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Prediction Model on Autogenous Shrinkage of High Performance Concrete
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Abstract

The autogenous shrinkage of high—performance concrete is important in that it can lead the early cracks
in concrete structures. The purpose of the present study is to explore the autogenous shrinkage of high—per—
formance concrete with admixture and to derive a realistic equation to estimate the autogenous shrinkage
model of that. For this purpose, comprehensive experimental program has been set up to observe the autog—
enous shrinkage for various test series. Major test variables were the type and contents of admixture and
water-cement ratio is fixed with 30%. The autogenous shrinkage of HPC with fly ash slightly decreased
than that of OPC concrete, but the use of blast furnace slag increased the autogenous shrinkage. Also,
the autogenous shrinkage of HPC is found to decrease with increasing shrinkage reduction agent and ex-
pansive additive. A prediction equation to estimate the autogenous shrinkage of HPC with admixture was
derived and proposed in this study. The proposed equation show reasonably good correlation with test data
on autogenous shrinkage of HPC with mineral and chemical admixture.

2
1% ZAYEY AEEL 2VTEE A= F Q7] WEe] W43 SHA mis- Fa3t) o] wef, £
AolAE e Bl EARE EUD WA TAUEY AV)5E SHS B T IZRAS A
o SI3h ThRd APWFE b ATl thsh B AT P FAAG F2 APAFE SRS BF L E
HEZ st on E-AERE 30%2 144t 24847 Feto|dAlE A8 Bolle A7) ak°l oha
adtdon, LEUaT ST AE AV5F0] A B8, $EAA 2 ARAY EYFo] 24
g 145 FAYUEY A5 adhe AFS BAth ¢, B =RdME AN S B B E AN
4% 2AEY AN5E A54S ARG, AAY A5 dZ e APAT vwy I3t
Keywords : Autogenous  Shrinkage, High-Performance  Concrete, Prediction Equation, Mineral
Admixture
Hy 80 1 A|E, AT BAUE, 954, B8 FsIR
* AUy EXSAG T Fug E-mail : imysw@woosuk.ackr 011-9786-7367
wx AR AFEA S g o B =Fo 3 ESES 20063 62 30Y7HA 3z B
o AFARYAFAT AP A7 AW 2006 9950 E2ATE AAsAsU
sk QI AA7)EATY AT

seeer AJ B8l Post-doc

HRLEERICHEES| M10A M3s06. 5 97



L.ME

B
rl
T

o] Adist 9 Aled Fd 5= Hsl
o] AME HAHo| AE FTI8lAL loH,

FZAEY 87 A5e WE5A717] sl
o7 BE-AER7} Zomx &g AHE
HlERS AlR3)or stk gy 23T E u)
Al E-AMEH]7} 50%0]5t2 W Bl wjg
of gi¥-o] AME 1zg ez EA5H, o] 4
F3pHE Bkl dleHoz AgEo] e B9
H] 53 (Specific  volume)7} 7HA3Ez AJHE  #o]
2E9| By ¥spyl dAgit) nhef Rujo] f3o] A

1
Ssol gm F7HQ el FFe] gl 3Fe

H
tlo
fo
oX,

r[O r_& O_u E F;I
_°,

32

X oo
ot
ot i
Do (o

dr Mg g ok H

T,

o
O
o

1

A

lo oot

=z Ho

¢

7P 2 FAAMTEH HARZ vA 2 Aolw, o]d w}
T571% 2 AEErE sl "Jdh o]Hd %
ANz s, o]Z <l sk ZAE

N
o] FEENE AIFFolgal dkNeville, 19%).
AR, ZAES A7|5E WEES i B
-AgAE 7R BE Z23EE A 1A G5l
40x10° Aw, AE 5de ASd 100x10 =R
AZFE MY E vg) AdHoz 27 b 7&
o gagle R4 AAde e Bert gark
a8y a4 ZIAYES o] E-AGAHTE X—h

L
-
£

s A =k E}EW 1A% ZAYE
= w 2o obgA oz sy YsjaE
AARHE Ba FLAI0] SN A7|5Sol 23t
t‘ﬂ _

