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ABSTRACT The majority of research that has been performed on cracking potential of concrete by shrinkage has assumed that
concrete acts as a homogeneous material. However, with this approach, it is not able to evaluate the micro-cracking behavior in
concrete due to autogenous shrinkage under unrestrained boundary condition (free boundary condition) nor to understand the crack-
ing behavior properly because of the heterogeneous nature of concrete. To better understand the micro-cracking behavior of con-
crete induced by autogenous shrinkage, series of experiments were performed measuring the length change and acoustic emission
energy. As an analytical approach, this research uses an object oriented finite element analysis code (OOF code) to simulate the
behavior of the concrete on a meso-scale. The concrete images used in the simulations were directly obtained from mortar samples.
From the experiments and simulation results, it was able to better understand the micro-cracking behaviour of concrete due to
shrinking of paste phase and internal restraint by aggregates.
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Fig. 1 Non-contact laser equipment for the measurement of
specimen length change
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Fig. 2 Acoustic emission equipment for the measurement of
acoustic events by micro-cracking
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Fig. 3 Pre-processing procedures (size of original image:
25.4 x 2.7 mm)
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Table 1 Material properties of paste and aggregates
P-1 P-2 P-3 | Agg.
Elastic modulus (GPa) 20 10 5 50

Poisson's ratio 0.18 | 0.18 | 0.18 | 0.20
Tensile strength (MPa) 5 2.5 1.25 20
Compressive strength (MPa)| 20 10 5 200
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Fig. 4 Examples of OOF simulation (paste-1, BC: free boundary
condition, €pase= 300 L)
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Fig. 5 Autogenous shrinkage of a paste specimen and a
mortar specimen, and the dynamic elastic modulus of
paste (w/c = 0.3)

Te e AHESHATH
_ 1

n= NyX — )

1+ ClEpaste

Agg

714 n, :1.405, C;:0.25

2 (2)F Al flske st ZAle] &3l
e 2 gxAd QA 4 Y (siliceous quartz)
o] Hd%k 50 GPaZ 4%3}gagcq 9 ;q mE A]O]AEA

o
>
ol
rlr
>
o
2

ru[m S
kW
3
B
QL
&
.1
2 -
,S
=N
> g
z
2.
(e}

N
(

12
pulse velocity) ] /\]-%3}04 Fig. 5(b)91- Zro] A7k
U2 FRAATE SHst AAsn. ditde=r F
AT ARATET OF 20~40% A= 2 #E 7t
7] wj g o] AFE ZAHH FEAAFA 08
S F3 Be AIATE 7Pste ALkl AREsAT
Fig. 5 (a)ollA Kol i}l 2ol 2] ()ellA] &5 =
ZEt2 O] FEHYP E vl REEIES FHHTE A

-+ Pickette's model ﬂﬂE T REZE2E 84
AR 7Pgsta Q7] wwel, FEEAASE Qe i u



HAE 72 FEe B AEE Yepdty
T 3tk ofel o] AFeX e 7+ BAMER] ¥

2 A @A Y] BFEHx steA o AT|FHoE Qg 1
Add S Brtetaat w4 5% A E 34 %P%‘
om I AF}E Fig. 69 YeERAATE Fig. 6 (a)2h 2]
=745 REEE AdA lojA A7 At wet A
Lo T u];ﬂ]ﬁmﬂo] uug 3k g}o_% S oS
o, w7t SerE 2 Z=rt ¢ 7%1‘

Fig. 6(b)= 74 <% oux¢} 7t REg=

AolsteS Blug AHAZA wic=0309] A5le

o

Free Boundary Condition

0.30 wic
0.35 wic
0.40 wic

Cumulative Acoustic Energy (uV*s)

8 12 16 20 24
Time (hours)

(a) Cumulative acoustic energy vs. time

Free Boundary Condition

- E d 1 Shrink
0.8 xpand 1 Shrin

0.30 wic
0.35 wic
0.40 wic

Cumulative Acoustic Energy (uV*s)

; | ! I !

