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ABSTRACT

Autogenous shrinkage, a significant contributor of early-age cracking of high strength concrete (HSC), must be
avoided or minimized from an engineering point of view. Therefore, it is necessary to study how to reduce and to
predict autogenous shrinkage with respect to the control of early-age cracking. In this study, autogenous shrinkage
of HSC with various water-binder ratio (W/B) ranging from 050 to 0.27 and fly ash content of 0, 10, 20, and 30%
were investigated. Based on the test results, thereafter, a prediction model for autogenous shrinkage was proposed.
Test results show that autogenous shrinkage increased and more rapidly developed with decreasing the W/B. Also,
the higher fly ash contents, the smaller autogenous shrinkage. In particular, even if much autogenous shrinkage
occurs at very early-ages, stress may not be developed while the stiffness of concrete is low. In order to consider
the change of concrete stiffness, the transition time referred as stiffening threshold, was obtained by monitoring of
ultrasonic pulse velocity evolution and considered in the autogenous shrinkage model. From a practical point of view,
the proposed model can be effectively used to predict autogenous shrinkage and to estimate stress induced by
autogenous shrinkage.
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Table 1 Physical properties and chemical
compositions and of cement and fly ash

Properties Material Cement Fly ash
Physical | Specific gravity 315 2.21
properties | Blaine (cm¥/g) 3,450 3375

Si0s 20.7 56.7
AlO3 52 212
Chemical Feo0O3 3.0 6.0
composition CaO 62.4 6.7
(%) MgO 47 14
S0 24 0.1
Loss on ignition 1.36 344
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Mix 5, 6, 11, 12+ A2 F71d wighs Jepdoh Table
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Table 2 Mixture proportions of concrete per m
Mix Mix Water Cement | Fly ash aggri:gate agcgoraergsaete Arlz dgcitfr HRWR W/B
0,
1 185 370 - 754 969 05 - 0.50
OPC 2 158 450 - 672 1061 - 15 0.35
3 155 500 - 626 1074 - 2.0 0.31
4 148 550 - 617 1060 - 2.4 0.27
FALO 5 155 450 50 620 1064 - 2.0 0.31
6 148 49 55 612 1049 - 2.4 0.27
7 185 296 74 744 956 05 - 0.50
FA0 3 158 360 90 661 1043 - 15 0.35
9 155 400 100 614 1054 - 2.0 0.31
10 148 440 110 605 1038 - 24 0.27
FA30 L 11 155 350 150 608 1044 - 20 0.31
|12 143 385 165 598 1027 - 2.4 0.27
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Table 3 Properties of tested concrete
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Mix Mix Slump Flow Air content ta ti Compressive strength (MPa)
type no. {cm) (cm) (%) (hr'min) (hr'min) 1 day | 3 days | 7 days | 28 days
1 19.0 41X 40 5.0 6:00 8:10 9.6 20.3 25.3 31.1
OPC 2 21.0 45X 45 48 9:50 12:30 21.8 37.7 430 471
3 22.5 55X 53 2.4 11:40 14:50 25.0 42.8 49.4 565
4 23.0 54X 55 2.0 10:00 12:45 30.3 48.1 58.3 66.2
FAIO 5 22.0 55X 53 2.0 12:40 15:05 20.0 38.3 478 53.4
6 22.5 60 X 62 1.7 10:20 1310 24.3 43.9 53.1 63.6
7 19.0 42X 40 47 6:00 9:40 6.1 16.1 20.7 29.3
FA20 8 235 56 X 58 3.3 10:00 15:30 14.0 29.3 374 459
9 24.5 58 X 63 2.1 12:10 17:00 14.2 35.0 40.7 52.6
10 24.0 63X 62 16 12:20 16:25 134 389 45.6 62.4
FA30 11 235 56 X 55 1.7 15:50 19:10 5.6 28.2 36.5 49.3
12 24.5 63X 65 14 15:30 17:30 4.7 30.8 41.1 55.8
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Fig. 2 Evolution of UPV for OPC and FA20 concretes with various W/B
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Fig. 3 Evolution of UPV for concrete having various fly ash

100

-100

-200 4

-300 ~
W/B = 0.31

—F— Mix 3,0PC
-400 A —%— Mix 5, FA10
—— Mix 9, FA20
—+—— Mix 11, FA30

Autogenous shrinkage (u€)

-500

— T T T Y
0 5 10 15 20 25 30

Age (days)
(a) W/B=0.31

Fig. 4 Effect of fly ash content on autogenous shrinkage
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Table 4 Coefficient, 7

(a) ts (the first measurement time, 0.25 day)

, in Eq. (4) and constants, a and b, in Eq. (6)