% BN EAT B3 e 54
o, o8 S3 n4s BAYEY A4ES 45
o
=

i SR g P

L
O

A

380em7g) 2 IE&SHT PIEHLE 29lg/nt,
BU% 4463em7g)e FiL A7t FHEE 21g
Jem® BRT 240000cm’/g)E =Ego] ARS A}

E3lgieh o, B 7o) AMgE FEANA 2 9
Aol 542 Table 1 3 Table 2] AIAI= 0} 3
on, A7%E ARE A AHeE 2aE e
Table 3 ¥ Table 49] Vet o] A9 EX3F7)
#F 45:15%% RE7198) Aluﬂ ZaH 0042
0065%9 AEAE AM&stieoH, #5854 FHE 9§
a AME F#w 17722%°] 14 % HEAS AL
43l

Table 3 @ 494 715 FA, BS, SR, EAx Z}z}
gejololn), mREd vRY, $EARA 2 97

A2 Ve

Table 1 =EXM M E4

9= | 2¥E | |
FAEE @) | ©9 || 8
784
g2/ | 318 I I T LR vy
T =
Table 2 W& 2| 22 stety d3
H]"l—iﬂ =i = 701—%1 ﬂ-ﬁ—f"é*‘?— (%>
b N

@) | @) | (o) | Ca0| 80| Fe0y | SOy | ALO, | £-Ca0

3100 293 | 14 |702| 04 | 47 |17.3| 28 51




Table 3 222|E wjEHE S E3A) ol EAA Y o]Fo] B o] TS x| ok
EEL L A s, FholMY FE 3 9 F5E 9] 93
"% - S F(kg/m') ” o
W/B| S/a o) ZZd "2 FE(Polyester filmoz XHS H
(%) | (%) |FA IBS | W B g G At
opC | FA | BS
0olo 5833 0 | 0 [7147)|8473 )
Al Zd ] gl HA
5] 0 4958 | 875 | 0 | 70078307 3 Az =
30 | 45 [ 30| 0175|4083 |1750] 0 6867|8142
0 |30 4083 | 0 | 1750|7092 | 8408 31 RS54 ¥ Ad=LE
0 |50 2917 | 0 | 2917 7055 | 8364
Table 59| g FF 2 gl fE =X
Table 4 232|E wEHFEFZH L BEA) ore mmalEe] EAo] Uehiglth o] A wE 4
Fuiso] thsl SYUTE %em ol SR
W/B| S/a gg](;zﬁg %%%%(kg/m‘) o ] EH H = o LHQ’] ]’]'E}l’]' :‘]
) ol EaEC] Hlg) B AFo] ALgE FAYE HiF
PO|PO|SRIEA| W | C |SRIEA| S | G o) BREE A AL ¢ 5 Utk FA Fepolo)
05] 0 5804 | 29 0 | 7147 | 8473 /\]94_ _ﬂi-’éiﬂl U]’E“?ﬂl”% /\]‘%‘5} %ﬁﬂgﬂ S-S
=~ [~ [~ _ -
30 | 5 U 2 ygp [ 2701 58 | O [ TAT| 873 OPC £z Ed] vla) Ad=w, FE3A04 2 B3
5 542 | 0 | 202 7137 | 8462 R
0|10 550 | 0 [583 7128 | 8450

22 ME Y B9 4E7E WPl zﬁwi »}EM%} oloﬂ }

B AN 2azld Ege A4 B YA

L) = 2 EQ3 A 49760MPa, T*—-?ZV =
AHEEHA e, KS F 24360 Fdbe] $ANTE 374 BAAE EQR Agels H60MPa FEZ
alart A =S Yehint
FAEY A5F AP YR ZANETTYS
o] A5 A3|o|A] Aot We el aEky Table 5 Z2X 2t 232/E9 &M
CHE Cldmige s, 2002). Al8Al= Fig. 19 4 g B SANTHKS F 2436)
Bl AHY g FA6) THol HA 100x100 _ el I e e
0mme] A W BEE A8 Azsigon, e (hrmin) | (hrimin
AolA ZB2Gauge plug)E BT o] Axe OPC %0 | 45 11:00 1227
30+5mm A= wYstATE =3 2=9 nighy) <k FA15 2.3 40 12:30 1513
doll 1mm FA9 HIZE AE(Teflon sheet)E FA 270 43 15:42 1830
BS30 %3 | 37 11:19 1339
Gauge Plug /Pdmﬁhn\ BS50 270 | 44 1156 152
DilGuge ||/ T R SRO5 %0 | 50 931 11:30
L : [ SRLO B4 | 50 916 11:23
SclVold | TelonShet gy Tefln S EA5 %3 46 10:30 12:48
Fig. 1 X714 % Algal o A FA10 5 | AT vz 1208

