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The Effect of Different Curing Time and Temperature
on Compressive Strength of Concrete

AT =g oM E™* Ham
Kim, Jin~Keun Moon, Yeong-Ho Eo, Seok-Hong Chot, Fung-Kyoo
ABSTRACT

In this experimental and analytical research. the strength development for various
curing histories was investigated with particular regard to the influences of points of
curing time with given temperatures.

For this purpose, four different points of curing time were considered with individual
interval of 24 hours. Two different temperatures of 5C and 40T were applied for the
selective intervals while the rest period until 28days under reference curing condition of 20
€. And a new model for equivalent age was suggested based on the rate constant model.
In this model, the equivalent ages introduced in Saul and Arrhenius model were modified
to reflect the effects of curing time point.

Test results show that concrete subjected to high temperature at early age attains
greater early—age strength but eventually lower later-age strength. The concrete subjected

to low temperature at early age leads to lower early-age strength but almost the same
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later-age strength. The proposed model showed better agreement with test results than

the existing models.

Keywords : curing time. strength. eguivaient age, experimental research
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Table 1 Physical properties of cement
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gravity | {lem”g) | initial final Adays Tdays | 28days
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Table 4 Test results

Compressive strength (kg/cm?)
Curing method W/(=0.55 W/C=0.35
lday 2day 3day Tday 14day | 28day lday 2day 3day iday l4day | 28day
20¢(0,28) 71 123 167 256 323 366 124 249 315 404 464 506
40°C0.1) 170 213 232 265 297 317 281 329 343 387 437 472
40C(1,2) - 187 228 279 309 325 - 339 360 415 448 492
401(2,3) - 211 274 311 336 : 385 410 464 513
40 (6.7) - - - 263 322 344 - A17 A62 523
40°C(0.28) 158 205 217 252 291 331 285 381 403 415 431 452
50,1 8 73 129 221 274 312 37 181 279 412 469 534
hT(1,2) - 81 134 240 295 362 - 205 283 415 483 521
HT2.3) - - 131 236 301 303 - 282 399 475 523
5¢(6,7) - - - 247 313 356 - - - 401 471 503
5 0,28) 15 47 8 143 227 308 41 87 133 248 337 441

146

Z3e|ESS|X| ® 10 A 3% 1998. 6



2.50 2.50
() W/C=0.55 —@— NC-20(028) | . (b) WiC=0.35 —&— HC-2009,28)
° m—— NC-40(0,1) \ i e HC-40(0,1)
s 200} —6— NC-40(12) | 200 | —o—  HC-40(1,2)
= —[}—  NC-40(2,3) —&—  HC-40(2,3)
En r —B-—  NC-40(6,7) e HC-40(6,7)
S 30 | —&E—  NC-40(0,28) 1.50 - —  HC-40(0,28)
°
Z
= 1.00 1.00
L]
e L
0.50 1 " " . . b I L bk {)‘So. i L L 1 i L A 1 it L 1
0 s 10 15 20 25 30 a s 10 15 20 25 30
Age (days) Age (days)
Fig. 3 Relative strength of selectively cured concrete at 40T to isothermal curing at 20T
1.25 1.25 I _
| (8) W/C=0.55 (b) W/C=035
£ 100 | 1.00 L
2 L L
.E )
W 075 | / 0.75 |
S |
f.;. r NC-20(0,28) | 4, HC-20(0,28)
o 0.50 | NC-5(0,1) 0.50 e HC-§(0,1)
= L —&— NC-5(1,2) L ——  HC-5(1,1)
iy 0.25 | ——fF— NC'5(2-3) 0.2 —— HC~5(2,3)
o —&—  NC-5(6,7) —&— HC-5(6,7)
e NC-5(0,28) I ——  HC-5(0,28)
0.00 A d k. s . ) N . 5 Q.00 Lomdcdedcni v b bk L " e
0 ] 10 15 20 25 30 0 5 10 15 20 28 30
Age (days) Age (days)
Fig. 4 Relative strength of selectively cured concrete at 5 to isothermal curing at 20T
dxob gk g Bolal qlrt Fig. 37 Fig. 404 o] 28¢ o|F-9] Ar|Ho| M= & Ux ke e
BEo| 2] HYolM AuHo s neo FYUS 3 Zon dSdd olud A@e Kliger"
Aol 2719 ZEx AT $7] AP0 BHF Alexander 5751 #2344 21kl uh sich.
7t dolR g, Z7|AEelA] A Loz ok
o vitje] Aeg 5'_0131 al-ﬁq o 4+ 9o 1] 25 )
—&-— NC,HC-28(0,28
3 ¥ ] At = [} k- i
o Al go] o 79 o] FRE L P et kAl o a4 o NC-40028
Holl #AIGlel Ao B2 k& B} W ol2igh 2 3 0 —— HC-48(0,28)
e ¥ oA gepe & Aot gl R % st T8 Neseam
. a —M-~ HC-5(8,18)
&2 et Fig 5+ 5T. 20T ¥ 40CE F&Y 2 +
"
A A5 20C 72 ng FUE 5ol ek g 1oF $
i) i thebd Slo] } 0T Feddd 45 L
o BAA ) ZErt 0T B Fguct 276 * i
© e BEE HolAw, PIAIAAE He B 0.0 R
. = = 0 10 20 30
= L}E]r"“q' T TR T o}]Z”"“ 20¢el Age (days)
HlEle] 2 1Agel A AriH o e g ®olx)

