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1.1 EEMHORHEETDAR

MEOHRE, BEIXLOERIBETON, B BEEETIIH LVME
BfEx EBRBLTND, T, EEME & FEITN D MBS B 23 K E O 2
FHBRROMREICES TI1960FERNLEFHLESEZZT ERESRLTVWD,
BEMEHX., T ZHEU LOMB2EAEDERET LI LICL - T, FH
BRCTEHF I LOTERWVWHELRELEDL LI LEME], SHICE
FENICIE TEMERTCHOBARRRE L ET LS. 2L o0 FENICR
RoltMEEZMAGDLEL L D] EERIN TV, ZOERICEEST
LHZMEHE, DOZREEERZ T FOLRERA AT AOBEER &V
RIZHREE2L, TEMBLE L TEEMEZ —MRIELEZOIIT T XgHER
{72 A F » 7 (Glass Fiber Reinforced Plastic : GFRP) T& 5, GFRP i% 1940
EROE R FAREFKECHEBIN, VT AMHEICRY = 27 LR %
ERIELELS THESRICENLME T, RO & EE S M EH(Advanced
Composite Materials : ACMWZ FE & 5, & _HRICiT, 1960 EROFH
FAEFEFOBMILEEHIZ, BHRE, SRIEBEMBOERIEEY . REHR
MEsE{k 7" F X F » 7 (Carbon Fiber Reinforced Plastic : CFRP)X° 7R 1 1 i #k 54
{k, 7" A F > 7 (Boron Fiber Reinforced Plastic : BFRP)2SBE % X #1172, 1970 £
AT BV & 1 5 S iz & 8 B & # B (Fiber Reinforced Metals : FRM) 723
EEHARL L THBEL, 0SB AmM LSS I vy 2 EWE
& # Bl (Fiber Reinforced Ceramics : FROGL ¥ Sz, BETIE., AL 4LE
EHRNOFHBRICEDIRLA RS T, ZEEKRZESHEBRFHEINT
Wb,

FHEROSE T, EERBOZODEMBIIC ACM OFAR I TW
Do FEIZ. BWILEIME EARBIEER L WO NG, CFRP &b % < FI A
IhTEY, BELMLEERKELMOEREZHZLTWD, FHEMTIRERES
fERKREL, BREBEEPERSIND T VT TR ETIIBAEE, NELXEOE
FBITEE LRV, ZHhiC LT, RFEBHESLT 7 I FBEITIEEEGEBER H
LZbD00BEERERNPATHDIID, @R~ M) v 7 2 ED0EEICLY R
EREHEDRVENTMEBORBRARETH D, £, 21 HEIEICER
BHEEINTVWEIFHEAT —va yOFEEEERHMICH CFRP O A B8 E



ENTVDIED, FHEBEBOBRELZLICX Y REHIC ACM O E )1
KTDHDb0EEBE2ZLND, MEMSH TIE. ACM OBEAIIERAB» LI E
D, BETIZI B777 X9 REBBICLRATWS, £/, ZOBEAEHM L
TREBEBMNOCEERERCKEREREO—REBEHM ~LBHANEALT
Wb, ZTOERBFHAMENL., CFRP R OBEBME ©, HREBEXAHED
ECHEEBEROESEMBPRMTHLLI R EBMERIN TS, BEE - 88
HESHTH, BEELEEAZRAFLOERNLDL ACMBHBAINATWD,
FRICHEBIE CIX, FRPOBN-EBRINEICER L, BHEITM 2 E~OBEA
N DT, FRM # = P UEd, FRC 2% — R F ¥ — Vv — R E~DH
AnR#EINTHD, Z0Es, e, BR., EHERRLE FRP OB
MR, KEEZFIALZERAARLY. 5% b ACM OFIFAOBWK, #E
BEPIERICRLIbOETREND,

UED LS5 ACM OFBEBLIVEASBE/HERTLIICHVVEBELZ MO
BENLDL, TOMEFMIABETHIN, EBRREFOERAME L HEBEL T
BEERREER L EAERMBEEOLZO+SRFMBRENR TV RVOBE
KTHd, HFiz, MEFELVWESHEE2ET L 0D, BxOBEET—F
NHERETLH2ZLICMAT, KBRPBEARTHE~ M v 7 AEELR EOBER
AOEREENEL ., BERLEAGHICER SR EOBERICK WV EMELBEEER
2@E T2, TORESBEOHEBIIBDO CTHREL RD2GENEL,

1.2 EEMHDONELERERHEN

SR EHEEFEMBHCR L Cix, MR I%E, BEN%E, BEHFRLE
DFEMEZNRFHEZEL, EBEONFHNEB L THICTMT L LN TED, &
EMEHIZH LTS, TEMB L LTOEERBRTIICHEN, 2BR DY
B FHMBNCRHT HAMBARICMAZ T, -2 hENEROERE L O
ERREINTWD2], EEMEIIEBME 2L LB L T, HFMHIZITK
DEZEORRLIEMEET D, TO—2 3R FME2ETHLTHD, BER
BRI EE M O BMMEREZRZE S HICIKET S 2 LiIcky &
FEMEBEO /I uRATITIRAT 4T A HRBRELFMTEDL, EXEFHE
MECRERO THMBEREICEI YV ZOBRMERBAT I LENAEET, 9
BOMN Liear 7747 AMEREFETH, LrL, BERBIEEELZR
THBMMESME R PERZUEZEL R VMBI TIE. 0%t %2 T3S
BICELIVRBETHZIEEFIARAEERY, 21 @OMLE L2 TS5A4T A



BECEIIBBVBRSLETHD, H 3R AHEREETH L THD, ER
B HFERREE, TR ObEERECHREIIERAIIC I VHBE SN DTN,
AT R B e R I L CIERBRAAZ S Y O LHESRREIATY
D, HBZIL, SMEZREITLLDBEBRBELZE T L2008 EL, AL
SHERE CITEANARMICH LTHEAEROEI Dy T Y IR B
ROFEHEGLZRT L THD, 2L RBEREBRODFHEEIT, F1E
Ry Z7OREWCESS THBBERBIZ S CIvREBEINNTWVD, HEM
EtOBEZEHICOVTIE, REBEBOTHAZBME L, BRRIGAR, &K
OF A, HEERR L EOBBRAID 2[4], WTHOBBAIS —J7 18 #
METRALE MBI IC L CTHEEORAEZ TRIT 2O CHEE— N Y
THBIRFARETH D, T, BELBVEELH T OIBBESHME 2 EICKH
THWBRANIHEL STy, BT S L, BlERLECESGMEHIEEDIC
BERETHAIND2BENEL . NENCEIRYERIEERTH D,
—F., EHRAMETH I HFHEES T T OXEFERICE SO THEENIC
BEERREBRLUEEES, BEL SN B EORBERLRTIZREESND Z &0
Z\, ZOS, LHEHZRBA» O EEAREZBERL L2 n BB XY
BHRMER/DZENBERIN, FRERIEICNAR S D BB LI LU E D
AL, ARERER, avPa—XY0RDBREEEHCLXESN, B
ECHEBENFEZILDIME, A, BRERIE OEKGENFIISAIN
TWa[5], BENFICEBT DL, BE - ERBHBE. &8 - HOMER
FEERBARBIZLZOBEANED 5L, CAE(Computer Aided Engineering)®
FENeY— e LTHE2OMBLHHOBE - RFCFHILTWDS, £L<
ODBRHEHEETHIHEEMB LA TIEIRL, ZRTHHEBEEHS X7 A
[61[7]. IRIERET X T L8], IREVMHST 7' 0 7 5 L[9]-[11]. BUs ) - BinE
AT 0 75 A3 R EVRERIN TS, BEME OBEEREFETIC
LTk, BEREFH2EG LB 14]15]). FEOHREE—FOERTE
TFEBR U6 EXBREI R TWS, L2L, WTFhbEx 0EE
EFE—RFOBRFEWHBR+45 CHRUEEMEB~OBRBAFAETHDIRE., #E
MEHC X T 2R EM 2 BIEERBIT FEIBIINTVWARVORBERTH D,
RO L5, FHEERFEME CHLIEAMENT., S HEME L &L
THEERNFNZEEZ TR T ZENEL, ZOREELZRET2ICIEZL OKRK
EVLEETD, £, HEMETIEH., BxOoBEXHFBEL. ThLHBEOM
AFHBICI o TR VEMELBEREL 220K LT, BRI Tl K
OFFLNTRRWVIEN, TOBEASL —FRBE#EBRICESMEICROND,