HRLESRICHEES| H10A M3502006. 5 99



100

(MPa)
|
|

15 30
SEI0[0fA] x| 2HE(%)

2tofofA] x| EHEof e ARTE

5
e

100
H72 0282 091 0180
&) L
g
S0
H
N
W 40T
ol
20 L
0

Fig. 30lE E3he] 87 2 X380 A7|5)
A= Gl veht lom, AFE 499elx OPC
FZAES 27|5% WPEL 350:10 "2 Yehdoh

Fig. 3@E ®BH ZeholfA] 2F&o] 15%, 30%
I AS ZAEY AFEH WHEES A7 319x
109 263x10°2.2 OPC +za]Eoﬂ Hla 7rashd,
'1%’“ S7HETSE A7|IeS HEE0] B ZoA

AL o 4 9ok o];i—ff—_ Elo]oA)E ALE-
7

Walx] 9by] Wi Aoz dEd JrHuAdY 9
2003). 3HA, Fig. 3(h)E HW u=<&ya mjE

(o]
==
ARERE 2EBES A8hEo] 30%, 0% AT 23

100 SRR ERICISS| J102 M35(2006. 5)

N7 0282 0O91 0180

T
o
S 60 ¢
H
N0
W 40T
ol
20 -
0

30
dzsa x2S (%)

(b) n=&ela xlgtgo wE AdFLE

100
W72 0282 O9NY 0O180
&) .
g
S 60
H
Ny
W 40T
ol
20 L
0

o

AF o] 247 425x10°, 456x10°
o2 OPC EaE vl&) F7lshH, xggo] 7}
5 AEE WEE /P S Axe o=
Uelsth oL 12&YaE AMSHE AAFAEA
Bl o3 AFE AstEAe] mAEgEe] Fus)
o —E—E}Olf’ﬁﬂlg} w2 $3pkg-9] Hejol ue} i

7} A AsE 2A71AZ @de] A YeR]

ToE B e <, 2003).

Fig. 3(c) 4 Fig. 3de 247 S3YE $5AZF
< Sl #%‘?—Xiﬂxﬂ 2 AZAE AR B A5
= Wsks vehla 3l Fig. 3(oddle F5A%
AE AF%%P 7% OPC A E Hla] 574
io] 0500 7:]0 18/ go]a 1/0 73_?_ g}:
%9 A|FFe] Fraske Aol yEIT: ofd

FEATAE AT ZH Ar|eSo| Haste A



Age(days)

0 10 20 30 40 50 60
100 , : : : :
o —=—OPC
—+—FA15
—+— FA30
-100

-200

-300

-400

Autogenous Shrinkage(x10°)

-500

Z2tolof Al X EHE0 wE X7|FH

©

Age(days)
20 30 40 50 60

LS
(=)
(=]
o
1=
o

—=—OPC
—x—SR05
—+—SR1.0

N
o
(=]

o

N

(=]

o
-

-200

Autogenous Shrinkage(x10°)

-300 =
\I

-400

(0 +=HMZH s we X%

Fig. 3 7‘HE—?OiI tet

ZaRE oA 33
4e

Witol| EAllshe o] BHA
AsA7le Bedg wEez suHt. Fg
de AFAS EQT A AF 3 oelM=

AYEV} FE3A @a WA} 1 o) Fo] 5

Aol WAk Ao YelUIth o] B9 WA 3
E 10%%] A% AH 49UolMe] A4S W
-110<10° B2 OPC ZAFEY HIs| 68% A=
o) ANGSE PFAEIE e o|X¥ BFAE
Ao @A A7|eFo] #adle A A7|FEo]

=
Azﬁ
o

A= A7l B3 ERQ] JEHTIOIE B g4ts)
248 WAt £5& HAs] i o g AdEch

4. XAZ|+== o F2E H et

41 7| &R |5 ZH
FAYESY A|FES AF3] Y 71E R

il

Age(days)
0 10 20 30 40 50 60
100 , , , , ,
0 —=—OPC
—+—BS30
—+—BS50
100

N
o
o

w
(=)
o

A
S

Autogenous Shrinkage(x10°®)

&
S
3

(b) 12&ela xleteo wE XI|FF

Age(days)
& .0 10 20 30 40 50 60
2, 200 , . . : ,
* »
3 100f —oPe] |
o \ =
g - S~ —+—EA10
c d
= .\ . \\\
<
& 100 ; S —

T
§-200 N *
@ S~ .

