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Assessment of the Damage in High Performance Fiber-Reinforced Cement
Composite under Compressive Loading Using Acoustic Emission

Sun-Woo Kim" and Hyun-Do Yun"*
"Dept. of Architectural Engineering, Chungnam National University, Daejeon 305-764, Korea

ABSTRACT High Performance Fiber-reinforced Cement Composite (HPFRCC) shows the multiple crack and damage tolerance
capacity due to the interfacial bonding of the fibers to the cement matrix. For practical application, it is needed to investigate the
fractural behavior of HPFRCC and understand the micro-mechanism of cement matrix with reinforcing fiber. This study is devoted
to the investigation of the AE signals in HPFRCC under monotonic and cyclic uniaxial compressive loading, and total four series
were tested. The major experimental parameters include the type and volume fraction of fiber (PE, PVA, SC), the hybrid type and
loading pattern. The test results showed that the damage progress by compressive behavior of the HPFRCC is a characteristic for
the hybrid fiber type and volume fraction. It is found from acoustic emission (AE) parameter value, that the second and third com-
pressive load cycles resulted in successive decrease of the amplitude as compared with the first compressive load cycle. Also, the
AE Kaiser effect existed in HPFRCC specimens up to 80% of its ultimate strength. These observations suggested that the AE Kai-
ser effect has good potential to be used as a new tool to monitor the loading history of HPFRCC.
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Table 1 Mixture proportions of composites

Fiber volume fraction Vi Unit weight

Specimen| W/C (Vol. %) (kg/m’)
PVA | PE SC | Water |[Cement] Sand
PE0.5 - 0.5 - | 4736 | 1,052 | 421
PEL.0 - 1.0 - | 471.1 | 1,047 | 418.8
PVA1.0 1.0 - - | 471.1 | 1,047 | 418.8
PVA2.0 2.0 - - | 4662 | 1,036 | 4144
SCPEO0.5 043 - 0.5 0.5 |471.1| 1,047 | 418.8
SCPEL.0 - 1.0 0.5 | 468.7 | 1,041 | 416.6
SCPVAL. 1.0 - 0.5 |468.7| 1,041 | 416.6
SCPVA2.0 2.0 - 0.5 |463.8 | 1,031 | 412.2

Table 2 Properties of fiber
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Fig. 1 Shape of fiber

