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Abstract  Since concrete is an inhomogeneous material consisting of larger aggregates and sand embedded in a cement
paste matrix, it relatively shows a complex failure mechanism. In order to assure the reliability of concrete structure,
microscopic fracture behavior and internal damage progress of concrete under the loading should be fully understood.
In this study, an acoustic emission(AE) technique has been used to clarify microscopic failure mechanism and their
corresponding AE signal characteristics of concrete under three-point bending test. In addition 2-dimensional AE
source location has been performed to monitor the progress of an internal damage and the successive crack growth
behavior during the loading. The relationship between AE signal characteristics and microscopic fracture mechanism is

discussed.

Keywords : aggregate, cement paste, acoustic emission, three point bending test. AE source location, microscopic

failure mechanism

LM B

HZ FdA EAT 4F Ay F2E 334
EZ Qs A E F2E ¢HA §2 € T4
PFE AT 7 B #io] RofA L U}, 53
23 Ex i (multi-phase)o] 82X A o)
e BEdAge d£o2% 3 A (quasi-brittle)
A A5 54L& 7Ha V] 2o A4 B

Al ) 5dE vepdn, wEy 232 E 728
o] okdA FRE YAt AA dF9 FUl w2
E2YE Yo BYEA 2L njAly w7 E ot
slojof 8p, 53] A F2E lojAE ol EA
E3 g9 H o2 A (on-line) RYEH 3slojo} &
Fart . ¥ 7129 EaE 2y vk FE
A& 2 &4 Hrlsl AHE A7 WL TA A E
5 S ok AR, Av3, XA S A8 APy

(F4 :1998. 10. 21) =« FAdigtw 71AF 8% (School of Mech. Engr., Pusan National Univ., Pusan,
609-735), »+ ZAtdigtw et »+ FFEEA A 7L LAV



26 o] Ed, °]

(13 239, ¢E-HPE I 59 B0l 2 74
AL 53 P BEW(2), PRI R B &y
Hoz 2gd 4 g, zey ol HEES B8
Ho g Hg37] faN FAHQ Hrt BFot &3
Uyl whel Hd & Uy -g et} sk o#igo]
. &3 L3 ¥&(acoustic emission, AE) 713
Ag Wi 78 2 2 AF 59 T3 AS L A&
Aoz FAHL 4 Y& FUY Fholt}. o2 AE
7149l A £ dEe Ohtsu £(3)2 &% 35
& e ZAE HAe &4 AEE AR 7IH S o &
3lo] AFH o2 HIFEH I Yuyama $(4)2 W53
Q Wz 3FE ¥ F3d S3E AgHY 749
AW HF L AFA o Pyt AE 93 -2 BA39
t}. &% Popovics $(5)& E32E FHNA 9 34
o o8 LB H= SHue] Az LYY= 25
Fatol EUAE B F43E one-sided 7|¥ S
Adstdch, 1 gell A4 9FeM = AE 71HE o &
g ulgd 7y o8] E3E FxES] YR A%
2 &3l ALAlF|EE 4y dF(6-10)E
Basn YA SuaAe] oj¢t FHY AT A
AR Aol wepy 2 drdre 37 §F
(three point bending) 3%& 2t E32E A
9l vAlA sjer] 7 B 2} g&r] ] dig AR EA4S
B3] FozH FIRE LA njAF &4 9 w3
545 vinadez B@rieign £ voprl 2344
AE 239 913 $3 (AE source location) 71H<
ol &3t EZANE HAY FE 2 2 AW A%S
B7yak .

2. AEQ| 7|2 |2 W 2X AE WM 9IX| &3
2.1. AE9 7|2 32|

AWt oz A8t R 2ZHE sFS dol WS
do7 wi} Aguie] Fhe] B4, AT o Az
Aujdo] Lol oy EAl= F&§ oA d|
A& @dus Wi, o ddq $Es 29E
(acoustic emission, AE)elgta #20 ol A8
e 2dul 2 4% 59 FH AFL FAH
A BUEFsted ¢ /#4211, 12)0]th &
3 EAE Aa dolMe AEE a5 Frtdl o
g A5 el 2, dFete v&TE B A2
Ro| 7%, 34 % 2 BEEAdozRH A3}

o LAEY o)l AE AZEY Z AAED AMEF
(event), dYA(energy). AAlZH(duration
time), “45Al1ZHrise time) §& £AFo2H QB
o] E2j3 BEAHET ohJZ AR Ui &4 € 548
5 F gl