Lo T, BEMELTHWLORLIBHESHEHCIH L T, BEERR
ERAEBBLEDLLOMANLEEND, BiC. BEEEIT. AHSRME. K
BatE, RENTA—FZICHSKETDOILD, §TORMHFIIH L THRE
TOZEBRHLEREINDIB, ZRLTRTOEHETORBREIT I OBHE
HTHLZENG, abta— Y ZHVRERRICIIHEFMBINE S
NETNDLORBKRTH D,

1.3 EAMHOHABRMIBEFMORIK
1.3.1 EIRRERMN

BAMENL, NENBRORRL v Y v X LBIHM THERSN, S5
CHEBHBELHIYBELH LD, BERIANA FREOHEXRMER TS
AREERSHY. TN HFENREORLSXICL RS, £, TNHHEKR
MR IEBR VLNV CHLBELZERTHIEOBEREHEEINELS . Z0BER
BLEEEZBETHDL, 20D, 2o OXRBBLUOCEEORENEER S
., BexOFBEREENBTHIN TV, Fig. 1.1ICZ OREW 2 IEMEE
BREENTIZRT, £7%. Table LUICHMERILEAMEIIH T 2EREED
BIERHENSZ AT, BB, RTFOEBRELICK T 585 XFig. 1LLIZHE D .
FEMEREEIL., K. NHEEZHHNICRET IREERLBEREB LV
FOEREFEBICKRHET 5 AERBREICKRIESNS,

MEBRBERBRETIE., BEFZAVT MY v 27 X LHBEO BRI
FOEXEMIBTELZ LI VBRI BER S Z2HBIIRHLEBERNEL
WE SN WVWD[19]-[22], L L2ans, BIEEREH L AL T 2 HBMERE O
BRHEPARFIETHAHAD, BEREBELHPATICEIARA+wTHDL, —FH., &
TR ERERBRIEL., Table LI R TEY OB EZREFAETH D DK
AMCFIBERTWVWA23][24], LA LARNS, HEHEREDO KX < B 5HE
THR XN BHERCESME CIX, BERITBRES 2T Ck  EIEMELD
~ b Vw27 2OHEREFHR. A4 F, BBRETOLRF., BELT 272D, 5
HHETHENELS, BEROGHEREENKEWVWRLOMERD 5, B
BHOBREEE LT, V-7 7 7 A RBKBERBREREXRDHY, Wb
R OBHEEFEMBIIH L CIAEDHTH DN, REHEME TH 2 B
BILEAEME ~OBERICII EERERLFAKRICENENBEIO LD, B
HBETI2RERBICELE LEZFELZRIRT 20, W 22O FERH
RALEFELREEZRET 52 LEDN D 5 [18][25].



- X-ray
RadioGraphy (RG) | Neutron ray
[ Electron ray
Reflection technique
D! 1 UltraSonic testing (US) ’ Transmission technique

J Internal defect | |- Image technique
| J
.- Laser scanning

I

- Scanning Acoustic Microscope (SAM) ]
Electron scanning

ThermoGraphy (TG)

B Liquid Penetrant testing (LP)

Magnetic testing (M)
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2)| | - Surface wave technique

‘ Surface defect UltraSonic testing (US) |
! , . Electromagnetic acoustic technique

‘ Mechanical scanning
Scanning Acoustic Microscope (SAM) - Laser scanning

f

. Optical acoustic scanning

3)|

Propagaﬁon &

|

\ . .. .

- Acoustic Emission technique (AE
location of defectj que (AE)

Fig. 1.1 Classification of typical non-destructive inspections

MMERILEEM B OBEERIT., 2L 0P RMBORKE - &FICLVEE
WANE EEXHADPERTI2RBHEEBR LRI, FOBIEEICLYL2E
SRLBENEGHICHRET S0, HHRLBEERKEOMIICIL LER
BRICIDERZOBWURREL T TCEIA+STHY . EEBEOEBMARBRE
MBBERAFARTHD, 20D, BEBRCESMEOBEEEITMIzx LT
Table 1.1IZ /R4 4 OB E P BB IR FTEE 72 AE (Acoustic Emission) 1723
RESEBRT D20 EHMEBEIN TV S]26],



Table 1.1 Detectability of typical non-destructive inspections
for damage in fiber reinforced composite materials

bamage | Noodeststveinpesion.

RG US SAM TG LP M & EM AE

Fiber breaking X O X /N X O O

Matrix cracking O O | >< x| Q | X AN

Debonding O O O O >< x| O
Delamination O O Q‘ MAQ x| ox | O d
Fatigue damage X O X O | /\ | >< ] Q |

Impact damage [ X O X | O A Lox o

(O :Possible to detect
/\ :Possible to detect under some conditions
X

: Impossible to detect

1.3.2 AERIZCK P BIEMBOMENA

AE RBRIEOFIAIX, 1938 FICHFERNOGIFEICK T 2 BEREEOERIC
BITOSBABROEAERNGOHBEY, BRAOWERELMHRAT L2088 08
TREAMCHEI RSN, 20%, HEBAEOTFTHMXRBERIBORAZBD
ELTHIEFZO DB THIER RN 2 S 72 [28]-[30]. MEFEICEKIT S
AE RBREDOFIAIZ, 1953 BIZE&B DB THEV[31]. BRE2MEFMHEOZH D
BRERBB2NR DML EINTWVDHIEN, MEERITROEBEY OBRHIC
T HERABHREEINTWS, £/, 1959 Enbar 7 VU — MoHTHE
AIRFRIE[33])-[36] 3R I, a7 ) — FNEEHOFEMBEI R E~DILH X
nNTwWd, BIE, AE REBREIX, MMEEOKRHE - B 0BE2 BRI T
D1E0, RBRAKREIC AE B U 2HRET LT TEVWEKOBREGEE D
BRRELFIETHY, BERAMNBORIENFAIRETH DR EDEN - FFHE
EETAHI LD, BHEMRK., v MV 7 XEH BRRKERYEx0EE
BHETLIEEMEBOBREREHEAICEALACTIHINA TS,