Fig. 2 Test setup

Fiber Specific gravity (kg/m’)| Length (mm) | Dia. (um) | Aspect ratio | Tensile strength (MPa) | Young's modulus (GPa)
PE(DYN-A) 970 15 12 1,250 2,500 75
PVA(REC-15) 1,300 12 39 307 1,600 40
Steel cord 7,850 32 405 79 2,300 206
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Fig. 5 Stress-strain curve of specimens with micro fibers
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Table 3 Strength properties of specimen
Monotonic loading Repeated loading
Specimen o & Fo & (<100
(MPa) | (x10°) | (MPa) 1-1 1-2 1-3 2-1 2-2 2-3 3-1 3-2 3-3 4-1
PE0.5 58.27 4,765 | 46.19 | 1,585 | 1,585 | 1,615 | 2,413 | 2,473 | 2,498 | 4,225 | 4,380 - -
PEL.0 46.72 4,060 | 41.28 | 1,098 | 1,078 | 1,100 | 1,747 | 1,750 | 1,768 | 2,908 | 3,015 | 3,095 | 3,725
PVA1.0 56.86 4200 | 4548 | 1,290 | 1,280 | 1,310 | 2,043 | 2,068 | 2,093 | 3,448 | 3,795 - -
PVA2.0 50.26 3,983 | 40.18 | 1,273 | 1,303 | 1,313 | 2,090 | 2,138 | 2,155 | 3,555 | 3,760 | 3,970 | 4,245
SCPEO0.5 59.48 4953 | 4698 | 1,512 | 1,527 | 1,555 | 2,370 | 2,440 | 2,445 | 4,940 - - -
SCPE1.0 | 55.04 4,828 | 43.62 | 1,315 | 1,340 | 1,348 | 2,150 | 2,188 | 2,223 | 3,883 | 5,075 - -
SCPVAIL.0 | 60.75 5270 | 48.48 | 1,387 | 1,402 | 1,412 | 2,197 | 2,230 | 2,257 | 4,020 - - -
SCPVA2.0 | 58.17 4,803 | 46.37 | 1,347 | 1,360 | 1,382 | 2,180 | 2,245 | 2,277 | 3,917 - - -
AE7|H0ll ofst =S Eh= 100N MR AHE SEH 9| &4 8Tt 591
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Fig. 6 Stress-strain curve of specimens with hybrid fibers
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Fig. 7 Comparison of stiffnesses of specimens
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Table 4 Average and peak amplitude of AE signals
. Average amplitude (dB) Peak amplitude (dB)
Specimen
-1 1213212223 |3-1|32|33 |41 |1-1|12|13]2-1]2-2|23]|3-1]|3-2]3-3]4-1
PE0.5 69 | 56 | 51 | 57 | 52 | 48 | 61 | 61 - - | 8| 77|68 | 77| 73| 64 |100] 8 | - -
PE1.0 63 | 84 | 46 | 57 | 51 | 46 | 56 | 53 | 53 | 53 | 86 | 72 | 63 | 81 | 69 | 68 | 76 | 68 | 73 | 73
PVAL1.0 67 | 53 | 48 | 58 | 84 | 49 | 59 | 59 | - - |19 | 69|66 |76 |7 | 71|79 8 | - -
PVA2.0 66 | 50 | 47 | 56 | 52 | 46 | 57 | 56 | 57 | 59 | 86 | 73| 72 | 86 | 69 | 59 | 79 | I5 | 78 | 95
SCPEO0.5 70 | 58 | 50 | 59 | 53 | 50 | 62 - - - 9 | 73 | 68 | 83 | 71 | 68 | &7 - - -
SCPEL.0 69 | 51 | 49 | 57 | 51 | 48 | 58 | 61 - - | 88 | 77|60 |75 74|72 |79 | 8 | - -
SCPVAL.O | 62 | 50 | 47 | 59 | 51 | 49 | 59 | - - - | 84 | 65|66 |8 | 72|72]|8 | - - -
SCPVA2.0 | 66 | 54 | 49 | 59 | 53 | 49 | 62 - - - 81 | 68 | 65 | 82 | 68 | 67 | 88 - - -
MEE S7hg S 2o® ek A% SHAAAA SHAGT, G A% we A5
Fig. 102 &84 wgh yelu= AE A58 A% FE We gt B W EdAAE A8 yehbA fnrt
M2 skl e Zolth. Fig Y-l e vk 4ol AAe) meh A4 Be A% e A5
o} Zro] wo|ARAFE FEOR EUT A, 60~70 dB AEe 545 B 34, stolHe= dfs £33
o] &S zte A3t 7P 8ol 4 EUSeH, PELO A @Al A= Fig. 10(e)~(h)ell WeRd nke} ZFo] mpe]=
ABAE ALstar 2e AlgAIM 60~70 dB] AlE 7} E ARE 9502 9 A9 fARH 60~70 dB
AE7 R0l o5t =S = 101N HREL AHE SERS| &4 8T 593