T
S -300 -
5 \
3 ]
< 400
(0) & 220 w2 XI5

TH, = ATAN B 259 o
3= Tazawa®d¥} Jonasson®
d(Miyazawa and Tazawa, 2001;
Hedlund, 2000) ¥ Z3aES 28¢

Jonasson and

FEAw o

€ RELEM# CEBFIBY 2155 o&SEH(RILEM,
1997, CEB-FIP, 1999) S22 & + Sk ol
24 Fo|A E-ZAgAuld] 7123 dzH d5=d
9l TazawaR@¥} <=7 7]%3 CEB-FIPEY
< o 2t
1) Tazawa =4
e(t) = 7+ eq(W/B)- Bt) @
e (W/B) = 3070 exp{—7.2 (W/B)}
(02 <W/B<05),
co(W/B) = 80 (05 < W/B) )

Bt) =1 — exp{ —a (t—ty"} 3

ok

IZaxsxIcEs| &102 Maseoe 5 101



Timeess 22 o]§3}o] Ake Befololn] B BRI E
]

0 20 10 60 80 100 A3t B AgE dS2eo] AAIF L Table
< ” 8 TestData --- - CEBFIP — — — Tazawa 6ol AlF a by & 44 0375, 052 A
30 -~ doson RILEM olfre TYs E-AFA vElM e AVIeE HE
gm L JHe FAsP HFeha A5 42 Bl AWE B
o L ]
% \\. a
g-soo S~y Time(days)
______ Mmoo 0 10 2 30 40 50 60
%"_ 00 100 . . : : .
< = r*354*(1-exp(-0.375%(x-0.458)"%))
4500 x o R = 096993
o \ i
% ol r 1.00093
Fig. 4 7|1& Ap7|$22d 2 AsZHD < %
% 200 '\\
A7, e (E AT 1M AIFERRE(0) gaml e
[ L]
& e, e (x10%) % A(pE 247 AT § ool ——
= o} A7l mhE A15E Weks dehle 4l < 0
oL = ANE SR GE AT, = 222 (0 BETEUES AlHE ASE 2T
3 (Day)s YERH a, b= W/BO w2 Alsolth
Time(days)
0 10 20 30 40 50 60
100 ; . , ; .
.. 5 ’ —
ii) CEB-FIP =2 g o r*§54*(1—exp(-O.375*(x-0.654)°’5)) |
6Cds(t) = ecasa(fcm) N ﬂdS( t) (4) ~d-; ;\ R _: 097357
g § \ r 076824
. o
j{m & 20 o
caso(fcm) = - < X 1076 (5) " I
6+ Som 3 300
fcmﬂ d:J
s g 400
. =] .
Bu(D = l—exp(—O.Z(f) ) ©) < s
1

AN, £ & BRAFAEMPa), o, £ AHE

(b) Z2tolofAl 30% x| &tet A<

Time(days)

Z7o WE AFE OPCY 7% 7000|H dukxoz 00 10 20 30 40 50
Fomo= 10MPa, 1 1 days AF%E&E}. “": r"354°(1-exp(-0.375"(x-0.497)°0.5))
) = X O r2 =098
Fig dolie A7l B A)4% wago] sl A BT
2 ool
229 9 ¢ arsl 4yanel ue dehislon, )
£ 200
o]2 E3| Tazawa 2l 93t 27153 o= o] @ .\
=]
W 2 Agdne sl ehda Qe Ae S wor
& & QU g o S
2 = BS50 E—
-500
a2 Xl 55 = T S
4.2 _OII-ExE %—Q-I-XH S %?:! ol_l- g—?_ (C) P_E%EHJ 500/0 il%l'gn_l' joi_C'L
Fig. 5 222 &3t Al Tazawa 22 S 0|8t X7|
Table 6 2 Fig. 5ol Tazawadl A7|5%E 4= Sz A 372y HI