AE REBREIC K H5BEEFMIT. BERER"S AE B P ~EH LE-BRH
BREORELBERGLZEENIS ST 2 EEHOFMFEELRUER NS AE
TV OHBEIRE L GEEROKREICERET IREYRELLEFERICES
< EEMFAMAIEIZRA SN 537,



BREEBICE S EEMNFEMFEECIE, —HRICBREBEFEICH L TEKRL
HEi L Ex OBREFMIFA—F%5B5, TNoONRTA—FIZXLDHEMH
BBEFMmIL. BEREHRE,. HBEET— FO#EN ., BEREMBOREIZE
WEahsd, BERAEBEEORZEIZIZ., FHAIKERICH L CEERLELEL -
AE EHOPTLEVWEZHBZ 2B S 2B T L2V ML D
[40]-[60]. & BAM B OMMER /2 & AE EEFEHIC LS HEAET 5RB TIX
LEWEABX2|WIBICH L TCEORIEEZHET A2y M (B >y MDD
BDRAZNZ25E6HHDH(38][39], WTHONRTI A —F 4 ZOHBEOHE
%ﬁ%%m*%T%étw\%%%@&&é%%%?~&N~Xﬁ%ET%
5., AE BWREAEFROBEE T — Nk, —RICIRIE 1A [42]-[49]X° A 3 # 4
ﬁwﬁmmi@%%éhéowfh%4m/%ﬁitiwﬁ/bﬁkﬁ&é
OEEFMART A —F T, TNETH AE BHOKKIEE., BEKICESSEHE
DR THD, BEET—FRRAI—TH 245 \%\ﬁi OO MBEAKRTERS
Nz, BEROBET—-F2Zo0HAEKIC LY 08T S Z L BAATEE
T%éoLmL&#E\%E%%HF&%%klUﬂﬁﬁv&W&wﬂm%
BRIETHTH LD, B—HBEET— FEAXEN R THORR[SI60]IC LY
BEE—-—FOREBXOBABEBREEZFM T2 EPLETHD, £, MEXR
BRIFEICLID ZORBHRELRESERY, FHEET— NI T2RED
KOMEBRLENTEHEAERH D37, EHIT, AE HOBEEER S IIHBRA
OYEEHEICI VAR D, BERESHEIMEFME LTOBEMEICZ
Lvigsy, BEERICH > THRREAOEAFRBEIPI LT 5D, HEER
WEBICHT D AERORAERIICEIV ZOEBEHEBEEIIRELS ERBERN
o, BEXAFEONEIX. EBRLREOZEHFMEME Tk, AE KB ERR =
BICKVBEEORWEENAIRETH D, LrLAhns, MERCESHME T
TSR OBRBEERFRICLVERY £/, BEMECRIEB COHE
WRED-D, BIERMEEREOBANARAE TS, Z0OKD, HMiEHRILE
AME CIITHIE R EECBIZIBEMIEIC X > T AE R A MR L FRE CTE R
WIS, £7-. BERILESHE TIL AEROBRBEES KR E VI,
BET— NZXoTIEREAIEFIT/HNIWVAE RO EAET LD, RBSH
e _XTCO AERICKH L TEDOREMBERET H I LIIAFARET, &BH
BHEHBLTRIERLEVORER TS, ZOL)ICHRHEFRICESHE
HBEMICITE L OBEIH 2130, REERBIECYBLXOCHBIC AT 50
ERNEESCGREAODENEEORE B2 REXLLZ T2, [FEMEL X
DCEBMHICRITHEOEBELID S,



BHEHBEBICESS EEMFEMICH LT, RHEE2 S AE BV ORHR
& AE BROGHEHREICEKET IRELZBREL THERAREORE L2 EEDN
WA T 2 HFENRASN TV D[61]-[67], Z DFEEFMENTIL, HEDOTF Y
ZNLEM, a0 Pa—FOHBEE LWVHERBIZLYVKED AE BB EE CTE
BT DIEDFRBICR 2T I END, ERICHEIN TV 5[68][69]. FHiEK
AT CiX, AE BARZ AFREELT DI ik, RHEBERARA
OYMBH/FEORBIZLIBREARO Y — B, AE B93> %
TADBINFEHEOEBIZLD2HAROINERE. AE KA K LZHMEN
BEOE—AL T U NMICEYRBE LRI L CHRBITFEZIT5, L
o CBBEEO 7Y - BEECHBROIEZERABEORENEETH Y |
B RELHBECLIVEIORBO TEHETHLZ LMD, Yy —T Ry
NWEDEFREOGEL AE JRIC L Y WK E —fF L CERNICHED HiENRE
RINTWDIT0], £/, LV EMRISEEEZEL 2O, %L AE HE L
TEEBEEIIvIAZHVWLFELRFTIN TV ANTN2IEN, ==2—F
NEy =7 2FRALEHRL I TWS[73), S FEMEHCH L T,
RSN AEBEP»OHMRWNBEOE— XA M T UYLV EHE L, BAER
DEEE—FZ2FRILEHFEPIEZIB/BEEIN TV SH[74]-[76], Lo L 7R
b, FRIEFBHETITILIIEHET AE BOMNMBRENERIND O, AE Holx
BEEPERLIBE2OMENOER IS BHERILESHE., BICEBEM T
X EMRMBRENEECHA Z L0 JREEMTOBRAICIIRENLE S,
£, BEEEO Y - ERPCHBZROGEBEEIZIATAMTIORESMICH L
TRESND D, BERLZE T 2HRETOBE/EEIKRINL T LT,
BENLEHEICERT H2BERCESHE CIIRFICHEBEE D,

UED X720, BHEBICESHEBOEEGHRELHHAT IO, EBICREK
SNDIEFUEMBICED TOHLISEIABEREEOEABRALALN, HED
MERPHEFRRBIZH L TIIEFORENBREENTVE R, MEFEMOERE
TRCHET2I2REFEIREELIN TV ARAVORERRKRTH D, HFiZ, AE
RBREIL, B O Z KD e OBEICH L TEHRRIESAETD D
ME—OREEL LTHFEIR TV SR, REKEE L BEOCHMBEZBEENTH
ThoOEOFMBEENTWEIN TN,

1.4 ZFRREEME I UVERRX DB
BHEBIEE MBI Z ORFRKEZTT LI L0 ZOMEBBARIZER



FLL, RARDBICERAINLTWD, —FH, EERBRFES I OEEM O
BEIT LD TV T RBRBRIENER R TH LA FENEE 2T
CLENOMELMBFEMEAERIN, BICHEERE., ~ MY v &R )
M-~ Py 7 2REBLIORBHII R B 0BENHEL, TOXAE
ﬁﬁ%%%’&ﬁ%@%%%@%ﬁﬂmi%&%f%é CEREIR L, B
EHEORAICIT., EROFBEREICESSEEERLa L Va—¥ %2 F
mbtﬁﬁ%ﬁmgd<9i;v~Vayﬁ%éoﬁ@%%%mﬁiéné
BEMBTIL, ara—2oFElk, RKEELICHES T, BEx ORE - ER
HESCERN - BIMER S L TCER I TWA R, LEBERILES
MEBICBITORGFEERE/FELMEICH L TEZTOFEEFHISINA TV
W, Z07D, BRTHEHSIERBR OB - O TLREROERBR L K
HMEER AT RRNEER L BHESONFNEELZTML TV BICBE 20,
ZOFETIH, BEMBIREFHOLOARIMICEKET S -0, Ziikie
REAM AR OEMICIE L THEZEL OERBLEIL 2D e PR n_bgkr
—HE/DICITZERRTNELBELT D, £, BEZBRHT 2IEWERSE
ETIR, A 0BELZEMNICKREFTE.R AE RBRIENFEHE IR TVWE S,
REEMECH D BHEBIEEAME ~OBERICHE OMBEREIRL TS,