14 14
P ! - 1 n i v _tio . e,
S | | ';o_ |2-I ’:c_ 12 é
% | b géw- 0-85’;;710 z’r:- 5z
o [ g g ¢ 70-80dB ME il §£ g
2 4 I 2 2 4] ¥ :% 2 58 8
%2 | . glé? s.o-smau.z&%: . . &%ﬂ o.g
G o : ; : ’ O ot — L . loo G o ———— oo & :
0o 0z 04 0.6 o8 10 00 oz 04 0.6 [} 10 0.0 0z 04 06 08 10 (1] 02 04 06 08 1.0
Mormalized strain Normalized strain Mormalized strain Normalized strain
(a) PEO.5 (b) PE1.0 (c) PVA1.0 (d) PVA2.0
§:’ I i M 10 FQ:: o w  w e ”;:: P -§||' ' 410 5 '
%10: : Wg%uﬂ oegi—m -O-Bz§' : sz
B los § £ o wd § o s o008l0s &
NP 74 nIL i ey ; §
& 4 -/ 80-9008 g 24 . g 708008 3 £ ] g
% 3! f _5__- 50-60d8 e :é 3 so.90d8 4% F 2 f—%‘D-GNBiWR H S i
O o T C 00 3 o = i loog O ok —80-90dB,, 3 o — B0
00 02 04 o0& 08 10 00 02 04 06 0.8 1.0 0o 02 04 06 08 10 1] 0z 0.4 0.8 08 1.0
Nommalized strain Normalized strain MNormalized strain MNormalized strain
(e) SCPEO0.5 (f) SCPE1.0 (g) SCPVA1.0 (h) SCPVA2.0
Fig. 10 Categorization of acoustic events on the basis of amplitude for monotonic cycle
600 600 600
sol " :I ,.‘ 500 ' . 500 e | a
o i " v = % T ol
é "00 v :{L }_‘v _:,,.':H_‘ & i o0 r(y; 4F a4 é ?,‘_,u iY & i o 5
5| s | VN AR :
% 200 gﬁ‘:‘k!’ " ‘é’zm. ;A:f"ei' ‘é’ _ i : L g 200t ",
= 100 ; v & o100 . v 100+ b c 100} o
30 40 50 60 70 80 90 100 % 20 50 60 70 80 80 100 % 40 S0 60 70 80 0 100 % 20 50 0 70 80 80 100
Amplitude (dB) Amplitude (dB) Amplitude (dB) Amplitude (dB)
(a) PEO.5 (b) PE1.0 (c) PVA1.0 (d) PVA2.0
600 600 600, 600
o | 1 [ | o1 [
U | Ly e s i el I Ya >
Faol & m 4 s Faol | & 1l Faool | & M|, va,r T 400}
= = v IV = ¢ v V] a o = ]
§300- Z 300 3004 & 300+ v
2 200 2 200 S 200k § 200/
gmo- ] - §100 ,: gml o v gmo-. c
% 0 S0 60 70 8 90 100 % 40 50 e 70 80 80 100 % 40 50 s 70 80 80 100 %40 s0 e 70 80 % 0o
Amplitude (dB) Amplitude (dB) Amplitude (dB) Amplitude (dB)
(e) SCPEO.5 (f) SCPE1.0 (g) SCPVA1.0 (h) SCPVAZ2.0
Fig. 11 Frequency-amplitude relationship for monotonic loading
o] NF7} P 2o BEE Btk 22y SCPELO Al kel Zo] PE MRS 0.5% YT AdA M= 2
FAE AL 50~60 dBO] NEHS zh= AE7F H 3 Fupe] 47417} WA A o2 Hgste W, ol &
3159 oF 80%7HA FEE Z oz Hol SCo &9 A L)% PELO% 2 PVAS EY3T AgANME Fd3
98 aE 79 Aol B delmz RS EUE 3 ARG AFel ZH9e] e Fa e gh
7voll 71918 Ao g AR HT) FolE HUS ¢ F AUtk o]= HPFRCCY B7 A
F BYA AME AR o3 EYES AYShE, B
33 ST T QBT FAG] H7 % FH gL AF wie el
2 Ex0] me} AWE fjEY2ste) RAgHo R o3
Fig. 11 ZF A|@A 9] &4AAE X155 (frequency)} QgAY 5ol Aolstr] Wit ez Aden), Bt
AZ #AE vwste] Uehd Zelth 2] ekt SlolHel= A4S EU A@AL AS SCPE0S A
dhsh o] I, MIWA M E SlolLel= o] #Agle]  AZ A5 80dB o4, 200 kHz °]5e] AE7t =73
AR AES Hola gloy, TeAA = 60~85 dB/l wo] mlola® Hfot AR HAFE stolHe=gt A
AFGolN 2 Axel ELEl FAFo) m mlolZz M6l BHA 54 2 AWPIAY S we
EdENAM = 400 kHz ©17de] sTE YERd H&‘?i, é z71A S A7 9] mAFEol| g AlojEEe] A
dEol Sl wheh -] Als 7t 400 kHz ©] &t ol stAl YEstTt.
A ZAHEE AL Bk 3 Fig. 11(a), (e)oll e
594 | st=E232|EstE] =2& N213 M55 (2009)