gk, Ajigo] S7HEE 20T FAA9 "o‘.‘n°ﬂ A

Z32|E&3(X| X 10 ¥ 3% 1998. 6

Fig. 5 Relative strength of constantly cured concrete to
isothermal curing at 20

147



)

|

]
=

_u

2aelEe] YL} Zud vlAe 9P 4
A Ak
t

A7) A AR e GBS
L HE F/HIRO R wholok Gk, ojn G4
e Yol PUA Ol wet e g g
B AT AYE %—mna o BNYS ), o
Z4Ho] 2L A9d =Y S A o A e] A
& Golele} ek AJ S AR s
Foz tehil go NEE A AL
959} 7*59}4 4474]/5] ] &2 ;}E}_ ()anno‘“‘ lﬂ

Ag e rlm

£ Yepin
sl Bek. $1e] Aol @A

E
H
o
=
olo
i
oz
¥

7 O HERER T2 F2anEe] A9
z% g7Egse] T8 4 Aok FPewst e
ol A1z ewe] g NP wesh 4

%Eh% I} ol FHE 4 St
= Su kr .t(’ (2)

1+k, -1,
k;

t, = Z—At (3)
A71M, k2 20T 71FEEANA ] WHEEAto]

2, L Bkl

SIS e s 2e AMders
e At R FeojRd vl YE R 20T
o thelA FriAE o2 Sakgiokd 20ce] S
Aol Mo} AE S npz FrkAEe] ®oh g exd
FAT 22N EE SyMECR Yehlls Whgo
£ Saul=4 ¥} Arrhenius? S ©]43 welo] 714
wol AHEE D gl o] 5S Ao FHEPH 747}

oot 2},

i

0,

h

O

—_—

2 7, At = - ))At {4

148

1 \ )
= At = - 1At (5)
zy" 2 p‘R(T +273 T+273) (

A7), Lo s 77 Saul2d# Arrhenius
o 9§ FrhE & YElL, T & FYL=, T(%
e &5 (datum temperature,€), E & 3
Jetod =] (J/moal), RE 7t2/34(8.3144 J/mol

Yol v.» Y. 242 Saul29 3 Arrhenius?el
o3 FYLEE FrHE R el T T
H](affinity ratio)®& WepdT} Frdders £
A Ee gaiutgo] dojur] = HAGYLER
%_‘E‘}Zifli -10CE A&ata et

Tolid de Y date viEe Ak A
Lé"% 8t 2 (4), 459 Saul=dz
Arrhenius? & o] &% F7bE g 27t Wgst
F JU} Sauld-g o] &g 57 H]"”" 712%1_

Z 0CE, dewdes T,& -10C® 3t 2

(4)011*1 AR 78 5 U}, ey Arrhemus#oﬂ
o3 S sl EE Yololsh=d],
st = 370 o] Sk A Al
& Aok F EAslelvA= b, 20T el
40ce] G ZAYES] AE-AH HAI3ANE
(D& ol g3t s8] 7he) Wha£7
& Fatar, o] E o] &8t 2(3)7 (5)ellA] 3
o oja] & & A} B Al B ANE
0.55, 0.35¢%1 LiﬂEJ %“ﬂoﬂblxl = 7z}
50.31 kJ / mol | 57.29 kJ / mol & e}, Table
5t ST 2anEe] AwRd 2HE 2N
2 AEse] d& wkesdT kY AR,
S, 9l @& bz vehd Aot

Table 5 Regression results of isothermal curing using eq.1

curing W/C=0.55 W/C=0.35
?; n - 5 T
temperature | ke (1/day) | S (kg/em) | ke (I/day) | S, (kg/em)
20¢ 0.2252 415.27 (.3821 55542
5C 0.0597 492.09 0.0897 615.51
40T 0.828, 367.86 1.7693 456.93

gE), FALwe Gafo] GG whek F

é}b‘r‘ﬁ Saul®d e} Arrhenius?ldl ¢)gt 57}
How FHSIHS W deoje] ol L9 7]
F2EE kg Ao wkegas R At o)