LT, 5B REZEHAARPFR TIL, BERLCESME OB EEIE % 7
%#ét@@ﬁ@%%%ﬁi%@%@’%@fmﬁ?A%%%%*®Emk
T5, £, REBROFMBEZENUEIND AE REBRICx LT, FIRER
FEMTICE S AE MMM FEORNZ2E _OBNET S,

KmLIESETHERINTEY . 2DOWN %Fig. 1.2127R7 7,

FIETH, AFROBEREBIVEBHIZ OV TIRRDI1E0, AR X OER

T,

B2 E T BMERCESHEBICH T 2BEERMBEITFEIZOVTIRARS,
AN, — F EGRMERICE SR L OB E S B 2 Birxt g L LT,
BERBOBEZRICESWTRAETIHRELREFIBE, RAEEE. £51E
Fw:owﬁﬁ%%%?w:Aﬁb %ﬁ@%%?wmé%m@o@%—k

pa i I HBEREOBRHFERL VIZE—FOBINFEEZREL.
Tﬁf@—s’&h M‘é’ia%' 037%}ﬁf§&@4*?*@*&“®?ﬂﬁﬁiﬁ{§7b>%1@%‘7“?6 I bl
HLEEREE- NI TR 2HEENZICLVERBLL, 2hb 28

ALt#ﬁ%%ﬁi%kiU%@#ﬁ%@%mTo
FBIETIL, BREFELEAR T2 /7004 METT D, BOESHM
FHEX LT —8h5 sRAMEE ORBRER L LBERHT T2, B, BHRFEHBE



M O—@5ERBRICK LT, AE HEBEALSVIC CCD # ATk 58
BRERPLZOHEBEREBICOVTER TS, KIC. SEM NB|EREE
OHABRANEICKT 2 RATMEBEESERZRL., SERANXE, ~ U v
JASHBEIOBMER -~ LY v 27 2REEISBOEBRES 2L v icT 5,
REIC, BB a7 ANLEONERI-0THEKR. OHEE,. BEE
—FRBELVCZTOEREFHZ LERBRBER LU T 5130, MITEEN D RER
TRHIEETELRVABOBEERSZORAKBIIONWTERT S,
FABETIE, AERRICE2MIMNBEIMEsXET 2 2BHELT,
FIRERMBHICE S AE BHFMFERICO VTR RS, B¥IC. AE #E&
. REFEERE, BET— FO#HB., BERLENBORECENShS
O, TNOHFMEEBEOBELRDI NG A—FLBRT S, Kiz, WHGIE L
THR) v F BT IMBEBM O 85| BARNEOREERRE 7205 0N
AE FtEZ T L, AE BRBR COBEIIMER L HBERFT 5 & FHFIC, 72
RV AEBHIMFEEOF DL LRI, |
FBOETIL, SETCHELONEREZRIET S,
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Chapter 1

Introduction

Chapter 2 ¢

The analytical method for damage propagation
of fiber reinforced composite materials

+ Classification of damage in experiments

* Numerical modeling of damage
* Judgment of damage occurrence
* Determination of damage mode
- Constitutive equation in damage state

* Finite element analysis

- Three-dimensional finite element analysis
based on displacement method

» Displacement incremental procedure
based on local linearized approximation

Chapter 3 ¢

Experiments & analysis of damage propagation
in plain woven fabric composite materials under uniaxial tensile load

* Observation of damage propagation by CCD
* Observation of damage propagation by SEM
* Analysis of damage propagation by proposed method

Chapter 4 ¢

AE simulation for fiber reinforced composite materials

* AE parameters

* The procedure of AE simulation

- Application to unidirectional fiber reinforced laminate with a center notch

Chapter 5 ¢

Conclusion

Fig. 1.2 Flow chart of this study
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Meatrix (Ti-15-3) Fiber (SiC)

| Matrix cracking

Loading direction

Fiber breaking

500 ym
(a) Cross section parallel to fiber[77]

Matrix (Ti-15-3) Fiber (SIC)

| Matrix failure

Fiber pull-out

Fiber breaking

500 um
(b) Failure surface transverse to fiber[78]

Fig. 2.1 Typical examples of fracture dominated by fiber breaking
for unidirectional lamina
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(a) Surface parallel to fiber

Fiber (E-glass) Matrix (Polyester resin)

Matrix cracking

Debonding

20 um

(b) Surface transverse to fiber[79]

Fig. 2.2 Typical examples of fracture dominated by matrix cracking

for unidirectional lamina
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Fig. 2.3 Typical damages for laminate under tensile load[80]
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Fiber bundle Matrix

Debonding

v

Matrix cracking | dlf?ﬁf;e;’sig:cking

E a | L

Loading direction 200 4 m
(a) E-glass/vinyl ester

Warp (Fiber bundle parallel

Fill (Fiber bundle transverse
to the tensile direction)

to the tensile direction) /

Transverse cracking
in fill % itk
‘ Matrix cracking

H s
Fiber breaking & -y
i Warp ; Debonding

| A S

Loading direction 200 xm

(b) Carbon/pol\yam(ide[Sl]

Fig. 2.4 Typical damages for woven fabric composite
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Interface layer A

Delamination

Interface Damage Model
Debonding

Unidirectional fiber reinforced
composite material

Matrix cracking
Fiber bundle
- &
/ Transversé cracking | Fiber breaking Isotropic Damage Model

A

Anisotropic Damage Model

Fig. 2.5 Numerical models for each damage in fiber reinforced
composite materials
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(a) Damage mode dominated by fiber breaking (b) Damage modes dominated by matrix cracking

Fig. 2.6 Anisotropic damage model for unidirectional lamina
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Table 2.1 Determination of damage mode for anisotropic damage model

Maximum stress-to-strength ratio | Damage mode
2
g
FLf FvL 4 MOde L
5 2
G ar
or
FthFTc (FLTSJ Mode T& LT
5 2
% 4
~ or . Mode Z & ZL
F,'F, (FZL J o
2
z Mode TZ
F,’

2.0

0.5 Unit : mm

(a) Dimensions and stacking configuration

Uniform tensile load

(b) Loading condition

Fig. 2.7 Analytical model of angle-ply laminate
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Table 2.2 Mechanical properties of T300/epoxy lamina