100 100 — 100 - 100
o | v o | oo . v . )
804 o 80 v © o 80+ T, el . o
3 sl 3 st v ] =y o O sl = T
- 601 v ]| 2 s0] o v | 2 el aY o v | B . A
(=] o o . o s (=} v v IV
< 404 T a0 AV v o g T 40 os:l-, a0 Y ow,
8 ] F . 8 T g ©r o,
7] @ ke @ 3 o
g 2 g 2 ;"9’.:, > & 20 gﬁl o S 3":‘ s A
p y N o & g
| >0 =]
0+ - : v - 04—= . 04 v . . . 04
0 2 4 6 8 10 0 2 4 [ 8 0 0 2 6 8 10 0 2 4 6 8 10
Duration time (ms) Duration time (ms) Duration time (ms) Duration time (ms)
(a) PE0.5 (b) PE1.0 (c) PVA1.0 (d) PVA2.0
Iw 1W y - 100 - 100 v
o | ¥ o o | o | v . o |
80 v i a1l g4 @ o | 804 o © o 804 a N
Fl a ml| 3 av® a mj| 3z " a ml| = Ly a
L L o @ ] o
- 60 o v v IV ™ 60 o v IV "E 60+ o v IV ™= 604 4 v v IV
x ¥ * -~ * ' o "
= a0 , © Z w0l Mo = a0 s s Z ol aag”
G5 Oowh = o| & d¥ &= v 2
? P.:CC g’ B © g _ o s “'v' g <?f‘ Y Oy
o o I TN g A
i » 8. g »| £ b =) 25 b2 gt ™
a3 o ] ¥ A - @
0 - 0 01 . " . r 04— . v : .
0 2 4 6 8 10 0 2 4 [ 8 10 H 4 6 8 10 2 4 6 8 10

Duration time (ms)

(e) SCPE0.5

Duration time (ms)

(f) SCPE1.0

Fig. 12 Energy-duration relationship for monotonic loading

3.4 Ol X|-X|SA|ZH 2HA|

Bl &4 w2 AE YA (energy)HFS A &A1 7F

(duration

FEFS wrom, Fig. 12+
o] FHAAE

x

- T

o
NEF

RS

time), !

Ly

o

o4 714 2slel ol
o] & AE olUA| 9} A&7}
shEwAER Hmstel ek etk 2

goll Yephd niel 7ol PE0.S 2 PVALO Al@AN A=
Eo] K wEt AEA 7R oA o] BlEE #A

7 wlaa

TFelskA VRO Y PELO 2 PVA2.0 A&

AA = 1, IMEAA 4ms o]Fe] AHAIHE 2=

Az7F WAy A olyA|el] thEk x| &A7ke] 7o

ol

12(e)~(h))olI A =

}.o

L

Z7hEy AZ

vl 2A Yebdew, SCE &% Al Al (Fig.
FAFSHAl WERsT. ol &%
o] WHge e} AE 25| AHAIZFS

2~
=4

132

% F3e 53 2ol AE ol el JFL mAE &
Qo] 7h281917] wielth, e, HPFRCCs] EUE &

7]—)\4 o i o] °H

Duration time (ms)

(g) SCPVA1.0

RAo=w FAtH

A 2 EE= AE AIEEAS
2= gyt

3.5 HE[AE| H]

ARE s Eg 2 HEE e
nfolZ2 2 wjaE F9 AojsHo] Aolstr| ujE

Duration time (ms)

(h) SCPVA2.0

o

o

-

3
“

NI

[e]

RS

Fig. 14 yepd vpel ho] FAYE A FoA &4

2~
T

Jom,

o]% o]

3}

pul

ratio)= o 4 (1)@ 7o'

71X Pype ©1A AbolZelM 9] Hdjstso

FR = R, p/Pysx

1™,

Eoted Aol S
H 2] A B H] (felicity

)

T
Pyvaxe

thg AN AE ABI WA AR S0l
o). e, FR> 109 AldHo] g e A, FR=10]%

£ 40 2 40 2 40 = 2 4
—— ¢ — o [ L pe—
oo —— o 084 - o 084 o e 2 os i
< e < —— < = —_—
2 oe) ] 2 o] 7 | 2o ,> 2 0o —
R [—— 5 — £ _ £ — —