Z32|ESsX| M 10 3 3% 1998. 6



4.0 e e

(a) WiC=0.55 e |
1.5°C

t,.,5°C
[
1,40°C
L.400c |
1,,.40°C

3.0 b

teddded

20 -

Relative rate constant ratio

(h) W/C=0.35

Points of curing time

Fig. 6 Relative rate constant of seiectively cured concrete to isothermal curing at 20T

Bk J—

L (a) W/C=(.5§ —& 1,20°C

1.2 ~~ 1,5°C

Relative limit strength ratio

09 e

B - 1.40°C
0.3 -, A0°C

r - 1, 40%C
0.7 L L ' -

4] 1 2 3 4 5 6 7

L (b) W/C=0.35

&

Points of curing time

Fig. 7 Relative limit strength of selectively cured concrete to isothermal curing at 20T

et ghololo} gtrt, APANE SaulLg
Arrhenius? 9] S7HA1#, L5 2hzt Hghstad
21(2)e) 2f8] 3-AENE 0P°1 YA Dol 1 Rk
EFreh A=) MakE Akl Fig. 6, 7
& HEANE AW, Saul=de] SUR0E #H Arr-
henius2 el 23t Erbf#El sl whe-& a9} &
A 7S ghE 22)el 28 22} 819 1'3‘515}04 FAY A
ol op2 Wizls b Aolrt o] uf zhzte] Wk
HAFe FANE Fe 20T JFRER 294
gl 74-9-o] Atd] 2 F& sk Aojrt, ¥he-gAlare) 8
AZEE7b et e G ‘?L Aol Blste] A
ARl Mz atel 7t Bar, 7Y o] Felle Aol e
o] &g & Ut <] —1"”0“’\'1 40°cE M oA
#e FrHEAM R FAA -] WES
Al AR gk is}yjn pAR=R Ah_-)f]z%o 2 oy

x
[l = Sl e Y o R

7] o] o]:

=
o §
o U[c

o ,&

tio olo
T
o O

flo 4
S

E32|E8SX| M 10 2 3% 1998. 6

dle 27l e LA ET} EEATE VIE
Lol HlEte] 2RA gk kA e AR 2 Yot o]
3t AL Verbeck’ Carino'™, Kjellsen'™ £o©]
2 & 831 %ol 3'57]9—1 AL} EolAE Bl
w7} ”%’}E}'"’q WA ZraglEe] 4k Frhe weka] A

2o u]-.- elgt ity fAEE 74
'E?Pr‘ :4}319] %lﬁ‘*o‘ Alpel Apojr Qlsle] AlRIE 7]
olzzEe el Frkstm vlAFUel Ses
el A% TAREE Sopris Adzie 47
=) oith 1ejmg 7)Ee] HAAew HhHe ot
dre & FAE 7T U}Xl FEAHY o
e HEs W] Jevt 59 FAE Ax
%/P‘ Fated s Y2 *’}Xl”} *l‘%ﬂE #Ho] 2
E gahEe] viAl Tz daiMx gEE wA Hue
c} Aemrt geiets Aol %E}Zl‘ﬁ 24
JF Aol vlAe Gl tieA vehdg FaE

—i>

4
Si

149



g7t ok
wb 71E2] Saul®delvt Arrhenius?lel ¢

gk S7HIR S 2719 FHAA A 2 dae v
A ZPEE & F . 20 g *o‘%ll?.‘é!
& 2719) FAANFL FTFel o AHEF ]2 2
A7z Wal2 dAZ = vXe dg st
A 23k Ut} Fig. 6 2 Fig. 7014 Bio] & 4
g Aol wggiret dAd T FAAA

wet Fd dastAv FrketA riEerd 9

2 & 5 Ut olelet AL e dFAlE €]
M= Hlx ]57— =, Guov Y=V Ue
Z7bo) B 2= odEre Ao wal X AE 2AaE A
olgli &L, Kjellsen"’&= 37 Mg+ &
At 27t 7H e Bel ot

a8z A4) 3 (59 SrHE2 Fig 6olA

Zol AN E JFgE nElsid thee] ey R
xdd

=S rudt= ®)
1+22
Yem =Y .;‘t(_z (7

AN, b TRE SV Y2 $HE 5
7HA%Y] . Y= Saul29F Arrheniusielrd 3
SV, e At FAAF, ae A5 gkl
o} FAAELE FATE, Arel FUAH LR B
o}