E, 132.0
Young's modulus E, 10.3
(GPa) | E, 10.3
G, 3.91
Shear modulus G, 6.50
(GPa) | Gy, 6.50
Viz 0.38
Poisson's ratio Va 0.0195
Vir 0.25
F' 12400
Tensile strength FT' 112.5
(MPa) | F 112.5
F° 8400
Compressive strength | F, 140.0
(MPa) | Ff 140.0
F., 155.0
Shear strength F,’ 155.0
(MPa) | F,.’° 155.0
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Fig. 2.8 Relation between ratio of stress for strength and fiber orientation

for angle-ply laminate [- 4/+ @]
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Fig. 2.9 Fractured specimens during uniaxial tensile test for angle-ply laminate
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Fig. 2.10 The Scheme for non-linear behavior of structures
with fiber reinforced composite materials
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Table 2.3 Comparison between shell element and solid element
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Fig. 2.11 Coordinate systems for isoparametric hexahedral element
with a linear shape function
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Table 2.4 Shape functions for isotropic hexahedral element
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Fig. 2.12 Relation between global and principal material coordinates
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Fig. 2.13 Integral points and weighting coefficients of Gauss-Legendre
quadrature for isoparametric hexahedral element
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MREHE R T T Eh SR ARICR L CEMRE., IEEE#SIRAT CIIEIEE
Ao T B — AL HE AR %2 R 97 [131][132],

pt
> P :Load
0 d d : Displacement
(a) Straight line
r4 r4
//
/
> >
0 d 0 d
(b) Curved line gradually approaching to (c) Curved line gradually approaching t
a line parallel to the load a line parallel to the displaceme

Fig. 2.14 Typical load-displacement curves
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PA k] =
g ~ i
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| : | | 1
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0 s
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0 J ‘ } i .‘ . — [ >
dO dl d2 dl-l dl d

Fig. 2.15 Load-displacement curve calculated by
incremental displacement method
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X

: Occurrence of initial damage

: Interruption of damage propagation

A
B

. C: Non-damage
D : Occurrence of damage
E

: Interruption of damage propagation

: ) - &(,‘(n)]= [I<i+l]
0 d 0 d I d 2 d
P
Detail of part X
0o ¢ i >
d
Detail of part ¥

Fig. 2.16 Proposed procedure based on incremental displacement method
for non-linear behavior caused by damage propagation
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1)
Input data
[
2)
N<1
N : Step number
12) 10)
3)
Solution of
stiffness equation
l
4)
Calculation of
strain and stress
|
5)
Judgment of
damage occurrence
I
6)
Output results
7)
Existence of Yes Determination of
N < N+l damaged elements ? o damage mode
I
Calculation of 8
stiffness matrix for
. damaged elements
N <Final step ? I
9)

Addition above matrix
to global stiffness matrix

Fig. 2.17 Flow chart of finite element analysis for non-linear behavior
with damage propagation
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Fig. 3.1 Glass fabric in plain woven fabric composite
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Fig. 3.2 Dimension of specimen for uniaxial tensile test
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Control monitor il Monitor for CCD pictures

Fig. 3.3 Overview of testing apparatus

Fig. 3.4 Specimen in test fixture
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Fig. 3.5 Stress-strain curve of epoxy silane-treated specimen under tensile load
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Fig. 3.6 Number of AE hits and their cumulation versus strain
for epoxy silane-treated specimen under tensile load
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Fig. 3.7 CCD images of epoxy silane-treated specimen under tensile load
at different strain levels 3
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Fig. 3.7 CCD images of epoxy silane-treated specimen under tensile load
at different strain levels (Continued) :

~60 -



RIZ, REBREOENT VNV Y S VABEARKFICN T 28EEREB RS
RZFig. 3.8l T, @QIIBIFRVOTAHD 0262 THORMBRBEREBETHD., 2
DARILANNLVTIREBERETIR ARV, B, Lre=KAHOoAHEAS
MR EPS=ZAHOARARBMMEROLZZBIZBIT2HAVEIX. KR
FRERICEDMNTEF 70— M 2BEELBICHDLEBICELED
DTHIRARICEIDBEBELEBETIER VL, GIEBIEVTAHAD 1.09%IC &%
L ET, MMERZERICIHNT, AREAATRICHYS SRADERTS
Do IFMEFIEEALARMLARNVIZBNWTHMERZETO XL X 5|0
MICBRELZDHDT, REMOSRIZZDEREFAD S AREA T A R
WEBIT2ERTHDZIEEIOND, IEBIRVTAD 1.74BIEL = L& =
DB ERBGEHBLEIDT, (OTHEINEWMHEEZETICE T 3
AREARTAOERDPTARTORERICBVTEELTVWBIONH B F 7.
FEALDRERTERHII—DOTH 2D, WS ODPORELTCIIHAD =2
HREDVHERTE L, IS SICERARMMNBORERT. FXEHD S
ERL-ZAGBEAAASHEITIN)I v IV ZBEH CHESE T AIHTFIERT S
50 NFABMADHEM I I2EAOBRKB T, ARNBEASFHOIRIIMZT
MAE R ZEMCARMAANOERBEDHERTE 2, ChHDERIF, =R¥
YU UMERRICEIRARICI AR ABMERD SR O FEBILIEN2
REWMICBWTARBEA S AMMERI NG T 2 =010 %E L -Aars mdiE
ROZRTHZHEEZLOSN D,

FROTVIZINS S UMERTBREDRVWIRFS S VIEMTORE
ERBICEIRELEEDD D, THAXFI I UM, HBiE—~ M) w7 2R/
HBBERBIFIHT 20, AFNEAFABERICBI2ARBEAS N SR
DERIBRTHD, EELZOETREABIZ V. ZhicH LT, 727 )V
T UMEBM T, SERRERDPSARNBEAFRSEUBRELEE, BRLI
M) I REBEEHMICER UBBEOSREEE T Z, £, ME—< MY v
DARBETOMBEREEICLD SRIIEBIIART 2 R —KDESRIC
EHTL2HERDBD B,

IRFIIUIVMBBEICTZINSS VABEERRBREIZ. WTh B8R
BRI TR ICTRMT L2 SWMABRA OB F £ Fig. 3.905R 7. B, It
BMOLEOARBORERABRFIHE TR T, MEMARE & 3IC. BEI
LLZ2HMEPELIBHRTOEEREDVHERTE 2, B, T HRFL I LA
HIEW AR OZAIZ AE v UV OEFHEEN T, £6I1X AE HOWE % &
WT2DDT)—RCLDHDTH D

-61 -



>

Loading direction

-<

(a) €=0.26%

>

Loading direction

-

(b) £=1.09 %

e

Loading direction

-

(¢) €=1.15%

Fig. 3.8 CCD images of acrylic silane-treated specimen under tensile load
at different strain levels

- G2 -



>

Loading direction

-=<

d) €=1.74 %

>

Loading direction

-=<

(e) €=2.14 %

>

Loading direction

f) €=2.23 %
Fig. 3.8 CCD images of acrylic silane-treated specimen under tensile load
at different strain levels (Continued)
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Fractured specimen

(b) Acrylic silane-treated specimens
Fig. 3.9 Photographs of fractured and unloaded specimens
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Fig. 3.10 Dimension of specimen for tensile test in SEM
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Fig. 3.11 Instruments for tensile test in SEM
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Fig. 3.12 Overview of tensional stage in SEM and specimen in test fixture
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Fig. 3.13 Load versus displacement curve of epoxy silane-treated specimen
under tensile load
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(P : Applied tensile load, P, : Fractured tensile load)

Fig. 3.14 SEM low-magnified images of out-of-plane deformation
of epoxy silane-treated specimen under tensile load