Y a b
wB OPC | FAIO | FA20 | FA30 | OPC | FAl10 | FA20 | FA30 | OPC | FA10 | FA20 | FA30
0.50 1.00 - 0.87 - 0.20 - 0.30 - 0.65 - 0.85 -
0.35 1.00 - 0.81 - 0.99 - 0.70 - 0.10 - 0.17 -
0.31 1.00 0.86 0.70 0.60 0.45 0.20 0.42 0.20 0.17 0.36 0.27 0.33
0.27 1.00 0.9 0.77 0.64 0.13 0.13 0.05 0.10 0.34 0.37 0.70 0.66
(b) ta (the beginning time of UPV development)
Y a b
wiB OPC | FAIO | FA20 | FA30 | OPC | FAIO | FA20 | FA30 | OPC | FAl10 | FA20 | FA30
0.50 1.00 - 0.65 - 0.16 - 0.18 - 0.88 - 124 -
0.35 1.00 - 0.62 - 1.06 - 153 - 0.17 - 0.16 -
0.31 1.00 0.92 0.62 0.60 0.98 0.48 1.20 1.14 0.20 0.32 0.25 0.19
0.27 1.00 0.89 0.75 0.69 0.41 0.33 0.36 1.08 0.27 0.36 0.35 0.22
(c) ti (initial setting time determined by KS F 2436)
4 a b
WB OPC | FAIO0 | FA20 | FA30 | OPC | FAIO | FA20 | FA30 | OPC | FA10 | FA20 | FA30
0.50 1.00 - 0.65 - 0.13 - 0.16 - 1.04 - 135 -
0.35 1.00 - 0.64 - 1.11 - 1.96 - 0.18 - 0.15 -
0.31 1.00 0.97 0.64 0.58 1.00 0.75 143 1.47 0.20 0.27 0.20 0.15
0.27 1.00 0.87 0.78 0.73 0.44 0.62 0.40 1.30 0.28 0.25 0.33 0.17
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Fig. 7 Predicted vs. measured autogenous shrinkage (W/B=0.27)

140 S=E32|Ests| =24 153 15(2003)



100

Mix 3 (W/B=0.31,0PC)

S 100, TTTTee—-e L
£
c T e
E L e T F
@ -200
@
3
£
o

& -300 o = o
]
S ] Experimental result, t,
< )

-400 a Experimental result, t;

————— CEB-FIP (1899)

Tazawa and Miyazawa (1999)
- — Jonasson and Hedlund (2000)
-500 1 ) T ¥ ) i 1i T T L)

0 40 80 120 160 200

Age (days)
(a) W/B=0.31

100
0 _‘[;_‘ Mix 4 (W/B=0.27,0PC)

El s
S o0k Tv--o__
a Ny 00 T Ttmmeeee
x w0 T TTTTTmmmmemeoeo
= ® o6 e o
s R ° °
S 200+ T2
2
g * Experimental result, t,
g -300 4 o Experimental result, t,
s 4% 0 ----- CEB-FIP (1999)
2 Tazawa and Miyazawa (1999)

-400 - — - — Jonasson and Hedlund (2000)

S O o
N4 [
-500 T T T T T T T T T
0 40 80 120 160 200
Age (days)
(b) W/B=0.27

Fig. 8 Comparison of experimental results and predicted results by previous models

of Hlg| ArlpEe] o]& Al A LAl ) A
Bow 7PN Z7leEe] W HslEE AdE UE
et
58 £
ANGE dE vdg 285 £% FUEY AHE o]
&3t Tazawa ZEE T4 AR & A7E T8 I

AE2 U3 2.

1) 374%=

2) 2 QTN 8T 28

3)

il

#x Z210| Ol 232 EL AP |+

ZAYE AzA Zeto] ojdlE AHdebd, 24
ZE9] Ap|gEe| ashd I AxE Elo] o4
ARl Hlglsle Aoz Jehdth wel, x7] 7
= AstE aeiste] AT Fof o] fHE A
o udE AEY 7] EF 4 sm 49191

ANFEE o= A% 2Y F
& =
Wg olgdlel WY AFHE ZazEl] 283 &

#

9% 7ol
AW VNN A5t 280 2%
A o8 AHY 2agE 349 ¥l Age 19

7 5% S0 U 49EY A7e $A9
A9l A7} o] Rk B Aol ALGH 2
Wle] wpw 2agEe) 27 #9 Al 2
o3 AoE 7l

e
3t
7)) Aok Tazawa BAS 34, Aok} F
A
2
7

S0E 22

#AL =

= AT AT 5471 2A7(1999-1-311-004-3)
A4 slol
=YY

o)%o] 0B, olol] AR ciFEA TAE
&7 23l

. Paillere, M, Buil, M,, and Serrano, J. J., “Effect of

Fiber Addition on the Autogenous Shrinkage of
Silica Fume Concrete,” ACI Materials Journal, Vol.
86, No.2, 1989, pp.139~144.

