrast, Lt indicates a lack cf ligpear

t2lationship 1f P 13 close to 23ro.

2+3  EQRTRAN BROGRAM
DIMENSION X(45),Y(45)
200 FOFMAT(ZF3.3)
201 FORMAT(F15.3)
LSUM=0.0
1504=040
$XSU4=040
YYSU¥=0.0
1YS08=0.0
x¥BAK=C.0
YYBAE=040
NOP = 45
LO 987 I = 1,NCP

kEAD IN DATA

(@]

FEAD(S,400) X{TI),Y(TI)

CONVERT DATA INTO LGG SCALE

(9]

Y{I)=AL0G10(i(1))
Y(I)=3L0G10(Y(I))
C SUMMATION OF X, ¥=SQUAKE, Y, Y=SQUARFE, X=TINES=Y

ASUYsXSUY+X (1)
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RS

10508=XXSUMSK(I)*X(I)
YSUN=YSUM+Y(I)
YYSUM=TYSOM4Y(I)*Y(I)
XYSUN=FXYSUM+X(I)*Y(I)

987 CONTIMUE

C SAMPLFE MEANS, ENNS (A=2) & (3-=3)
YBAR=XSUM/NOP
YBAR=YSU4/NOP®
WRITE(6,201) XBAF
WRITE{(6,201) YBAK

C SAMPLE STANDARD DEVIATIONS, EJNS (3-9) & (a-10)
DO 988 I = 1,NOP
XXBAR=XX3AR(X(I)=XEAR)*(L{L)=XEAFK)
YYBAR=YYBAR+(Y(I)=-YBAR)*(Y(I)-YBAR)

983 CONTIMNUE
XSTD=SQRI(XFBAP/(NOP=1.0))
YSTD=SQRT(YYBAR/(NOF=1.0))
WEITE(6,201) XSTD
WRITE(6,201) YSTD

C CORRELATICN COFFFICIENT, EQON (A=8)
B = (XYSUM=NOP*XEAR*YBAR)/((NOF=1.0)*(STD*YSTD)
WEITE(6,201) R

C KEGKRESSION PARAMETEFS, EJNS (a=u) & (A=-5)
B = (L1YSUM=NCP*YBAR*YBAR)/((XSUM=NOE*(BAP*YBAR)
B = YEAr=B*XBAF
WRITE(6,201) A

WEITE(6,201) B

114




«3

L53

C 95%

SJUARFD ERROR TEFMS, EQN (A=1)

E25UM4=0.0

DO 4y0 I =1,N0F

ERROR = A4B*X(I)=Y(I)
E<SUM = S2SUM+ERFOR*ERROR
CONTINUE

CONFIDENCE LIMITS, EuNS (A=6) & (a=-7)
STOP1 = SQRT(E2SUM/(NOE=2.40))

BO 436 I = 1,80P

XCON = (C(X)=YBAR)*(X(L)=X3AR)/X{BAR+1.0/NOE+1.0

YES = A+B*X(1I)
YOP = YES42,018*STOF 1¥SQRTI(XCON)
YLO = YE3=2.018*%STOF1*SQRT(XCCN)

C CONVERT DATA EBACX FRCM [OG SCALE

159

435

IXX = 10.0%%X(1)

YYY = 10.0*%Y(1I)

YUP = 10.0%%xYUP

YLO = 10.0**YLO

YES = 10,0**YES

WRITE(6,150) XXX,YYY,YUP,YLO,YES
FORMAT(' *,5F3.3)

CONTINTE

STOF

END
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NOMENCLATURE

Tira Perloa after Casting, Days

Comoreesive Strength of Corcreta at Tire t, dFa
2d=day Compressive Strapgth of Concrete, MEa
Tan3lle Streaqgth of Zoncrete, MFa

Static Yodulus cf 2lasticity, GFa

Dynasic ¥Modulus of Elasticity, GFe

dModalus of Elasticity, GFPa

Nunpber of Obsarvaticas

k=2gression Parazretars

Estimeted Regression Variablas

Cbsarved Data

Upper 2nd Lever 95% Zonfidence Limits
Correlatlion Coefficient

Sauared Errcr Ternms

Suasation from 1=1 t>3 i=n

75 - percentile of the Student t-Distributior

vith n-2 Degr2e 0f Frzedon
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