—_— - _— k! b
o4 —————— 2 0.4 /> g o4 ———— g 04 -
=3 - - —— = =]
o - o ——— o / o ————
E 02 7, = 46.19MPa § 0.24 o, =41.2TMPa E 02{ =0 7, =45.48MPa| § 02 0. _=40.18MPa
N — N — N N ——— s
g a0 = LAE = 35,262 ® ol - LAE = 29,844 o o0 = LAE = 32,908 I} 00 — LAE=37,018
5 00 02 0.4 06 08 10 § “0.0 0.2 04 06 08 1.0§ “0.0 0.2 04 06 08 1.0 E “0.0 0.2 04 06 08 1.0
=z Normalized stress z Normalized stress z Normalized stress 2 Normalized stress

(a) PEO.5 (b) PE1.0 (c) PVA1.0 (d) PVA2.0
210 a8 24, 8y,
£ £ 10 — & 10 £ 10
> % E— > >
l_‘['_l‘ 08 . ol T—— S Iz 08 3 08
< — < ~ < - < _
2o I — 2 o84 // 206 ——— 2os{ ——
k] P k] — k- —_— k-
2 - =2 _— -] =
E 04 - E 04 ——— E 04 E 044
28 3 —_—
3 ? 2] P 2 2] —_
g 02 - 7, =46.98MPa E 0.2 S— o, =42.65MPa E 02| —ox 7, =48.48MPa g 0.2 7 = 48.37TMPa
P / UAE = 29,379 g - T UAE=32483 | ® 1 ~ LAE = 20,404 Tg 00 LAE = 20,814
E e 0z “os os o8 105 %0 o0z o4 o8 o8 105 %o oz 04 s o8 105 %o 2 ; 06 08 10
= Normalized stress = Normalized stress = Normalized stress = Normalized stress
(e) SCPEO0.5 (f) SCPE1.0 (g) SCPVA1.0 (h) SCPVAZ2.0
Fig. 13 Cumulative acoustic events for repeated loading
AE7|H0l o5t =S Bh= 100N R AHE SERS| &4 ETH] 595



Felicity effect

Number of AE hits (events)

Kaiser effect

Load
Fig. 14 Kaiser and felicity effect

Kaiser effect
10 ,1
=~ Felicity effect
] TN\ A
‘g Y/ - \\ ‘
€ 5 / \\\
> / / W
5 | & . \\a A=y
@ v \"'
w 07 \
\ [—=—PE0S5
& PE1.0
06 4 [
—A— PVA1.0
¥— PVA2.0
0 5 v 1 N T T M T T M Ll T M 1 v T v
1 2 3 4 5 6 7 8 g 0 1
Cycle
(a) Specimen with micro fiber
1.1
Kaiser effect
1.0 g
" W Felicity effect
2 AN
0.9 4 !— — X P ;/.
A
% \l——!’ AV
. | K
> 0.8
= \
L o074 .
—=— SCPE0S5 .
0s4|—*scpElo
—&— SCPVA1.0
v SCPVA2.0
05 — 1t r r r r - r - 1 1 ° 1

Cycle
(b) Specimen with hybrid fiber

Fig. 15 Comparison of felicity ratio

Fhol A a7t EASHE A, FR<10|W A|gHo] &4
¥ s Yepdth
Fig. 132 ®WHE 7o ok 7} A|gA| 9] +4 o|WlE
T8 BAE Ui ZlolH, o714 AlsteE A AE
7 AgAE R gelste] Fig. 159 Yepfidth &
€ AFA A FhelA a3rt AEEE Al7IQL Alst
NME AE 257 SAHEIYLH, ole a5 AA G
A BAER7E @A BUgoR Qe £E5TeEN A
frob AHME B9A AlAelA wAgh mpE o] {E ]

fl

596 | st==32|EStE

=27 H213 M55 (2009)