-100 0 100 200 300
Shrinkage of Mortar (nc)

(b) Cumulative acoustic enetgy vs. shrinkage strain of mortar

Fig. 6 Cumulative acoustic energies of mortar specimens

Zag|ee| 5

Zo] & ow Z73Ig o}, wie=0.35 2 0409 7
ol M= FHF2 AL dojuA] &t
o]} 7+ AFE E o, Fig. 6(a), (h)S F3lo] 2=
2 bE ZAYES e HEFAY A9 52
*1 741-171 Ef tﬁ_i} = 01 Oﬂw‘LOﬂAi# —E—E},—A 2}7]

Xﬂ WT‘-"HH“ 115:—31& Ul%ﬂ&%ﬂol Py F UES
A = AT olH T S withe] A AW
A~ =
:li‘

L A=
S, REEZ| EA)5E AWE Ho]|AE9] 43
3] H“ﬁﬂ plAlEdo] ARIE Ho]=ES] £REs o
ARE BAgo e BEEE A RN A%
B 2752 Wy Eo] AAY BERA Lo AAH B

=
d g dte Aem diHeld &

32 AlE2d 01 21 24

f%%é}?it}(})l 140 pe, P-2:125 usg, P-3: 120 pue).
]t FEZRANAN HEHEo] T H
]4 TFEFRT O =2 gholA
| oA g str] Al 2R o (P-
1: 150 us, P-2 O,ua, P-3: 140 pe), F-3+24 o A A o
AA de] ExEo WA o] AT = B7E
Z2719] A5 AHME #Ho|AE H-9]9] FEo] 300 el
Lo Mg olds FE I ThFig. 7(d) (e), (D).
g 7t AlEEold ARETH B E AUAEEE
I B2 F3E 3 AdA AU A] (normalized stored
energy)$t AJME Fo]2~E FE2MEE AA S Fig. 8(a)
of YRt olw] miAlsFEel wE oA IAtS
elstr] flsted T Algdold 2oA 849 B
< ‘Damisotropic’©] oFd ‘Elastic’ EFY o2 vl {f3ka
a2 E F7HE FYste] 7 s °1 7‘4*“1;‘}01]‘41] A}
ol #E=E Qg duyA WEFoE ALkEAT) Fig
8(a)ollA] Hol= Hiel o] %:rLéT— 7ol dejM= et
stal A &S] mAlEE B 2 oyA] WHE Ase]
TS 1T F Ao pAFE T e oYy
A WEFH AWE Ho|2ES] F5HIYE A= Fig
8(b)et 2okt
Tt °f?l_u-/\'H AFRZHY REEZS] HIENS
Tatglem, I BAE Fig 8(c) 2 (del vehd wiet
o] REEE ﬁ@iﬂ wiell mAlgo] WA gl whet
AE Ho|2ES] FEMYPE| T E BT

w2 £3UYEL hdke FAE BYS 4

o o

o2 oI5t DMz L4 HIIE I8 M= 719 | 73



Free Boundary o

O Paste-1 (Elastic) @
[] Paste-2 (Elastic) @]
& Paste-3 (Elastic) @

@ Paste-1 (Cracked) o]

B Paste-2 (Cracked) O

4@ Paste-3 (Cracked) @

' e

N

[=]

o

|
L2 [ Teinlel
L2 [ Tejulel

TR - o
o 7

Cum. of normalized stored energy (N*m)

100 200 300
Shrinkage strain of paste (us)

(a) Cumulative normalized stored energy vs.
shrinkage strain of paste

£ 200
A z 1 Free Boundary
(b) Cracked image (P-2, epaste=12511¢, restrained) & 160 - o
NT L 2 .
TR IS 2 10 P
WSO > O 27 % 120 i
Zda TRy g P
Qie Na .V, 3 o
L9 > (4N N 80— g
0 o' * e b’ E O OO Pastest 07
’ Do " .~ £ 4 O O Oreasez @ &
eo'e s a0 OO O 5o
fa 2. VS TE0% Ha &
3 0 “"“""‘"‘:jj%é"g‘a‘

(c) Cracked image (P-3, £paste=120n¢, restrained) SOCTTEH
. 100 200 300
Shrinkage strain of paste (uzc)
(b) Cumulative normalized released energy vs.
shrinkage strain of paste