. Bentz, D. P, Gekker, M. R, and Hansen, K K,

“Shrinkage-Reducing Admixtures and Early-Age
Desiccation in Cement Pastes and Mortars,”
Cement and Concrete Research, Vol.31, No.7, 2001,
pp.1075~1085,

. Miyazawa, S. and Tazawa, E., “Prediction Model for

Shrinkage of Concrete Including Autogenous Shrinkage,
Creep, Shrinkage and Durability Mechanics of
Concrete and Other Quasi-Brittle Materials,” Proc-
eedings of Sixth International Conference, Elsevier
Science Ltd,, 2001, pp.735~746.

. Jonasson, J. and Hedlund, H, “An Engineering Model

for Creep and Shrinkage in High Performance
Concrete,” Proceedings o  Intermatio]  RILEM
Workshop on Shrinkage of Concrete, Shrinkage 2000,
Edited by Baroghel-Bouny, V. and Aitcin, P. C,
Paris, France, 2000.

. CEBFIP 2000, Structural Concrete: Textbook on

Behavior, Design and Performance, Vol.l, Sprint-
Druck Stuttgart, 1999, pp43~46.

141



6. Dilger, W. H and Wang, C,, “Creep and Shrinkage of
High Performance Concrete,” Creep and  Shrinkage
Structural Design Effects, Edited by Al-Manaseer, A.,
SP-194, Arrerican Concrete Institute, Farmington Hills,
Michigan, 2000, pp.361~379.

. de Larrard, F. and Le Roy, R, “The Influence of
Mix Composition on Mechanical Properties of High
Performance Silica Fume Concrete,” Proceedings of
Fourth International Conference on Fly Ash, Silica
Fume, Slag, and Natural Pozzolans in Concrete,
Turkey, Istanbul, 1992, pp.96~%%6.

. Bentur, A, “Corrprehensive Approach to Prediction and
Control of Early-Age Cracking in Cementitious
Materials,” Creep, Shrinkage and Durability Mechanics
of Concrete and Other Quasi-Brittle Materials,
Proceedings o Sixth Interrational Conference. Edited
by Um F. -], Bazant, Z. P, and Wittmann, F. H,

10.

11.

12.

Elsevier Science Ltd, 2001, pp.o89~5%K.

o5z, Uz, oldw, W), “Eelo] RS BH
¢ 2% ZaREY WSS EaenseRy,
A1438 23, 2001, pp.249~2%.

Technical Committee Reports in Japan Concrete
Institute, “Test Method for Autogenous Shrinkage
and Autogenous Expansion of Cement Paste,
Mortar, and Concrete,” Autogenous Shrinkage of
concrete, Ed. by Tazawa, E., E&FN Spon, London
and New York, 1999, pp.56~59.

ol3]Z, ojHH, AY% JAE, ‘259 FEF olF
3 Fagee $24 ¥ 2] A% FA vgAAL
8}3)7], Al224d 3%, 2002, pp.29R2~303.

Brooks, J. J. and Megat, J M A, “Effect of
Metakaolin on Creep and Shrinkage of Concrete,”
Cement & Concrete Composites, Vol.23, 201, pp49
5~5012.

2

Q_r

BT 2aged 2] w4 AE YaMe T Y Fo 4AA AFEd g A F, T g el
k]

3 A7t 9T, B Aol B-AgAE 050~02701 5 S2o] ol chAlgol 0, 10, 20, W%3) EAES] A1
zgstglon, AGANE BO2 = wdg Adeich 48 27, B AT Sobel weh A15EHe] F9

o, AF Z7lolM A5 BdEo] AA TR £, Fdto] oH tAge] S7HETFE A7l HAase AvE
ATt HIE A Z7)ol 2 AiFFe] AR sttt E2YES] ZA(BAIR) 0] E2 e $HL s &
A, weh, £ QpoMs EaE 249 Wl efaly] s 250 £ ¥ SAoERE ZATE 9 U A
A& AR 0R 2ARLY o8 A|eF EEHA AHSsisith A8
2 Q8 HAR $E8g dFake ol fRsA 82 e AR ritEn

HAR0| : ZAE 2aE, AV)4F, 45 B, St 44, 285 $E

A2l Ewela], £ AT A wde |55 o

142

S=2E 2| Ests| =2F M153 15(2003)