2.2. 2718l AE HMY 9| FF 22|

v Al oA Az R AFAE FH7] 9
3l Z&¥(ultrasonic wave)s AM&sh= A$7}
@ol A o2 W& A5 FAAY RET &
A& 4 st 2y AE AEe o e olnl g¢x
A= Z4 AgA s Sds WL EE EYE A8
Wiel AE AN A 21571 AlgA FHol
witg ztzto] AR AAd] g AR E o] 8351
AlRA d 2o AE E499] 9A& 241318 + <
o}, b olg} e 2319 AE 24Y 9% F3 &
Aalre dA E3EE AN F9 $EF 3 g
A EFds Aol dd3] Fa3tn olF sl B
TAXE Fig. 14 BAFE dlel Zo] A¥Y win)
(pencil breakage)Al @Y S o1 ®3ld £ & £35
At F Fig. 1914 BojF= vle} Zof F 7ol A4
& A Retn goddA 8-S Ba=y
olm L ste BT F AE A&7t AlPH| By
Z}zke] AMo) meshe AMAE UAY LB AFE
& o83t &3] FTANE APW $EE 73
Rk, olg 22 W o R T TAME A|PUY &
E¥E 4709m/solAet. 8 2-g3k A (PUNDIT,
54kHz)E A+83td &% £} (through trans-
mission)H o2 A E A|PHe 538 334 2
A 243 Fo&Ee) A 4757m/sE Qd4

pencil lead fra

R
X )
\..) N Concrete specimen
w\ N V=4709m/s
I N
N
1 ~
1 AN
I N
y
L 2 1
sensor 1 sensor 2

Fig. T Velocity measurement

breakage technique

using pencil



8] o2 ALELE ) A 19 B A 135 (1999 29) 27

3 AP o8 73 S=gie] oA 1% Wel=
olF ¢33 ANE e

9 2319 AE 249 93X 742 Ax9) 944
o e} 1393 AP A (linear) ¥ 2 23939
A (triangle), A28 (rectangle) 59 o2 7}
A WHEC] AgED YAT B AFdA e ARA
T4E 22 o] 4¥L B 2444 24y 3
Wol 71 A ez eyt by dHe
Fig. 29} @o] AA 1, AA 2, AA 35 AgAl] 2
Zsta FAAA AN 13 AN 24 FAHE AEY
AlZAH AL, B DDA A 12 DA 30 =415
€ A5 AN AL) & AR $2(V))e) F& 4
(1), (2)9} o] A AT ghg 71RA7] W&l o] F
ol &5tH 1Y 2 Zzhe] AN Wk digt AFA
< €S 7 U9 a8l3 g AMoA AE HAY7AR
o] A o 4 (3), (4)9) s & £ 1o o
9 7% A 43N 2YL T 2 w2 A
7} AE 29 9] 927} == Ze] A2y wgelt).

ALV =r;’—R ............................................................ 1)
JANA'4 —’?“R .......................................................... (2
=~ 1 D12 —Atlz V2

R = 5 VDo) 3)
2 1 DZZ -—Atzz V2 .

R ) AtV +D, cos(6; - 6) (@)
714

roFy = AR BB AA 2, 44 3 Alelg] 1x)#E
R = AE 24904 A4 1 Alole] 913 9g

D, D,=AA 194 44 2, A 3 Alole] 124
6, 6,6, = 7130 AA 2, AL, A 3 Alole] 2k

3. TR W AY Wy
3.1 Mz Y AEH

E GFdA AR ERHE AFHS AlEe
Table 13 Zo] & ZA9 AA+E 19mm, &3
Ze 13cm, EF AHES] ¥)= 40.5%, FSZA&2
44.55% 522 F45]°] glon Table 2914 e A8

sensor-3
] (Xs,Ys)

12

Hyperbola

sensor-2
{Xz2,Y2)

reference

4 . <
sensor-1 /
(X1Y1)

Fig. 2 AE source location in two dimension

He} 79, 289l 9 FEREY} YAEE 27 v
WiTh #H ALE AEEE 239 AR 24 95
F70) 7Ve3teE 440x100x100(mm)e) 2712 3
s,