102

ST EERIEESE H10# HM35(2006. 5)

e



Table 6 Z=& Z3txf ELA & HetEl Tazawa =2
HF 4 a4 b
W/B(%) | g y a b R’
OPC 1.00 0.375 05 0.9699
FAI15 0.90 0.375 0.5 0.9691
30 FA30 0.77 0.375 5 0.9736
BS30 1.21 0.375 0.9837
BS50 1.34 0.375 0.5 0.9886

7ol e 2 Ar)55Ee) Aols Yehie ol
| -

279l Aog AT
= Al a, b9 #&E 47 06,
2@ & 5 3

Aotd CEB-FIPY]
A a be BE A
Atk 2, o

Fig. 54 & <

15 A%E JEHOR olgdhe 3
7

F e ANY $9% FHow
A= ANeE A9 RS
77} 02 % 052 148

9 Aol HRlth IER B AFME AF bE
052 1Aty HE FEUC AWES AMES A
AF  y5 12 dHelZl S8 FARNE F
a=0.3752 243tk

gHH, Table 6oll4 ZEtolofAlE 15% 2 30%3]
3 AT S %S A4 090 2 0775 ERY
3 glom o]Re FEtolofAl o] ©E OPC &
YE| gt 2|5 Ak AEE JFHoE 1
) w3 w2 vRde Xggo uet A
9] Fe 77 121, LHUE YERAL Jled o]2%
B n2&dga uEge g g2 74z F71
e AEHeR 18 5 AUtk

il

ot

43 F=EXMUH 2 o

0z
=
ok
o
ro
N

- - . - i 2~ = S 5 [e)
g AxY B Az thi Fig. 6(a) ¥ 6be FEALAE U3} 2
Age(days) Age(days)
0 10 20 30 40 50 60 10 20 30 40 50 60
&~ 100 r T 8 : 8 &~ 100 : T : : 8
=) =}
- -
x o 354°(1-expl-0.375"(x-0.400.5)) X 354*(1-expl-0.375"(x-0.39/'0.5))
% I R2 = 098012 g 0\ R2 = 09757
g w\ T 082542 7 02001 § ‘* r o 0s019 7 01809
€ 100 < s
ﬁ \ 5) -100
» -200 — * .,
c E— c 200 e
o -300 @ r
(o)) o)) [l
£ £
I -400 < -300
(a) =&=XMUH 05% =5t = (b) =EXMZLUH 1.0% =t 3=
Age(days) Age(days)
0 10 20 30 40 50 60 0 10 20 30 40 50 60
&~ 200 . . - - - &~ 200 - . - - -
IC) IO *354*(1-exp(-0.375"(x-0.391°0.5)) +al(c"x) "exp((-(In(x/b)y:2)ic)
~ 7354°(1-exp(-0.375"(0.44)°0.5)}a(c"x)"exp((-In(/b) 2)c) < ’}
v < o R2 =osis
X 100 w2 = osers H Z 100}
O . [0 | \ r 026 7 07573
o)) ’c\\\ r “ 7 08158 o)) a 210355782 7 14003715
© AN s tosurs 7T © i \ boogmen s
= Op—\ o oomes 7 s H = 0
= A\ = .
) . ) i
» -100 » -100 —
> =}
2 g 2
o -200 — ©  -200
{o)) . D
% " EA5 % « EAT0
< -300 < -300
(c) W&EHM 50% =dst < (d) HEX 10.0% =Lt <
Fig. 6 ==X 2 HWEX =LAl Tazawa 222 0|Es A7|+x MY 37EH 21t
sk2axeztsts| Mo M3see 5 103



Table 7 ==MAH o HWEXN =LAl =3 HetE A7)

gL
52 A=yl mon

W/B(%) | wi% y [ m n R’
SR05 | 0.83 - - - 0.9801
SR1.0 | 065 - - - 0.9757
30

EA5 | 062 | 130167 | 663 | 2.09 | 0.9483

EA10 | 030 | 210356 | 853 | 2.33 | 09494

Tazawa®@dL 0]83 27|4= AR AHYE Vet
Wi Lo, Table 74 RH #%Ximl% 05% 2
1.0% &3 3%
ojRe HEEsU= /\]“ﬂEO 73 AT 7+ 1?_] A
I Hw3A FEARAE ARAE A5 17%, 5%

