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Evaluation of Strength and Stiffness Gain of Concrete at Early-ages
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ABSTRACT Recently, deflection of the slab during construction periods becoming one of the important issues because of
increasing the large-span structures. Early removing the form and support of the slab to achieve the rapid construction cause
falling-off in quality of the structures. To reduce these deterioration and make rapid construction, construction of strength and
stiffness gain model is needed by the research about the early-age concrete properties. Previous research results indicated that
concrete model in existing design codes could not provide the mechanical properties of early age concrete. This paper carried
out the concrete compressive strength tests on the curing age at early age stage. Evaluation of the accuracy of compressive
strength and modulus of elasticity gain formula in existing various design codes was performed based on this test results, and
new design model was proposed. This new model will be useful to develop the new rapid construction methods or prevent the
deterioration of the deflection at construction periods. Material tests were performed at 1, 3, 7, 14, 28 curing days, total 159
cylinder style specimens were tested. Based on analyzing the test results, the relationship between compressive strength and

modulus of elasticity at early age was proposed.
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2.1.2 Euro-code 2 : design of concrete structures

(BS EN 1992-1-1 : 2004)

Euro-code(®]3} EC2)dlA = A& tde] 32
AEE AME TR, £%, YA B
AL Jlom, old w}t AF Lo FAYE
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() = £ ()—8 (MPa) for 3 <t<28 days (2a)

L) = f.p (MPa) for t> 28 days (2b)
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Table 1 Values of constants from eqgs. (1a) and (1b)

koo Hd

. Type of Cement Constants
Equation .
curing Type a Yi;
. I 4.0 0.85
Moist cured
11T 2.3 0.92
(1a)
I 1.0 0.95
Steam cured
I 0.70 0.98
. I a/fp=4.71
Moist cured
1 a/fp=25
(1b)
| ao/B=1.05
Steam cured
1 a/f=0.71
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2.1.3 KCI 2007
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Fig. 1 Relationship between age and compressive strength
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2.2.2 Euro-code 2 : design of concrete structures

(BSEN 1992-1-1 : 2004)

Euro-codedl|A] Atsk= ©AIG(E,, )= o.= 03} 0.4f,,
Atolo] HAFE ARESHH, Bl thek =R
ol & A& xEste] oA Helste B AT A
FL(quartziteyS 71522 st 912, 43| (limestone)
o] 749 10%, Al (sandstone)®] 73% 30% H= EAA
FE AT, AF(basalt)yS 20% STHATIES F
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2.3 ARZ o} A5 2HA|0 et 0 &

TFollXe =l AAZIE A5G FEo] 20074 7]
TollA EC2 FElE dH wHgsi oy ACIlA = 2008
A 71E7HA HA9 7|EE aUE ARget o, ’
B4 olate] U|AE A ENAE HAR 7|ER
o 20033 7]e] A 5 dthe wdstell 20039 3
20079 FAE FRAAVIES e BF 2AEES

Erdss

. = 4,700 ,[f., (f.< 30 MPa) : KCI2003_A,ACI318-08
. = 3,300,[f.,+ 7,700 (> 30 MPa) : KCI2003_B
. = 8,5003/f,, :KCI 2007
E, = 22,000[f.,, /101" :EC2 (8)
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Fig. 2 Relationship between compressive strength and modulus
of elasticity

ZIIMEUM 232|E| 2= ! 2 LS "It 239



flm
i
2
of\
u
e
0%

o] A e Z/AHNA] ZagES ZE T A
e PHrkE ste] A 1, 3, 7, 14, 28Y0] LukE=A
FE(S]), 2F2AES2) B Feolof4 20% £ &
A E(S3)e] g Ael tate] ¢ %— 2w ANde 53
stdnh. B TEAE AWES o wgdl
A& s1)Et] el s AlwlES] =
E54E AR S8kl wjgtel }%ra NHES Z%

BAHMES ZAAMER tiAS APAE F7h= A
skt ol #ﬂﬂEA A B AHES F
Aot Hgoto] e AMES] TRl mE SRt
< st %E&M@E% HE EEUE AHES]
d54e Betste] ZAESE 22 e HEA
4 F Jes BEE 5% 24Y 55 AHEY 4%
o7 Jy Hu AHE BR7IEes Hde 27T
F glo] o] mRAME ERAUNER HH s
Aol AFES AHMEE Ut SAHe] BE 2EAE
AHE, S2QARE 8l ZAARES ARSsIgloH, &
ARe FEZt ZEARE ARSShalth &34 = PNSH

Table 2+ ©] 9
oA Ag-st FAYE S yERd Ao|tt.

FaPE AREY PIAE 24 2 2agE
A eI, sUT 2 2 IS SN,
st EalEAAE AR whe

2o
oft ~
off

l

!