3.2 HE Yy

£ d7M+= Fig. 3 (a)olA B ulel o] 23}
9 AE 244 91 3 Wy shijl Aoz A
U AME EFsly 34 FPANFE LS.
AA £ 95 AlP71(Tensilon, 25ton)dl 23 Al
BH 350 JEIAE AlgHEY e TR AP
23 AE ‘2o HAg) oy g AE 24 g
2 AE AlAd ojs) ZAE F oH] FE7](PAC,
1220A)°) 98] 40dB FF¥ ¥ AE EA(MIS-

Table 1 Specified proportion

& | e9%ke/md)
LAX| W/C |Z2A8 o
em) | %) | 5/a | B [Na=leea) IF

faa G| WO |

, Db ek

Y235 o
\

19 | 13 |40.5|44.55(196.1|484.2(732.9]908.44

Table 2 Strength of concrete

9 A= 289 =

= = = = 7

5 A 3 %
(ton) l(kg/cm?)| (ton) |(kg/cm?2)

gz | 31.29 | 398.4 | 245 | 312
= [ 33.94 | 432.1 | 205 961
92=]| 2.97 | 66 3.6 80

Ul
oty




AN

28 o]

d, o)A, #83

TRAS 20012 ztzhe] dlAlel o3 ZAdE A5 &
EA3le] 23190 AE A9 AR153 Z2 ¢ 93
el X171 2yt olw A89 AE AA=
R15 338 A4(100~300kHz)7} AH&-= 4t 33
z} 1A 3 ge7) e d$dte AE 338 543 4%
AE QAES FA3] 93 Fd9] AA (WD,
100~1200kHz)E F7t2 A199 B9 FFde 7%
3l fRe 242 A3 (LeCroy 9310A)°A 33
£ 435 om AE A4 AE QX&) A7 £4
o] o]ZojFrt. 3 3W FEAN YA 7Rl atF
£5 & 0.5mm/mineg MY E Aol o F92}
AZA, /1A F2E AA S8k B9 Aga
(threshold level) 17.8mV=Z 3tk a28jx Al
AW o JAAH Atel9] Arle 200mm= ASHAct.
H & QT AL APFA ] HA NR=E Fig. 3
(b)ell VERARIE

440

Fig. 3 (a) Dimension of concrete specimen and
position of AE sensor attachment

CROSSHEAD!
Specimen \ D.ﬁ | AE Sensor IBMPC
o ol — W
0| |=— Wy =

] 7 o = 000
ao o Mistras2001
Contoller| | TENSILON Dighal

Oscilioscope

Fig. 3 (b) Schematic diagram of experimental
set-up for three point bending test

4 M3 a3
4.1. 815 Watol| Mg AE Xt §4

durd oz 23 W& 7L AR W5 74 TA
92 Aoz Qs dAs= AE Y] AE JQAE S
Eogte g A8 Uie ¥y 547 njAg g 7]

£ B7H £ o wEA B dFdME 33 58
35S W FAE A vjAH Uy A% 54
2 o] 2 g AE S E 54 & HAEINT.

Fig. 4% 315 Z7ld @& AE AM3ge] W3lEsA
< UYehd Ao 2 ZARdA BAFE bie 7ol 2A
399oz UE § Q. & 271350 dAHe= F
7hgrel mek AR AMdrt 1%00 oF 5070 rigko.= v
o3 449 AE 237} 2= stage | 993 3
% 3719 t 8] AE AMdrt 343 S8k s
ol Y AR =&l stage I 99, vlx|gte = &)
Fol 43 #4agd el AE AV FAR R
Zhdhe stage 1 9902 YE 4 Ut

stage 1999 Me 7] 850] &g oe} A
A e 717 FdA g &3 AE2 ANE YA
%3, FAFEF Ho] 2 E (paste)E-ETe] uta] @4
o 9} =79 (bond crack)el 23 23 vjefet
qiRle) AEEo] Ag BT HFe] FAFHeR
7139 wel AR AMESE "AR o2 Frtshn o
q dYste AR YL By oA g ol
& FEo] ZIAAQD o] ~ER AstAA LAY A
ZEEN AE AV AAH R Frtsta Qe e B
oF3 ot 281 stage T9YolME 29 stage
I 995 viws] t<ee] AE AMES7E R8s 99
224 53| o] JYdre EANE AIYHY 43}
£ 5ol AAHon FUHgel wet AlgHe] FHA
dAel nli FIEL FFEHA g YA t9
AE 2371 dA S 714E B3 lom 2§t
Zol A 3o =gl Lol IR Yk ®
Higo] DAlel Al Eol] 3/471F 24, AT
. 53] oy #HAHe FUFIL 5 e F
o2 Z83he A1EHE wl| 399 &, REA FA
o) L3l ol gL ol FY2o2 Avis o] §H
gt} 89 o] ggoxe] AE 24 AEEL2 Hel A
1Y dude] #aAdA BojFE ule} Zo] F2
23z E AlgHd oM se|xEe] #D At &
ZA)¢] stdoz QF AFEo] hREYS & 5