0.50 nmumn

(e) P/P=0.95

Fig. 3.14 SEM low-magnified images of out-of-plane deformation
of epoxy silane-treated specimen under tensile load (Continued)
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Fig. 3.15 SEM high-magnified images of damage state :
of epoxy silane-treated specimen under tensile load
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(f) P/P,=0.81

Fig. 3.15 SEM high-magnified images of damage state 3
of epoxy silane-treated specimen under tensile load (Continued)
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Fig. 3.16 SEM high-magnified images of damage state :
of acrylic silane-treated specimen under tensile load
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Fig. 3.16 SEM high-magnified images of damage state :
of acrylic silane-treated specimen under tensile load (Continued)
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Vinyl ester resin

Glass fiber

Fig. 3.17 SEM image of cross section of fiber bundle
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Table 3.1 Mechanical properties of fiber and matrix resin[136][137]

R Materi Fiber Matrix resin
\ aterial
Mechanical .
properties T E-glass Vinyl ester
Young's modulus  (GPa) | E; 73.035 E, 3.334
Shear modulus ~ (GPa) | G, 30.110 G, 1.282
Poisson's ratio vy 2.156 Vo 0.300
Tensile strength ~ (MPa) | s,  2480.380 s, 68.65
Compressive strength (MPa) — s, 68.65

Table 3.2 Mechanical properties of fiber bundle and matrix
in plain woven fabric composite

Material Fiber bundle Matrix resin
. E-glass/Vinyl ester .
Mech |
ec ?)Irlcl)%%rties (V=057 Vinyl ester
E, 42.80
Young's modulus E; 12.22 E 3.334
(GPa) | E, 12.22
G, 4.872
Shear modulus G, 4.775 G 1.282
(GPa) | G, 4.775
Vrz 0.254
Poisson's ratio VY 0.067 v 0.300
Vir 0.233
F' 20240
Tensile strength FT' 108.0 F’ 68.65
(MPa) | F,' 108.0
F° 29820
Compressive strength | F,° 242.0 F¢ 68.65
(MPa) | F,° 242.0
F,,’ 121.0
Shear strength F,’° 121.0 F° 68.65
MPa) | F, .’ 121.0
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in the direction of thickness

Fiber bundle

Fig. 3.18 Procedure of generating finite element mesh
for plain woven fabric composite
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Fig. 3.19 Comparison of fiber orientation in finite element model
with average value measured from SEM images
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Fig. 3.20 Area of cross section of fiber bundle in finite element model
for plain woven fabric composite
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X

The other cross sections

Fig. 3.22 Boundary conditions for specimen of tensile test in SEM
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Fig. 3.23 Calculational result of stress-strain curve
for plain woven fabric composite under tensile load
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R¥ > o VLB O SEM #%R & Fig. 3.156e) CH MR TE 2, LHrLiah
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ELSBIILDBAWBEINRELEDDEERIN S,

PE, BHRESBEBEBMO IS ERETOBELEERBITERERLE. &
MERTIECCDICL 2B FHNOEEHER LU SEM I &L % 55k A
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DEYUTHDEERD. £ BITERCIBREAENNBERE D IEE
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Fig. 3.24 Deformation and distribution of normal stress
in loading direction (0,) for plain woven fabric composite
before generation of initial damage ( ¢ =1.2% )
Unit : MPa
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Fig. 3.25 Deformation and distribution of normal stress
in loading direction (0,) for inside fiber bundles
before generation of initial damage ( ¢ =12% )
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Plane of symmetry
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Surface watched with SEM
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Fig. 3.26 Initial damage state of plain woven fabric composite
under tensile load



Matrix cracking T\\

Plane of symmetry
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Surface watched with SEM

Fig. 3.27 Damage state of plain woven fabric composite under tensile load
at strain level A (£=1.20%)
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SEMIZKVBEL  BERASLY N v 7 ABIT2XHERZIBIE L=,
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HEEOEKWRERA CIIARNEAFRBMERNTEHNLERET LD LT,
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ER BRAICHDEBMARIE, RBRAOBEMEZB MR-, EHIC
FROBRBRICH L CRET2EGERBITZEAL., RBRICLVEBEOLNLHE
EBEER LR L, FORKER, BFTICIVELNLEEAH LIV TOHE
BB, HRBRCBEEINZHBRLBERAMBCEEET - FRERL —
BLAZeb, BREFEOZRLEMHELHAL =,

B EHERBM O Mo RRAREBET2BEERMIERNLL. B
BHEHBMOBEERESHZREL TUTIIIET S,

D) MHBEEIAFEASFMBERCTEAEL, 20T — FIIAWMICERER
v MYV REHTHD.

2) AfTBMERNO X RITAWER (RE) FRICERBL, ~FJ v 27 X

CEBLCEHEDEZERIE S,

3) ﬁﬁjﬁr‘mﬂmﬁﬁﬁf CERL-AMEAFRBHERNO X RIT, RER
BERAETELELEE, AWFRRER -~ M) v 7 AR ETOIIX
<BEEFERT D,

4) REREOCEKWKEKERAE TIX. sIRAMICH L TAWFRBHERO S
DBREW/ESINEBRBRICEE T OIBICIEITAMESNORREEL, Zhic
LD AT RBHERN~Y N v 7 READBEETD,

5) AT T RMRHER N CHRHEIEM N R A L%, BIFICEBRAEMICES,

AEBIC L ORERT T, BERELXNTHEHERELEERARETH LIS
REEEERELMPATE 2 2L 00, MEREE OB 2 iR L HAR O H B BR
R LELEBRTELILDEERD,
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EIE MEBLEESHBOAEYIaAL—Y 3y

4.1 ¥#§

AE(Acoustic Emission)iE L, HEME OB EME ORRA L L O 2T ME
BELTRARKFAINRTWS, L2rL, MR BEISMETHIED.
AE BELFM T X+ 0 BT —FX—ABKLETHD, B, EE5ME
O AE BHEIEERRLEONY., AR IR EOANERICEIIKFETSHZ
Eb, TANEOEDICWRERBNERIND, £, BRERIC I
HETRMT, ~ P U v 7 REH, BRIEKHR A2 RBET— NIRRT I
D, FTRBRT—ERXR—ARNH LA THLHREFHES LITLITRE L 22500
HBRTHD, 2B ENL., BEMITICLD AE RBRERIE S X7 48
HIWITHEEBREOMAIIN Y TR T X HOBIB L EHEECADHTH S &
EZ,.AEVIalb—VvalFREORMNEAZEORNLE TS,

RIE G, THAMROLBERBHM I L T, BET 2BELERMGETFE
RV EBEEE—FRCRAEMEL TRIFTECHS Z L MR LEZ, £Z T, AE
RBREXBI2E0CHEERMITICE D AE BFHFMFIEICOWVWTHRET
5. AE RBRIC KX 5 HBEFMIL. BERAEHEE, HET—Fo#E., BEX
ANEBIZENIND D, THOFHMER OBIE L 25 /87 A — ¥ & ¥ iE#iE
FriCEVBONLIRREZECRET DS, BREFEORMEMEFTH L LT, HIE
T—RFPHETOHL - FHBHERCESH BB OBIEERMBEF 21TV,
Z D AE BEZFH M+ 5, Fic, BEREEHTVBEERPR ) v FE2HT 5
M OB 2 EM L, AE IR T IHEBROEELYTET S & R
W MR CTIIHABELREENRE CH I XBET— FLEIREBOBREMEITIC K
DELCT D, £, BITHERE AE RBRBER L OHBENHIRET S AE
BtERE i PR O XY L OF AR E2 T,