A EE Fig, 7oA HRo] thge] dlow
vebd 4= 2l

S, =S8(T,t)=S, -(1-1) (8)
1+¢7
A=Y —C At
b+t 9
A7, S, 71FLEQl 20TE ke AL
A=, A= sy

4(8). (NE o83l AL

©), (1 3 Aate] 2
AR gk e lojtt, o] EollM A be
2=l me} WA Hed, 20T ST A

150

ol = 1.0°] €t}

Fig. 8(a). (b)+ Saul®49 3} Arrheniusd] ] ¢l
& S e R HEgE Fof 2 (2)q) 9% Ux gt
£ 20CE F2FA 59 vlmet Fojr}. o] 1
ol Arrheniusel elg 57143 Saulrd
of HlaiM = PP S vwA A vl
UAIRE FABA o] e whedata] BEE o 5 9
o} & 71Ee] A2 e e AEsh U A
Me g dzd &S & 4 gle Heldh. Fig.

8(c)= Saulmdol YA He] dgg mde o
2 20T 5244 E Ao e Aiten 2 vela
HAolt}, & Fig. 8(d)E Arrhenius?loll A4 2]
Gare Zb7h m=Rie SRl T oo eA Atk
g o] &% Zleolt}. Fig.8(c), (Aol 71&2 Saul®
A3} Arrheniusl & 44 & 2150] Fig. 8(a), (b)
9] 71&2] AEo) vlaM FWrd oz Z2|tiAle] 4l

Bzt A7 gdEnh a8l SaulRd Hels
Arrhenius?& 7WAA17 Fig. 8()9) #H3=r} ¢
& RS
712£2] XJAL_Q_E AL kool Al

wiAlst e vk e AdATe] BME
oty o] FH]l BoHAE S XHE =
Alde] ghprt slojok e g ok &
Hadtel ARba & olzigt AL & HAFw 9

EEZES
SaA B
o %
Tl

=y

{0

o

Table 6 Regression results of constants a and b

selective Modified Saul model | Modified Arrhenius equation
W/ curing
conditions a b a b
lowered
o (0.5603 1.1109 0.6855 10655
temperature
0.55
elevated
o8, 7 7 o
temperature 6.0256 07482 16178 08136
lowered
. 0.7258 1.1204 0.8327 i1z
temperature
51
0.35 elevated ]
; o 3.0653 0.8311 1.1146 0.8830
emperature
54 &
1) ©9) AlZHEQH 0T Nelpld A9 e
£ PYAHO] HERS FYNA O] T FAIA
gt 27loe & FEE ot AHe] St

E32|E83|X| M 10 # 3% 1998.6



2.00

(») Saul model + NC-5(W/C=10.55)
I A NC-40 (WIC = 0.55)
.50 L@ O HC-5(W/C =0.35)
© HC-40 (W/C =0.35)
—— NC,HC-30(0,38)
1.00

(Y
Bk %
i

0.50

3 1 A L X

0.00

0 5 10 15 20 25

2.00
(c¢) modified Saul model

Relative strength ratio

1.50 |

1.00

0 5 10 15 20 25 30

3s

2.00
(b) Arrhenius equatiom
Py
1.50
Oa
1.00
¥ é : L )
-+
0.50 M
L
000 n ’ L i I i
0 5 10 15 20 25 30 35
2.00
(d) modified Arrhenius equation
1.50 |

.00 L A i i 1 A
0 s 10 15 20 25 30

Equivalent age (days)

Fig. 8 Comparison of experimental data and predicted value by existing models and proposed models

45 2e A4 vk HTE V9N Fek 4y
FAE A FolE PPN FGE A 0 ek
ou AAH R 40T Heebyel 3tk el

A%< dehigiet,
2)40cE TEFET &2 ‘59] dew 20T 7

TR A Aol v 2o E we
FIEE Ho|x|ut ;7];}]@0}1;1{7 re e U}

WRdet. ¢ 5TR SedAle FA1HE 20l v
sto] iAo v ghg Holxnt Aol Frie
S 20T BAAe 2Ed 2HekE 202 Uehg
o}

3) FY = wE FAES] e V&Y F
7t E Aol M = FrhE o] griety FPAI- e ot
2t Gebde & 4 ek olwf RAw|Ee| A
ol whE el gdeke 79 ojuiel LA e}
Wor 11 o] ey syl fAvE i £
FEE AA] e AeR et

AR

A EEEX] M 10 3 3% 1998. 6

45 BYg o) gslel #4
- o w3 exzel 9
e} g Aol 4 S

Vet
W D S AT 27le] FYAHe Pk me

8t7] e 71&2] Saul2d 2 Arrheniusoll <
A1 el g mslatadol &ta, AR g =35
G Ao whet debd & o4 5 A

5) A dEgE wddt SrhAEAA A
T ke ol gl A A AtEtd
om, 71&e] L@ v msted Bt s E e
ol sbgshat,

Bnes
Saul, A. (i. A, "Principles Underlying the Steam
Curing of Concrete at Atmospheric Pressure.”