g AL X A 19@ A 15 (19994 249) 29

25 350

(0] an [UD]

20 |-

Load(kN})

et e
30

o 10 20 40 50
Time(sec)

Fig. 4 Load and event vs time

o, GEA E3E AFHLE A §Fo] Fgsh=
AR AAA LAl AEH S| dhakel 3/4x A 7R
B4 AA B2 AR5t A AGE RA2A
o] atFAHge] Ao Byl 244 g =g
. &8 Ad skl AA-Q o) @7 Al
He stage M FYolA BAFE ulol o] FAHF 3}
FZAR4S VERIY AlgTe] F 2oz HE B
=7 o] dgeA B AE A3EL Ao A
RAE (ligament)#el ozt #9 Aoz <3 FA)
g2 Fo|AE mitk G vly Fo| EiE @A)
o3t Aoz AzE oA

Fig. 5 #5374 ©& AE oux] gt A
£ JER Aoz aF 7], F S s
T AT e VA7t JE3] Wit 0|9} o] stage 1
FGel A LA Az oA AFEAR] ARE
dAte] =3, zelm FAe} so) e ee] vl H Aol
ola) T3 Begd £+ AR} 5150] 715 o}
2 Hol2E WE AHAmEhs Az Auidoem
20dB °l&te] ¥ dyx] il S BoFEn, AT &
Fo] F718l stage 199 Z=&sa FFYoel ¢
Asr] A E Y Re 23 2 FAE] HHd 9
T A 57} b B3,

ojuf Zxe] oA WS A5 A A
& a¥AM BedF= ule) 2o) 17004B 744 53] &
2 YA HdE RoFo] 29 27 e Ad
& Sl wat oA o] ol YAT tHE FY
B} B34 A4 Jepdr}

oy vpAvte g FA 515 g 999 stage
Ml Xe oo ylRHoz Fado) Bag AldHo]
3t5o] Tl Aol wel @R F REow Bl g o

20
(0] () () o 2000

Load(kN)

1 N il
o] 10 20 30

Time(sec)

Fig. 5 Load and energy vs time

7R LA AFEZH 200dB7A 9 <A #@ds
By gich,

Fig. 62 3t3o] Z713el uiel AR 2399 )<
Al1Zre] W3E Uehd Ae2 oA Ho=E vl
Zo] stage 1 dYoM e vlwd B 2 HA 3] 1}
Epdt}. & AWE QA oy, Bedd S dyst
€ AEE ¥4 ] #Hda b2 e LA
€ HAFEG. o] AL 200-500us7HR1 9] R SA)
Zte Hol: Utk ®& stage 1 FGe] ZA)9] v
ol A A A5 A&HAIZHE H 3 29000us7HA o
@3] A vl glon Ao JARNERS FIEA
2 2 AgHe FEHY miE B 95 LAse
stage I ¥YdMe AR AL L F2 1500us7HA)
9] A &AE Bolw 9lom stage 1994 vlg) 1)
28 gA Jepdol,

FH £ dolMe ZANE AdH] 34 39 A

20 35000

(U] an m

- 30000

-] 25000

ime(Us)

- 20000

Load(kN)

-{ 15000

Duration Ti

= 10000

=1 5000

Time(sec)

Fig. 6 Load and duration time vs time



30 o] £d, °l

¥A Z 399 wet T3k AE T4 %3
& A3 Y3 Bl (WD) AXE AHe-3te] b=
g edz 3 Ao £3E AE 3 EA ) sty
HE3gd.