Z 80
. 009
£ 1 2858y S
ogaE=e_
2 60 2050000, N
S go° ERSE
6 1 .29 '
9 on®

£ 4042 o
[ i -go
k1 ¢ O O O Pasted ol

O [ Paste-2 O
201 5 6 Orames 8
]
L4
£ Free Boundary T
c 0 T T T !
“ 100 200 300

Shrinkage strain of paste (us)
(c) Shrinkage strain of mortar vs. shrinkage strain of

paste
E 200
z% 1 o Free Boundary
— - OO O Pas
E 160 O\ OB I:I:ast;
] 7 \O & O Paste3
b 4 0 N
: > Ty % 120 5 o
) = - -§ rl O
(d) Cracked image (P-3, £paste=300p1¢, free) & 80+ BN
£ ° ©0on, B Q
Fig. 7 Simulation results S 40— ooo 5 @
s <
g . @
_ - - 3 0— 1T
3 2= 9) ol & = A 8r3ln 7ro] A o
= T }A?i‘:}. ] 1?‘_ gj’:]'\_ 3.101] '1 z‘l“?j ]'9]' 1= ] ] 0 20 40 60 80 100
HE ¥|o]2E F99 F£=o WE nA|gge] WAooz Shrinkage strain of mortar (uc)
REEE QF QA o] AAZC F=FS AHEE =1 (d) Cumulative normalized released energy vs.
w8 2 9 shrinkage strain of mortar
H|E o] AFoA] Bl §3taAad Ayt A48 42 Fig. 8 Simulation results: free boundary condition

74 | st=232|E5tE| =2% N[22 X1= (2010)

IL



(VISCO elastic) #%&°] WkY 5101;(4 O]: 3}‘:‘%, ITZ?J
W, Ao R FatodA= AE ol|AIet Al
ANAM Fotedd oA WwEgkate] dATE 4H

o H
gasttn @ &

EO]

48 B

o) APoNE AN ArI4FOZ e vl
vy 2 7w AAS ols] 2 Hr)s)

o= %6”4 OS2 AE AH|E &8st v
AR, faesd g s 1 AL

At o) frel %S Ao T

ified
ok E

o

0 ox o

.
Sl :.:’ m[o

> .

o oo |m

2) w7 el w22 AgA
[$) gﬁ
4oz izl %A@@%
FAAEN}
AT,

HEEHZ2 B FIYES} 7+

Lo

d

3)

A
A
AA REEE A9 ojxd ow|XE JHA AL
NISTH| A 7]t OOF &-8te Aajae Fra)al= 1}
, 2ot AAAR N ARE =EstaAt
stom Setog= F2A 9 HUhh oy &
HE T vAl7E 2 A4S olsls=d
1=.J /\ o]Oﬂg]. /\].__EJ_E];]_

o] Aol A& AlEHHAS =7
ARA el 7k F7H A 2 Aol B8s
o, $AAo R 1TZ9] JT, AHE
7kl 2 ek (visco-elastic) 7,
=9° ;(4;9—‘—] H]—oé?z}_g_i/ﬂ H

4

/\1_9_ 1:01

Y

3)

=

EZo] 7FesiAlElE AbRE T

o1 =
33

o]

:Jd

10.

11.

12.

13.

14.

15.

Z32|ES| +F2R 2IE DMz

. Bisschop, J. and van Mier, J. G M,,

. Kim, B. and Weiss, W. J.,

. Moon, J. H., Rajabipour, F., Pease, B.,

. Bernard, O. and Bruhwiler, E.,

¥
o

PaE

. ACI 209R-92, “Prediction of Creep, Shrinkage and Tem-

perature Effect in Concrete Structures,” ACI Manual of
Concrete Practice, ACI, 1997, pp. 12~22.

. Kosmatka, S. H., Kerkhoff, B., and Panarese, W. C., Design

and Control of Concrete Mixtures, 14" ed., Portland Cement
Association, Skokie, Illinois, 2002, pp. 27~32.

. Grzybowski, M. and Shah, S. P., “Shrinkage Cracking of

Fiber Reinforced Concrete,” ACI Materials Journal, Vol.
87, No. 2, 1990, pp. 138~148.

“Shrinkage Micro-
cracking in Cement-based Materials with Low Water-
cement Ratio,” RILEM International Conference on Early
Age Cracking in Cementitious Systems, EAC’01, ed. K.,
Kovler, and A. Bentur, 2001, pp. 79~88.