7] W& ZAog Fetdn vlojlag HRE v £Y
st AJFA| 5 PELO ¥ PVA2.0 Al@AIolA = Fig. 15(a)
of YeRd niel o] & WA Alo]Eel 4] FRHtO] 0.60
2 0.738 2ol o2 AlgA ] vls] A HA Apo] Sl A
o] Eafo] Az ZAow HAdE o, SFFTHEAY A
AbolZQl 4, 7 AtolZoME BE AIFA|7} 092 o]
S Hol HPFRCCAME 7lolA &3t E=A%hs &
ANt HgE BE AJGA A T3A Ato]F ©]F FR
| 43 Zase 5 YA o]F9 &4 A= A
o2 eyt hi, sto|lBERlE AR5 EYsh
ol Fig. 15(b)ell Wbt mhe} o] 2719 FRg:
0.90 o]’%e] FE Ko molaz HRFE v5 E4F

ol Hla FYE AEIE UERN ST, T 71 A|

etz 50%ITHAN] 4 AFe]ZolA] 0.97 o9 e
B

I
o B o O

1) 2 AEANA S4€E AE 21359 8}
ojF WHEd| wWE UF FaFg2 Zh AlAA A 9
rtolEd WP E S7HFL AR 2o YEge
m, o5 o] &% AT EFelFe] 5T Ao
AlEETH g o] 2L AsAdFE e FF
2 HPEANNE A YEA] Gt E44e] A
Aol met 43 52 AFE 2he A7 2
= 5AE BileH, solEYE ARE EUT A
$- SCPE1.0 AlFAIE A€]staL 50~60 dBS] &S
7= Alsrt Hdlatse] of 80%7HA S8 E= &
SCo E9lo W Az g A2 23 AE A
o] NF ATt YEbT

2) B Afre] vs, A4, 93 E, g8As 5%
2o =gd 54wk SAske £ AE A
S5 AolstA dehsten, o er B
Fo EYEol F7H PELO 2 PVA2.0 AlgA ol
A 4ms o)Fe] AEAE Zhe AsrF BRI,
AN sAlel ol A]ell gk A&A17ke] 714
o] vz A vehtes 5 AT 4= 9 |
Fsgo TS PAE 27| &4 o1F AT
g AlojsHo] ZolstA eyt

3) A B WP TEE MAAA SlEke] BAAERE
@5 3 osfojHe|=ste] &9)%h HPFRCCOM = &
A EAA FFEHE FrolA a3 B AAE |
FE Gl F e, BE AFA A RHEE}

9 A7) F7HA FR#©] 0.92~1.01S YEl= 5

ol A EH| e FS Ho] AWE 2
v HAE AR Qlel dAshs dds Alofste

$YL ARMFOEA A NFAS] S4B



A= gL = Aoz FPEYT) w3 &)
ojHzlE HfE 4T A AbelE o mE
&0l ARAe R Yeht @ AfE U A
o sl &Rl B A E o] Hojd ZloR %
e Aok

HO=28

. Yun, H. D., Kim, S. W., and Jeon, E., “Tensile Response and
Fracture Process of High-Performance Hybrid Fiber-Rein-
forced Cement Composites,” Key Engineering Materials,
Vol. 324-325, 2006, pp. 715~718.

. Li, V. C. and Wu, H. C., “Conditions for Pseudo Strain-
hardening in Fiber Reinforced Brittle Matrix Composites,”
Journal Applied Mechanics Review, Vol. 45, No. 8, 1992,
pp. 390~398.

. Naaman, A. E. and Najm, H., “Bond-Slip Mechanisms of
Steel Fibers in Concrete,” ACI Material Journal, Vol. 88,
No. 2, 1991, pp. 135~145.

. Fukuyama, H., Suwada, H., Mukai, T., Watanabe T., and
Nomura, S., “Structural Test on High Performance Seismic
Resistance Elements with High Strength, Stiffness, Duc-
tility,” Proceedings of AlJ annual meeting, Structure 1V,
2005, pp. 487~490.
L AHEE, AT
ECC (Englneered Cementitious Composites)2]
=g sy AR E=ER, 174, 15, 2005, pp.
313~316.