Fig. 7 (a)& &9 Fig. 49 stage 1 9A F
2 A E TAYE APW URe] A} Ho|~E
o] v @AYo ol g Refgde) dAd 93t AE 3
& Uehd Aoz 949 0y P8 HoFa gon
olm o|lE H¥e] Fui4 JE-L Fig. 7 (b)oll veRd
upe} o] F2 100 - 300kHze F3 ]S vet
Wt

Fig. 8 (a)& stage 1 99 79} stage 1
ggdX F2 FFEE 71AAY HolAES] Hid
2|% sgo] g EAQ oE Jepd oz S AT
A} B3 ule} 2] Fig. 7 (a)e] B=add %
44y 11y P o= g £33 E Py e BAF
3 Aot ojd HAF B4 39 Fure 100 -
500kHz7}A19) Fa 9 & Fae o9& Jebdo)

Voltage(V}

6o 02 04 06 08 10

Time{ms)

(a)

Voltage(mV}

[ 100 200 300 a0 500

Frequency(kHz)

(b)

Fig. 7 Typical example of waveform and its
frequency spectrum corresponding to
bond crack in concrete

Voitage(V)

L
0o 02 04 as 08 10

Time(ms)

(a)

Vottage(mV}

Frequency(kHz)

(b)

Fig. 8 Typical example of waveform and its
frequency spectrum corresponding to
paste fracture

4.2. AE LYY 9| =5 &3

B d7dMEe AE 24499 AX & st &
diA AFsg=ol 2319 FHA ddgoz AFH
Aad] AME RAetn PP oz R DYF AE A
%7} Zzte] AN TEE e ALRE o838t AE
TP )5S AN AT

Fig. 991X HoF= nle} 2of stage 1| FFNA
£ %7 3% g3 A E QA e EAse
71E 5o Fdd 2 Y JAF g va &
ad, AYME A9 stae} Re=ade] i theee]
AE 244 33 EUEs HU =2 Jgsh= AlgA]
HA ool Asln glon ol& gke Fig. 49 #7]
&5 2§ AE AV3Se] 24 Zole ol 2 4
g2 Bolm Yt} A 3ol Iz FUlsle AE
A ol $4F tgee njh FEEC A%, A
FHE =2 343 AFstd AEH A xol 3/443
7tA) Astele stage T FGolAE th2] AE 24



vl g AetE A Al 19F A 13 (19993 29) 31

o] #Y AR WL met T &3] o] Ao
A 3 E ARHS 4339 goo xgsiA "ot
agx wpARe R stage I YoM E g 53
9 A4S 599 stage 1 9025 FF gt
o =9¥d TAHE AR AZEEN ARHY 39
S ARER FAAT L AgH FER mlE F
o 71A3h= AE Sl g4 A&Ez ot 4
ola] TAd= AE A3 EAEL 2] Fig. 5 - 6914
HoFE ble} o] stage I 9ol vlaa)] of$ ¥
duiA] R AE AEAIHE 7

FH o5 Z FYgq oA AE THIE2 A8
Eoq #EF FE Y A2 ofF F dXTE
Fig. 99} 2o & 4 glow ol & EAHE AY
Hel 7#d T 2 4% ASS 2UEY ke 234
AE 39 93] 330 FEFTE RoFm Yot

4.3. 232|E2| o|AIH o7 7 ) AE EA
droAe SAYEY HE7|TF 5S4 BE

AE ZEAE B} FFA o2 HEsl) $sto ol
A eiu Zt stEdAlel A AYde] vdd 538

S
Stage (1) ® (O
@
")
@
-@
o
Stage (I @ s32%" @
© i o
ol e

Fig. 9 AE source location at three loading stages

#EsIRAth. Fig. 102 33 9 315sioA stgd
ZAE AgHA9] vdde] dEAHQ] 4§ RAFE
Aoz gy FHEAN & F e uke} Pol §F2
7l(stage 1) BAdA A== saHe 54L& Z
A<} vo| 2ES] FARANA FA7} Ho| ~EZRE v
g5 2egded dAs o5 #dsn glen o
o dAgE o] BegdEe] 71AA (matrix) Sl =
o] 2EWE 4%, FATozA AXAHY AF shdd
=g28 €gd. 53] Fig. 109 gahe EAdA B

F uieh Zo] A1gH skwe] AR RE 7h
Aners e Y= SEEsE e A A
(aggregate fracture)o] #&= 1 Q. & ¥ AF
9 AeiMel ERFES) nAY BET|FE Fol A
AF oz Frigdd ue Egde] B4, A%, Hol
2E 449 9 A9 g ¢o0= A7} JPLE B
o33 gl