% 452 F gk ol w 2 i«owb B
g Y@ 3% 34F 2AEY 5L o3

71 8 A o] Tazawa E93 Lognormal
FAE 233 A5E Zds A

[-m27
e =7 eaWB - D+ -Le 7 @

3l
i)
o
oft
e,
_ory‘
b
>
=
lud
Sa
ol
foty

A7IM, y= 7IE
A FF e ¥wFolH, [ m ne A2 F49 am-
plitude, center, width® Yehl= oz F W
& A AR W2 PeakE AT F UEE FF
t}. Fig. 6(c) & 6= %ﬂﬂ]—a— =93 4% I

RS B ALY AN5E ASADA 48 AL

ClETA2 S =

Table 79)= £=2A74 2 BFH2 A3 A4S
F4 AR A5F 2] AlS So] AAE 9)
t} o] A% ARl Y AF a bel P E-Awl

E H7} 3000\_ A 242 0355 2 05 YAs=
2 Table 79ll& Zt7ke] A9l Wit A5 4, L m n

104 SRR ERICISE| H102 X35(2006. 5)

Table 7914 BAAE 5%, 10% AHES B y7}
Z47F 062 2 030282 JEtoH olRe REIEN
= ARES] B A y7t 19 A% viwstd B3
Qe A EYwl wEt 38%, 70%S A|eE
Az a3t lvke As AFHOE RoEt

2L

i

5 &2 &
B Ao Zglo|o)|, nELYa wjRa

i

27t & BEF A FEARA 2 WA

AREEE 145 ZITES A|FE 544 i 4

stgon, 1 ARE QoA tha 2t

) A 57 ¥ X3Ed w2 $YIE 2%6em
Wel2 Jehton, AE B dFAEE
49760MPa®] 1A=E YERARITE  ofo] wet
£ AT AHE Z2YE AHe 1% F3F
Eo] HFo] B AoE AdE 5 Stk

2) EgpoloAale AEHgo] FTINETE Apr|rFol 7
Adhke AR YEilen, 12&das X3E
of S/EFE ATeFel AA SISk E,
FEATA E A EYF] FUEFE A
FEo] sl A UERT:

3) EAEE AT s FIEY 1}7]7%3%
Z37] 98l TazawaR @S 283 3|ARAR
S 74 - AL o] g BEF 234 ¢

ARAE A Brole AT y5 2™ "F

o] 7]1& TazawaZdg H83toZA 27|55

43] oF rhesitt v, BARNE AT

735-olE 7€ Tazawa™ 9 Lognormal 4-& %

gt A2 2ds st AR

il

Hl[O ol —W

S

i

S
1

i

F

Ho

9 oA, A%, “FEA EIAE A
g A% EATEY ‘FéEH” WHEETS] =77,
Vol. 23, No. 6A, 2003, pp.1133-1141.

2. Hpﬂﬁﬂufﬂjutﬁ, 2> 7)) -+ o HCHGEPTTE 2 BERs

AR 7 ) - TEE 2002.

3. CEB*FIP 2000, Structural Concrete : Textbook on



4.

~

.

Behavior, Design and Performance, Vol. 1, Sprint-
Druck Stuttgart, 1999, pp.43-46.

Jonasson, J. and Hedlund, H, “An Engineering
Model for Creep and Shrinkage in High Performance
Concrete,”  Proceedings of International RILEM
Workshop on  Shrinkage of Concrete, Shrinkage
2000, Edited by Baroghel-Bouny, V. and Aitcin, P.
C., Paris, France, 2000.

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,”  Proceedings of  Sixth  International
Conference, Elsevier Science Ltd,. 2001, pp735-746.

6. Neville, A. M, Properties of Concrete, Addison

Wesley Longman Limited, London, 199, pp.425— 438.

7. RILEM TC 119-TCE, “Avoidance of Theral Cracking

in Concrete at FEarly Age Recommendations’,
Materials and Structures, Vol. 30, No. 202, 1997,
pp.451-464.

(==Xt 2005 68 302))

Ipxszckels| Mi0d M3ses 5 105

ro