=

%

=
3
ek, e, 29 9 AR Al 42
o

Table 2 Mix proportions of concrete

4.1 RO M2 ASUE W S
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Fig. 3 Compressive strength development (S1)
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Fig. 4 Compressive strength development (test variables)

W/B S/A Unit weight (kg/m’) .
Cement Admixture
(%) (%) W C FA S G AD
S1 OPC, SHES, HES 42.0 46.5 160 362 19 824 959 [ C x 12% Nomal type
S2 HES 44.0 47.0 160 327 36 837 954 | C x 0.7% | Early strength type
S3 OPC +FA 20% 42,0 46.5 160 305 76 832 930 | C x 0.7% | Early strength type

OPC : ordinary portland cement,
HES : high early strength cement FA :fly ash
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SHES : semi-high early strength cement



Table 3 Test results of the compressive strength and modulus of elasticity

Compressive strength (MPa) Modulus of elasticity (MPa)
fer fes f7 fers feos Eq Egs Ey Eciq Ecg
OPC 12.1 294 42.4 46.5 54.6 14,788 22,978 26,823 28,189 29,479
9.6 30.2 42.7 - 55.8 11,866 23,691 26,379 - 30,025
Average 10.9 29.8 42.6 46.5 55.2 13,327 23,335 26,601 29,479 29,752
SHES 17.2 30.8 43.4 48.0 53.0 17,693 24,445 27,041 27,866 29,399
S1 15.6 32.0 40.6 - 49.0 17,380 25,352 26,741 - 29,943
Average 16.4 314 42.0 48.0 51.0 17,537 24,899 26,891 27,866 29,671
20.7 33.6 414 - 51.3 - - - - -
HES 21.6 34.6 44.5 49.9 56.5 19,010 25,739 27,451 28,531 29,430
21.8 37.6 48.2 - 559 18,985 25,745 28,174 - 30,088
Average 21.4 35.3 44.7 49.9 54.6 18,998 25,742 27,813 28,531 29,759
HES 18.6 31.7 40.5 46.4 53.4 18,148 22,186 25,952 29,009 29,239
S2 18.6 35.6 43.2 - 53.3 16,341 25,105 27,234 - -
Average 18.6 33.7 419 46.4 53.4 17,245 23,646 26,593 29,009 29,239
11.3 29.5 39.6 - 51.3 - - - - -
OPC+FA20 9.4 242 36.5 40.0 48.1 12,008 20,699 24,980 27,734 28,071
53 8.7 254 35.9 - 48.4 11,023 22,444 25,362 - 28,450
Average 9.8 26.4 37.4 40.0 493 11,516 21,572 25,171 27,734 28,260
AHESQD A= 1Y 39%, 39 65% =R 27] 35000 | G
oo Ergun ¢t 79 olFE 273 v% - 3000 et 1M o
# BEes e dndos Zagee] e 2 om0 | 2= T 71N | IV e
e AP 120149 JEAEE ZAARNES} WE A 2 oo N (NN N i e
@EEE} QF 2HH Zé}_g] %%73'5";: %%3]'9\1—9-‘:4, ZHEg f 15000 — — — | - g Ratio of 51_OPC
39 o) Felli 1 Bl go] HAt BaHE Ao bt tue L LR LE LRI T ress
a el BAIglo]l AE TA7A 289 AES] ok 80% 3 P L ELE LR R i
T MnE FA57 A=t BEE, o)F P9 Nl AN 7IN 71N 75N 7RI
SR g0 ZAaEHE AL & & AUk Y wFgEAd 1 3 7 u s
e ZANHMEES AHE gl BE AMES AHE fae )
AL W 27|74 we] B=80] AA Uehton, Zx7t Fig. 5 Modulus of elasticity development (S1)
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Ao gEAEE BE WP 2 Aol7) gl Aoz 2 30000 | p——
e SIL 2 MBS AC B KCVIEHAT S48 © g -
Babe UERle, SehololA7t 20% EAE w S g =
Aee Eape B4oz <l e wWgng v $ om0 | R
7y de o] yelyith. % 10000 g 4— Ratio of §2
§ 5000 - T ——patioof 53
42 ol [HE EFMA|S wE S o | 2

Aol e edAF] FHEA L2 Table 3 2 Figs.
5~63} Zth B AWE A9 AE 28U ©@AA
gk vE2 B 1Y AT EELS 45%, 3Y 78%, 14
doll= 95%2] BAAIG7E HHEE Zog eyt =
ZZAHES] A9 1Y 50%, 3Y 81%, 14Y 94%, =7

AHIERD A5 19 64%, 3% 87%, 144 96%= LHEH]
3 9lo} ZRAME ARGl I Eo] B wigEY

1 3 7 14 28
Age (day)

Fig. 6 Modulus of elasticity development (test variables)
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Table 4 Ratio of compressive strength and modulus of elasticity development for 28 days