4.2 AEZIalL—S 3y
4.2.1 AERER L IEEE

MEDPEBRARNZZ T EIROIEIEED L, METICEBEINLED
THIRINVFO—MMBPBREINBERE L TBET L, £, MEPICEH
BREDODRMBPDLHBE. SHHAMICHI BERLEICIVHBEERREET D,
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AE X, ZTOXOBRHEFEORERALZRET IR THLLI Z b, B
EREBELIEETOIEOOMEFMRBREEBED R EONTRRERET 5
EMFMARICHNON D, FiIZ. MEFMERBR CIMENBICE T 285
HEZEHICRH CE51Zh, REEhE AEHOBFMELLREROBER
RABANCEXIAEELZAETIZ LD, BxOBENEXRT HEAMEN
L TBEAICHZE, FIRSNTWD, RIS oM BRI L 518
EBBEOMAL BT 2L BN E T2,

WA R E M EHC BT D AE I O A EK([37]% Table 4.11277 9, AE ¥
iE, SRR OBEREICHED KO AEHE ZRHECTOBBREICED
“RER AERICKRBITE D, BEBRBOMAICAED TH HDIT—KH & AE
WTHO ., B, ~F ) o7 X&R, BE -~ M v 7 X5mEIE<BE.
BRI RSB HELBEICLVREET S, LER - T, AE RRIZ X
DZINOLOBEREORENFRETH D | BHERIES BE OB HE 185
BOMBICKRELSERT A2 EHFIN TV D[26],

Table 4.1 Features of AE wave in fiber reinforced composite materials

Fiber breaking
Fiber pull-out

Matrix cracking

Primary AE i _ ]
Plastic deformation of matrix
Fiber-matrix debonding
Delamination
Friction
Secondary AE

Opening and closing of crack

FERBERECIV KRB ENZ AE BiX, —RICHRFICRBE SN AE
BT E s THBRERAELEEMNOEEDR L LTEERERINLERH
Ehb, &= AE Hid. Fig. 4.1 R TEBREFOEIZ X B
FTonhd, SN D AE KIZ, BAEBRERPOEHBL T P (W) & S
W O(BRHE) OEPICHREERL»OORFNER AE E b odiROEER Y
PDIRBALE-BERERZET S, LOLARL, KEARBEEBOBEKS T P
Be SHOBRHE~OETICIVEAEALERAHRICEIV L ELIND 2D,
REBTHHIREOEHELZHEBFELTVWAIbDEEZLND, -, BIEHKE
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A OBEE L 2D KRR AE BT RV ERNEL . PNEWVIRIETH 5 B
PETAH, LERN-oT, BEEIN7Z AEBICH L TLEWEIREIN, L
XVWEEZB X IBEORE RFE RS OAFTMEIN D,

Voltage A
Envelope
Peak amplitude
e ) - Threshold
o b1 WAV .
WVVHV ‘ <‘\/ \J VWV .
Y AR O - Time
SR = B
SR L Duration
AE count 33 : : : } :
Time
AE event
>
Time
AE rise time T
‘ >
Time

Fig. 4.1 Treatment of AE wave detected by AE sensor
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Table 42ICR B ENTZ AEENOLH/BONLIZHENT A —F L 2 OFMER
EEHTHRT, BEXEABOBEEZL LAV MNMPAVLONE, XV
ML, Fig. 41 TR T EXORLEVWEAB I 5AKERLE L AE 5%
—OLEHETL, ZREHLT, Avr MUILEWEZBEZ SRS L
TZOEEET RTCHET A RIA—FTHY ERMEOBEER 2 Y AE
EREGROICBETOIRBRIIBVWTHBEOREI2FMT20ICHONS,
-, BEERBROFMICITBEMAFEIS 2V OA4A X M EEFIII Y b
BEREREND, ANV MBI Y MUIE, WL EEORBER
EEELEZTRT NI A—FThHY, TOHBEIFET 2HEN2ERIIREAT
HHTD, FMEELRIEENT A X—REVLELT S,

wic, BERELMAT LI ECEEL LD AE BERAEFROBET — NIiZ,
RIEDA. TXAFHMAITLD BB SN D[42]-[50], WT b A2 ME
ATy NEMAEDOE M NNT A—F T, TNEN AE EO R KIE
B, TRARICESHESHTTHS, BEE— FRA—ChHE. &5
fX—o0nMEHETRINAZ LD, BHEOBEET—FE20ET D, L
MLRBREL, FEREET—FERBOLZ R ALF LAV EOMISEKRIIRA TS
L70, B—HEET—-FAXENRZTHERAORRICLVBEET— FOERST
INXRHELFMT LI EBLETHH50], 2, MESLAHEREIZLY
FORBPLT XNV XHEHELRELSBEBRY, 2ORNPERLELRTIHER D
D, EHIZ, BHBRLESHME CEERET - FORBBSD X LVXFHEICE
TOEEBEEIBNTELIHEAENZVWRE, ZhOOMICLHIBEE— FOSHE
BENFEEITITIHREE RS [43],

— . B EN AEBICKH L TRARYZ MAFSITICE Y ZOBEERS %
EELBAEFOBHEE—FZHEET IR LRI TS, Fi, FEOT
VHNEEWN, a2 —FOERBICLYKED AEREEARECERTHZ
EMFREL D ZFOFBEHICHFFIN TV, BET— FORBFEI,
FPRORBLZRXAFSMEFRRICEARBEOBESRICLDIBDOT, L0
RENBBE SN TOD[51]-[60], LALAaRnb, REFOBROKMEIZLY
HETDH AEROBEER OB ER2D-0, MEFEME L TCoEEEIZZ L
W, £, BEERI o THEAKOBBERGHLE/NT IO, HEER
WREICXT 5 AEEORERMICE D ZOREEBEEIIRELS B ZREN
bbb, Lo T, BEEROHYEBSCHEERDS LB VEEHICE 5
RBRLCHFEOMBIZULLrEHRCTCE R,

AE BRERAFROMEREICIT, KL THED AE o OFRER
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MBLRD, EHMEMECTIX. AE K B 2R 275 (Source location)iZ X U 1§
EORWHEMBERENFAIETHD, T74hbb, AE WEAFEOME rid. i
ZRHL jEBORCYIZKITDS AE HBERMEZ Ay L, YU PREN
BzrBLUr, tr¥ofizntdos, KAICLVELND,

aAt,.J.=|r—r,.|—1r—rj’ (A<i,j<n,i#j) 4-1)

ZIT, al3MEINICEIT D PEREETH D, RME-IITFERE &K/ ZRIEIC
FOVMLZENTE, n DB 4UELETHNIT=KREMLE, 3 THOHHIT KR
BAERDDZENTZD, LOLLERL, MHERICEASHME CTIX P BEE
NDHBEIZEIVRBRY, £, HERMBTHER TCOPEREENERRDL LD,
KA-DOBERBIIARTRETH D, Z O, MHERMESHE CIIHkFEE
% (Zone location)X° % 33 JIE /i ¥ (Hit sequence source location)iZ X 5 AE & ¥4

Table 4.2 AE parameters and estimated terms helping to
explicate damage mechanism