Fig. 112 k9] Fig. 109 232 E A|gH ot
W 2 2 AE 43 54 $4287%E EUE dojd
ZAES A w7 9 olE 7w R
H #3" AE AZ54E =43ez Jepidd
Fig. 11elA BedFE ule} 3ol 27] 5] 7813
o] ute} A<} so]AEQ] HAHAAN BeFggoe] T
A}, ojg A3z AE AlZ &= 20dB ©l3He] ¥
dlyx] e} 300kHzolste) we Fu4 ddgE
Epdict. )@ 5ol HAF Fogel wek 29 F
T /AR Ho|2EE ANt FHho] QAT
3 A7she 2A 2 dAd, ol TASHE AEAS
= 20dBeolste] @& duixlolxyt AuFo=
500kHz71A1 e} #E A% T3k 9 Heoja Yt
iR Ete 2 ZA9 o] o]2e YA E 53] =
£ 1700dB7HA 9 oA 9, 500kHz7HAS) B
A Fi dgE el ok, welr] o)e} oj
232 E A7} FY 3152 LS o 2o JFelA
Y= AE 2159 o] JAAEC] A2 & 542
Ueh7] W&o o]§ ENgozH FTIE R
E4RE, Ry 5& FFsta 2UEHP s
AE 71¥o] #8%E o33 U}

E3 Table 3ol £ d7oA d& Aas B
2 Z3E A9 g 7|7 B diF AEANSE
o] z} g AxE9 AFAQ #}g £XHeZ vepd
RozA FRAQY HPF & DY 249
oAFEE Q1% 20dB oldte] w2 A9 200 -
500us7tA1 9] A14:A17He YeE stage | 99, F



32 o|£¥, of

7, #%%

28 gD AAo] RAsle= stage 1 FYolAe A
gk Foll 23] 1700dB71A 9] oA #d 3 29000u
sTHA19] A4AIZME HolE AE 413 548 vehdd
ot 2o 2 stage I @ HlA = 200dB7AA 9 o)
el 1500us7tA1 9] ASAE BoFa glon F

Load

Crack propagation direction ’

-» Aggregate fracture
=~ Bond crack

Fig. 10 Typical example showing the charac~
teristic of fracture surface of concrete

specimen
Initial Crack Aggregate ,Mm
/@ Low level AE Energy
D - Low Frequency

e
Bond Crack Initiation

oo

Low level AE Energy
Wide Range Frequency

>—'—@

Paste Fracture initiation
and Growth

O]

Ve

Aggregate Fracture

High level AE Energy
Especially, High Amplitude
at High Frequency

Fig. 11 Schematic diagram showing micro~
scopic fracture behavior and its corres~
ponding AE signal charateristic in con-
crete specimen

St e A ol 500kHz7M B A 1}
him 9l

£

]

Table 3 AE parameter values in each stage 1,

I, 1
arameter .
Duration | Frequency
E (dB)

Stage rerey Time(gs) (kHz)
Stage ~ 20 200~500 | 100 ~ 500
Stage I ~ 1700 ~ 29000 | 100 ~ 500
Stage 1 ~ 200 ~ 1500 [ 100 ~ 500
54 &

B dFoMe E2UE AIEHUE A3l 31 59
AldE dAlst AE 543 AE 2449 X 38S
e A3 ogat 28 2 Al
1) 3t59] F7tel 2 E32E A gHe vA)H ¥y
A% 2 AE B4 2A 39922 5HASE 5 2
+5 ¢ 5 ARG &, 1) &F 27 AEH U
9] vl BFAdA Y TR S Fol 2l &
Asle 249 PlAFIR A7 Ee AR AV
WAL Hol stage 1, i) A 3E=s)el
t8Bo] AE AME47) @A A 718k stage 1,
£3] o] T 5ol HuUlstEAH A =
g5t =3 AEE Z9 o 3/4 AAAR] FAR
Tl &, i) FH4T 5L wet AE
A7t AR A o2 7HAshe stage 1T