Comparison each day (1, 3, 7, 14 days) with 28 days (MPa)
/ffchlS /’120238 /2278 /ffcclzz fe28 /]]55:218 /1]55558 /]155:278 /]155?24; Fc28
OPC 0.197 0.540 0.771 0.842 55.20 0.448 0.784 0.894 0.991 29,752
S1 SHES 0.322 0.616 0.824 0.941 51.00 0.591 0.839 0.906 0.939 29,671
HES 0.392 0.646 0.819 0914 54.57 0.638 0.865 0.935 0.959 29,759
S2 HES 0.349 0.631 0.784 0.870 53.35 0.590 0.809 0.910 0.992 29,239
S3 | OPC+FA20 | 0.199 0.535 0.758 0.812 49.27 0.407 0.763 0.891 0.981 28,260

242 | t=EA2|ESS| =2 H22A H25 (2010)



A
AINE A2 Table 5 2 Figs. 9~113 7o)
2 agoN FAES] A% f= 7 AFE AA 2
AYE YFAES BAks on gtk

ez

[0}

O

2

X

s

o,

X

2y

lo ot
ni
mlm
Ko
o
=
E
3
e
o
_1
;

on, Il
odt

AT}, fﬁﬂ, EJ*MH
2 WE Fig. 10914E ACT 2
Folld FAste Qe FeRtnc
= 2oy, AF #AAGle] dhAH R dAg S
Efo] AHe] a5 AAT 7 A& AR FA
olu], A¥e] A= Yehd E/ ff., & WAHSE 4,000~
4,500 A9 zro]l YER}EE, ACI 318-0894 A&}
AL e AAEEAIA Y] AERH4,700) 271 AT oA €
B ASE AEElE How ﬁJrD}Elﬂr

it

2

i

ol

F

lo,

X
2 o

ry

o

N
MN

MEE Sl AAZIEAA AFESHL e dFA=
A A 2o the BAS =48 Fig. 113 72tk 28

3 2ol ESff, 9 47iﬂ~ ANE 149 o] Foll= AA
oA AL = BAl A 8,50000 H]Fshue 2
FeHAl =u, AR 79 o]xe] 2AH A= 2 kel
A 3 1 }—t— As & & dok 53], AF 34 o]
Bt
¢

_4

Aol MR s A e, AY 79 o] F9]
Ec/ﬂf 7500 8,000 WHele] gr& wehfo] KCI 2007
28] gt Fgrietal e Zer & 4 it
o]/\]—o] a/\q g_‘,]_é Z_EL%L ;q] Heg 28¢ o]z{,,] %
ZIAE A AR ES] S} AT daAdA
A2 GEAdme] A2 BANE FHEL ol =

71l g 5T & de AHE] FFHE NG}
Aol 714 Elge Aoz Hrhd

e o] AFoME o] e AH}E uHo = AH
289 ol FAYE UFAE 60 MPa o5kl diste]
02 2 (99 2 BAAF mdAS Atditt

E, = k.[f. ©))

471X E,.: &AF
fo  TAYES] B+t AFAE

Table 5 Analysis of relationship for f, and E,

1400
1200 }g e
1000 F | o=
A
800 @
3 I 2
w
600 .
400 F
200 F
0 \
0 7 14 21 28
Age (day)
Fig. 9 Analysis of E_/f,

0 7 14 21 28
Age (day)

Fig. 10 Analysis of E./,[f.

9000
8000 | o]

7000 |
6000 |
5000

4000 P

E./(1.)"7

3000 F | —

2000 p

1000 ¢

0
0 7 14 21 28

Age (day)

Fig. 11 Analysis of E /3[f.
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OPC: 4,050, SHES: 4,150, HES:4,200
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G 7] BAE & WP e Ao e

E/f,

E/A/.Z E/3Jj7c

fo1 fo | fg | fas | fos | fo

fg | faa | fos | fu fo | fo | faa | fos

OPC  |1228.29| 783.04 | 625.17 | 633.96 | 538.99 |4045.92|14274.55|4078.01{4323.01{4004.48|6019.90|7526.50|7619.59|8197.76|7813.94

SI| SHES |1069.30| 792.95 | 640.26 | 580.54 | 581.78 |4330.33|4443.33|4149.37|4022.11|4154.77|6902.32|7892.17|7736.13|7667.63|8000.96

HES | 889.12|729.92|622.20 | 571.76 | 545.37 [4109.87|4334.71

4159.93|4038.93|4028.60|6846.22(7849.72|7836.78|7749.67|7845.90

S2 | HES |927.12|702.69 | 635.44 | 625.19 | 548.06 |3998.47|4076.20{4110.74|4258.67|4003.09|6508 48| 7324.09]| 7659.53(8072.85| 7766.96

S3 |OPC+FA20|1175.05| 818.14 | 674.22 | 693.35 | 573.62 |3678.49|14201.00(4119.57|4385.13|4026.27|5381.14|7247.62|7531.27|8109.47|7708.95
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