“Using Acoustic Emission to
Quantify Damage in Restrained Fiber Reinforced Cement
Mortars,” Cement and Concrete Research, Vol. 33, No. 2,
2003, pp. 207~214.

and Weiss, .,
“Autogenous Shrinkage, Residual Stress, and Cracking in
Cementitious Composites: The Influence of Internal and
External Restraint,” 4th International Seminar on Self-des-
iccation and Its Importance in Concrete Technology, Mary-
land, USA, 2005, pp. 1~20.

“Influence of Autogenous
Shrinkage on Early Age Behavior of Structural Elements
Consisting of Concretes of Different Ages,” Materials and
Structures, Vol. 35, No. 235, 2002, pp. 550~556.

. Foster, S. W., “HIPERPAV-Guidance to Avoid Early-age

Cracking in Concrete Pavements,” ACI Special Publication,
Vol. 192, 2000, pp. 1109~1122.

. Weiss, W. J., Yang, W., and Shah, S. P., “Shrinkage Crack-

ing of Restrained Concrete Slabs,” Journal of Engineering
Mechanics, ASCE, Vol. 124, No. 7, 1998, pp. 765~774.
Rao, G. M. N., Murthy, C. R. L., and Raju, N. M., “Char-
acterization of Micro and Macro Cracks in Rocks by
Acoustic Emission,” Acoustic Emission: Standards and
Technology Update, ASTM STP 1353, S. J. Vahaviolos,
Ed., ASTM. PA, 1999, pp. 142~155.

Chariton, T., Kim, B., and Weiss, W. J., “Using Passive
Acoustic Energy to Quantify Cracking in Volumetrically
Restrained Cementitious Systems,” 15" ASCE EMD Con-
ference, NewYork, 2002 (http://www.civil.columbia.edu/
em2002/).

Pease, B. J., Hossain, A. B., and Weiss, W. J., “Quantifying
Volume Change, Stress Development, and Cracking Due to
Self-Desiccation,” ACI SP-220, Autogenous Deformation of
Concrete, 2004, pp. 23~39.

Carter, W. C., Langer, S. A., and Fuller, E. R., The OOF
Manual Version 1.0.8.6, National Institute of Standards and
Technology, 2000, pp. 1~127.

Pickett, G, “Effect of Aggregate on Shrinkage of Concrete
and Hypothesis Concerning Shrinkage,” Journal of the
American Concrete Institute, Vol. 56, 1956, pp. 581~590.
West, T. R., Geology Applied to Engineering, Prentice Hall,

S WIS I8 oIy

718175



Inc, New Jersey, 1995, pp. 81~102.
16. 71%]:1’ 7‘:]_@ _lj__zﬂi “5'_.13:117])\1 ZEIA
Z71A % ZITES A%E AF o=
=4, 79, 5%, 1995, pp. 164~171.

B
il
1% ofo

m o,
ot ot

i

==

17. Puri, Sunil, “Assessing the Development of Localized Dam-
age in Concrete under Compressive Loading Using Acous-
tic Emission,” MSCE Thesis, Purdue University, West
Lafayette, 2003.

2 o EAYES £HoE A% 2A7FEA Bl 3
Hom gastn k. 2 olg@ Yo Py

<& (micro-cracking) &3S H7tsl= ol Bt SAl
t}, o]o] o] dFoM= AWME REZEZ APAE A2 A

U 2d wdwe 34 2 grlaen, olgdd M
Y ou|XZ A}&-3le] NISTAA 723 OOF code®
A A|HE Ho|AEAS &= 2 I YirirEoz

g 4 9k

WARO : 2TAT, DNRL, SYYE, QUQANA, LTS

76

st=2E32|Ests| =22 223 M15 (2010)

JolA] HRae] 7
2% BREEA o) BaEA A7 FFo e qu

3 2aPEg 399 BA2 Mshe

E’—E]E Wie] < B A4S olslst=t AV
Ho 7= WS (acoustic emission) FH|E AlE-5}o]

}\194 3oz /\lxﬂ UEE}_E }\]‘Bﬂjﬂilf_]ﬂ x| o];‘<].

o syttt 4F R Y Az, mEEhEe) Wy

Ao
ol 5to] WA E = mATE A 6:]/\]—0 Hr} HAHo 7 o]3