2) Z2YE AFHe vA A AT 5L oldst
7] Sk 2349 AE 2449 A3 3 27 5%
7], & stage | 99+ 33 2HEY] A=
45t AW S e F2 AE T o] &
At sto] ArRH o2 ZyEh= stage 1, 11
A stage 1 YA olv] HAF w4
ALE| FHE2 AFste 7EAT A2
AE ZR{o] JFH o2 EATE 4 + AU
& o)E 7 499 dolAle] AE HAHLES A1EH
BN Bag 48 4A3 29 v AER 29
ol & AR FE & 4 UNen ol 234 AE
A R Aol EIYE FAe @R, 4
F ASE ZUHY sl FEFS HoFe 49
olt},

3) 3 EY AR HAIAEHL 2IleFoAME 2
A2 HolAES] AAHAA RSt B



v g GAR A Al 19E A 1 & (19994 249)

33

]

A2z AF & AE A} Fug 5o =2
B dFe] FRAZ S7HE M o) 2E,
ZA9] vdge 2 w37t APdo. E oy Ly
Fe A FNH 22 52 AE A S g o
Qo] Fa4 54§ Boln 3lev 53] A s
A sk AE AEE 7P &2 ouA 2 AF

542 BAZS % 5 U/

2

B d7E 19978 2 A AT HASEA T
AE NBRFAY oz sPHU e BAAE
7 FAE =8

Au2s

(1]

2

(3]

(4]

(5]

iEtEEE, TR L IEERAEAE - X A
=, ay7Y)-}FI£ Vol. 26, No. 7, (1988)

Joon-Hyun Lee, Won-Su Park, J. 8. Po-
and J. D. Achenbach,
“Application of one-sided stress wave

povics

velocity measurement technique to
evaluate freeze-thaw damage in con-
Review of Progress in Quan-

to

crete’,
titative Nondestructive Evaluation,
be appeared. Snowbird, U.S. A, (1998)
Masayasu Ohtsu, Yuichi
Taisaku Fujioka, “Estimation of initial

Tomoda and

damage in concrete by acoustic emission”,
Processings 4th FENDT ’97, KSNT. pp.
569-577, (1997)

Shigenori Yuyama, Takahisa Okamoto,
Mitsuhiro Shigeishi, and Masayasu Oht-
su, ‘Quantitative evaluation and visu-
alization of cracking process in rein-
forced concrete by a moment tensor
analysis of acoustic emission’, Materials
Evaluation, Vol. 53, No. 6, pp. 751-756,
(1994)

J. S. Popovics, W. J. Song, J. D. Achen-
bach, J. H. Lee and R. F. Andre, “One-
sided stress wave velocity measurement

in concrete”, to be appeared in ASCE, J.

(6)

(7

(8]

9

(10)

(11

(123

(13)

Eng. Mechanics, (1998)

J. Berthelot and J. Robert, “Modeling
concrete damage by acoustic emission’,
Journal of Acoustic Emission, 6, pp. 43-
60, (1987)

J. F., Labuz, S. P. Shah and C. H.
Dowding, “Measurement and description
of tensile fracture in granite’, Journal
of Engineering Mechanics, 115, pp. 1935-
1949, (1989)

Nomura, H. Mihashi, A. Suzuki and M.
Izumi, “Aspects of fracture process zone
of concrete’ Progress in Acoustic Emis-
sion V, The Japanese Society for NDI,
(1990)

S. Yuyama, T. Okamoto, R. Tomita, H.
Fujiwara, S. Dajio, M. Ohtsu and M.
Shigeishi, “Discrimination of cracking
and estimation of cracking width de-
in reinforced concrete struc-
AECM-,
1-8,

veloped
tures by acoustic emission’,
Seattle, Washington, U.S.A, pp.
(1992)

Shigenori Yuyama, Takahisa Okamoto,
and Shigeyoshi Nagataki, “Acoustic em-
ission evaluation of structural integrity
in repaired reinforced concrete beams’,
Materials Evaluation, Vol. 52, No. 1,
pp. 86-90, (1992)

o]Fd, olFA, FYY, #8H, "FTXFEEE 9
43 £38E FA9 njAA s &89 On-
Line Monitoring”, #=23 e Ede
BUE 3] =53, pp. 677-682, (1998)

olx7, °l&Ed, &%F, "FILEEL o)&F
mortar®] B|AlA #3)AF A} A7, 7
v st P ALers] 2A18& R3] pp. 323-332,
(1998)

Ronnie K. Miller and Paul Mclntire,
“Nondestructive testing handbook”, Vol. 5,
Acoustic Emission Testing, ASNT, (1987)