Magazine of Concrete Research, Vol. 2, No. 6,

1951, pp.127-140.

151



2. Freiesleben, H. P. and Pedersen, E. J., "Maturity

Computer for Controlled Curing and Hardening of

Concrete,” Journal of the Nordic Concrete Federa-
tion.No.1,1977,pp.21-25.

3. Carino, N.J.. "Maturity Method: Theory and
Application.” Journal of Cement Concrete and
Aggregate, ASTM, Vol. 6, No.2, 1984, pp. 61-73.

4. Price,W.H., "Factors Influencing Concrete
Strength,” ACI Journal, Proceedings, Vol.47 No. 2,
Feb. 1951, pp.417-432.

5. Mcdaniel, A.B.,Influence of Temperature on the
Strength of Concrete.” [llinois University Engineer-
ing Experiment Station Bulletin, No. 81, 1915,24p.

6. Klieger, P.,
Temperature on Concrete Strength,” ACI Journal.
Proceedings, Vol. 55. No. 6. June, 1958, pp.1063-
1081.

7. Volz, C. K., Tucker, R. L., Burns, N. H. and Lew,
H. S.. "Maturity Effects on Concrete Strength.”
Cement and Concrete Research, Vol.11, no.1,
1981, pp.41-50.

8. Guo Chengju, "Maturity of Concrete : Method for
Predicting Early Stage Strength,”ACI Material
Journal, Vol. 86. No. 4, July-Aug., 1989, pp. 341~

“Effect of Mixing and Curing

353.

9. Kim, J. K., Moon, Y. H. and Eo, 3. H.,
“Compressive Strength Development of Concrete
with Different Curing Time and Temperature’,
Proc. of the 7th International Conference on
Computing in Civil and Building Engineering,
Seoul, Korea, Aug.19-21, 1997, pp.951-956.

10. Alexander, K. M. and Taplin, .J. H., "Concrete
Strength, Paste Strength, Cement Hydration. and
the Maturity Rule” Australian Journal of Applied
Science, Vol. 13, 1962, pp. 277-284.

11. Verbeck, G. J. and Helmuth, R. H., "Structures
and Physical Properties of Cement Paste,”
Proceedings of the 5th International Conference on
the Chemistry of Cement, Tokyo, 1968, pp. 1-32.

12. Carino, N. J., "Temperature Effects on the
Strength-Maturity Relation of Mortar,” Report
No. NBSIR81-2244, National Bureau of Standards,
Washington, D. C.. 1981. 90p.

13. Kjellsen. K. O. and Detwiler, R. J., "Later-Age
Strength Prediction by a Modified Maturity
Model,” ACI Material Journal, Vol. 90, No.3, 1993,
pp. 220-227.

kO

B A s FAYE Zeol v

A2} 71 Bullal g ol gdle] BN S Fesilon
Ao 2 MR o ZA & Adelr] 9% 72 dtelt
ol & 3l 2372l B - AlWER isle] Z42h 1187 Sl & nH T HEE st 4
TEE 3TF FYLE(GT, 20T, 400)9 4TF] HYANHE0~1Y, 1~2¢, 2~3Y, 6~7Y)
’3@5}93\‘44 & 7]1Z9] Saul ¥ Arrhenius 2942

EQg bzt A E SRR A S A sk

A8 Aapellx 27| F A e FEE A iele 2ol 58

2 982 e JEE Jehlth & 270 A&
o) YR ANE B SPYAINE 52
W2e 53 2AAFNME FEelZ Ak A

FYeEe] Gl YA Mol uhet o g
Ao} Fake neld £49 %ﬂzﬂi’s‘

! =

olgatel AAARE Przl] PN FS

= FEE VER AR Aol Frre

2 AT ZANEE 1 ko] A Bk V)&
UgA]

nr

Aztol 2 ghx] Ggront o] =EAA AAlEFYH
7hR A e dEddtet & dAjshe A3E Ho] FUch

O
el mhet Bebd S o 4 ATk 7129 =
= v

|

152

(HedAt 1 1997. 10. 30)

E32)E53|X| M 10 # 3% 1998. 6