. Yun, H. D, S. Kim, W,, Jeon, E., and Park, W. S., “Effect
of Matrix Ductility on Damage Tolerance of Digonally
Reinforced Coupling Beams,” Key Engineering Materials,
Vol. 324-325, 2006, pp. 723~726.

CSNF, AFE, AeE, FAS, G5, A2, <8

= B R

2, 1%, 2N AREIANE
ABA

10.

11.

12.

13.

14.

15.

16.

AR BUREERE pCId S 283 H2TARE 2
zo] 2eddy

gk BAAZE s =AY E
23], 18, 13, 2006, pp. 66~69.

. Ohtsu, M. and Watanabe, H., “Quantitative Damage Esti-

mation of Concrete by Acoustic Emission,” Construction
and Building Materials, Vol. 15, 2001, pp. 217~224.

. Wu, K., Chen, B., and Yao, W. “Study on the AE Char-

acteristics of Fracture Process of Mortar, Concrete and
Steel-fiber-reinforced Concrete Beams,” Cement and Con-
crete Research, Vol. 30, 2000, pp. 1495~1500.

Maji, A. K. and Shah, S. P., “Process Zone and Acoustic
Emission Measurement in Concrete,” Experimental Mechan-
ics, Vol. 28, No. 1, 1988, pp. 27~33.

Puri, S., “Assessing the Development of Localized Damage
in Concrete under Compressive Loading Using Acoustic
Emission,” Purdue University, 2003, 111 pp.

Colombo, Ing. S., Main, I. G, and Forde, M. C., “Assessing
Damage of Reinforced Concrete Beam Using b-value Anal-
ysis of Acoustic Emission Signals,” Journal of Materials in
Civil Engineering, Vol. 15, No. 3, 2003, pp. 280~286.
_‘Q_Fz:sﬂ__g:_ 714 0’ xqoﬂ/kg “R7Ie Z20 o]
A AHE BelA o &AM 2 OskHLZE/H » o 3kA
%383 F2A =3, 229, 95, 2006, pp. 35~42.
Kumar, A. and Gupta, A. P., “Acoustic Emission in Fiber
Reinforced Concrete,” Experimental Mechanics, Vol. 36,
No. 3, 1996, pp. 258~261.

Hsu, T. T. C,, Slate, F. O., Sturman, G. M., and Winter, G.,
“Micro-cracking of Plain Concrete and the Shape of the
Stress-Strain Curve,” ACI Journal, Proceedings, Vol. 60,
No. 2, 1963, pp. 209~224.

Yuyama, S., Okamoto, T., and Nagataki, S., “Acoustic
Emission Evaluation of Structural Integrity in Repaired
Reinforced Concrete Beams,”
52, No. 1, 1994, pp. 86~90.

S=NTAS]

Materials Evaluation, Vol.

fr oo © o ¢t =1 w2 FO

g
80%71+] A AE T3} B

o 2 GfuA AUE B AAE ERL Y ngE G5

A F EAARAETE 2 =, ol FEREC 4 Aaie, 2RI AFE7 AIRE &
Wata SA0] WAl We AuE wee «1}q2§.44wﬂu2dlmé o7t a7¥

% 2 MR 2oy AR ANE BgAe HA5 ¥ SPISAEEHL 9] Slst]
A @A 7E Ao, F8 AAWsE AR FFHPE, PVA, SC), EYE, slolBg=

G 9%, 194 AfEY AWE BIA) dEAEe) ne cdnde dhel &

olsHA Vrebdth E@ SFYSANEERE, 2 FA 2, 30 Aol 2

7} Aol 2 WY

Z71e}e] AHA L Ho] o]F o] &3 Fx
}‘

o elal tirel wAlE
B3Ae] WAL
Co] ATl

2 4 APz
a@,ﬂa%mmz%%%>

=
0] 7}58 Aow 1%%4. gk H A

2 Flol4 En7t ehkon, solus g6 B9 AR 7D Aol s £4e] B4
W $sele] Hoju Z10R eyt
WME0 : 1018 AREZ AHE 22, 24TT8s, dEHS, STLEND, JH0IH 2t

AEZ|Hof| ©

o}

=
=

Hg dh= 001N MaeZh A|HE SS9 &4 "It 597