Estimated terms AE parameters
Number of damage occurrence Event
” Scale of damage ] Count
” ] Event rate

Propagation of damage
Count rate

Histogram of amplitude
Damage mode Histogram of energy

Frequency spectrum

Source location

Location of damage occurrence Zone location

Hit sequence source location

Rise time distribution

Removal of noise
Duration distribution
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i L2 RIECERVWHENRD S, T, BHEARILLESHE T AE BEDix
BEENSRKEVIEN, BEET— FICL o TIZRBBEOIEFIC/IHES W AE B X
AT 50, MHINZTXTO AERIZH L TEFORANMNBLARET S Z
LIEARFRET, EBRMEI B L TRIESNEMEBOZ YL 510 HE
NTWRVWOBRERTH S,

4.2.2 AEYVZalb—L3avFEEK

HITEIZE ~ 72 AE NI A= X 2 HBEFMIT. AE BREAFEOMERE
ZHIGNETDHE TRTHINRFIM LI -OBREHRBORFER L OBH
WITHB A RE R LIEBET IRV EL D, LLANL, RBRAF OBK
FIRESCARBRICL > T AE BN RKES BARD 0D, HBRAETDH
HHEERERT —IDBZHEINTORVBENL Y, HIZ, £ ORH T
A =B EBTHMMEBLEEMB CRERT —XYORZIEETH D E1-.
EBBLREENPIER AE BRBAROMBREIZB VTS, BMERILEEM
Bt CIIBEMBLUPEETAZ LN TE RV, 22D HRN”L, AE RBRIC
LLOBEBRBOHEMOFTME ZETHEMN T, ARERIEIC L HBEEERRF
FrickS5< AE BEFMFELRET D, bbb, HXWEBEEFEMO D
DHBBEEL RLERET -2 HEBGHICELVRET ik, kv iE
BHEOSHWAERBRICEIZ2BEFIMBER TL2b0EE XD,

AE RERRICK 2 G, BEREHEE, HET—F, BERAEMEBIC
E£HEND, TNOLDOEELMRD AE /8T A — XX, Table 421 RL7- K 5
CHEEREHREICHLTA Ny M, BEE— FOBRIICITRIEE 21T %
XM, BEREMBIIERE L F~OBZIEMLTH D, T2 T, B
ERMBHT D OHAMRTA—FTHDA N ML, BEEZIT R FITH
ST HNTG A —F RS DH LRI, BHERICE SR I ER R E R
RATRETHLBEREMBEFER LT CRETSZ ZLICE Y. AE BRI &
HEEFMEZET S,

BEREHEELZRT AU ML, AREFRBHTI CRBEERKN I
MIET D, Ll anio, REBRBIERSENCRIKET D, Tabb,
AREFEEBERDP AT L2ERZRSEKRGEEPEFR CEX 255 TH, FMAES
HEETNVTIHBEREHEELREI RDIZOIH LT, HOEZELBHETFT LT
HFAROBEER THO THLZOREHBENELS RS, LEX-T, HEE
FHEIIEBECZ LSMBFEMARZA—F L LTABYNTHE, 2T, K
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CIal—varTRABEREEEA R NICEBR AT A—F LT 5,
Thbb, LVKRXREMEEDLERERSBBLESE. ThiET£<
D AEENREETHEEZD,

WiC, BET— FEBYITHEDORBEOT R LXE, P E S BOR
B> TEALERERICLIV DELENELOT, RERLHES -
PHE SEHOBMIZKETS, PEBLOS BIZBBRERICHEESN DO
THIZIRINALFXFO—EPTERENDZZ L, AEFEOT X VXOHEEL LT,
EREFROBBIC L VMK SN EBEEES LY OVOTHIILEEH D,
BB SNEOTHAT IV B ERCIEMET 5210 L0, BERTEOK
BHARLOBERBRNZ bOLEX S, BEBEROMMOT LI R LI,
EERACEOIRMETICLVECEOP AT IAREFRICLVERT S,
Eh. BHEOAT BT R AXIRKIEB L MEST OB, FAEE
DOEV AE IBIES A O FRICEEEROEMAEEL -V OO T AT X VFIK
TROEENFICL VMM ARTEMATETHLILDLEEXD,

AE BB TIE, BB LY~ AE FEENEN A S 85 A Uk A3 E R
TR TH LN, HHRREMBRIRABE THLEN, TORELRL LR
Y DEFHEME L B L TEN, LR T, HRERBIICHITLEE
FERUEND AE WRAMBLHE T 5130, BELUERME. #1203
B EEMENC BT AR~ N v 7 X FBHM TIBRBRE L & B
LMD TED, YBEFMIIKE<ERTEI LD EE XS,

43 PR/ vFEHITIERH~DER

BETDHDAE VI a2b—2aORMHZHEBTLILD, TR v F %
B4 osRury—7 A= hRBAICAT 2 — @5 5EAREOBETMICE
AL, RBBRAIZX LT, Madhukar H X1 X FERIRE S A7 D AE
HRBEELZBEICHE L CVWI102)10 . 2 OB EHE O R 72 3 M % 3%
BRI DHEEETICL Y ZXE L, LT TiX, Madhukar 5@ AE RABR & ¥
TR EZ T,

4.3.1 RBRASIUBHRETIL

Madhukar & 2% AE RERICHEH LKA OB A 8% % Fig. 421277,
HKEBEAFPRIZCHAR  vF (10.0X025mm) BAdH Y, RBAOHBIZITIHER
FOBREBELBLOAEFHBO ) A ABBOLEDT VI = LAF TR RX M
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B 25.0 e - 1500 - 25.0
A Center notch
25.0 10.07 W”/
S - 0.25
Aluminum tab Boron/Aluminum laminate

8 plies : Epoxy resin

I
>

Stacking configuration
[0/+45/-45/0]

[0/+45/—45/90],

\/ - 4\' [0,
| [90];

0.1625

Unit : mm

Fig. 4.2 Dimension and stacking configuration of center-notched specimen
for uniaxial tensile test with AE inspection

Region subject to AE inspection

AE sensor
Unit : mm

Fig. 4.3 Location of AE sensor and region subject to AE inspection
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JEICLVEESA TS, . RBRAMBIIAe Yy —TAI =T AREH
T, TOBBHEAIL. [0/+45/-45/0]5. [0/+45/-45/90]s. [0]s. [90]; TH D, &
BRI —®#FIRAEL L, ZMEEIL 0.05Smm/min TH 5,

AE & UV ERENME R L O AE ¥ 5l 5% % Fig. 4.3127 9, Madhukar & i3
"D AE B ERBRATMSMICEBEL. TO AE WEIEIEME» S AR
DOHIRFEEZITV, PR v FHEEEBTREELEZ AEEOARSH LT,

BEERBITICERALEZR oYy — TV =0 ABBHM O %08 M [143]
Z Table 4312”9, A VBEOEKBIZHEEIL S00%THDH, R/ v FR
BACKTOIHERERSFHIX %Fig. 441271, /v FImEEETCIZELY
ICHEFORENRTFREINDI D, TOHLOEESE LML Lz, £,
BMEHFRAOMHEND 50 —FFVE2BHA LE, WEREHGE., THOT L
SSULAYTEERAICMNEB T ISR LTANFRMOEMEHE L.,
BRHEOEMEZERBFMICHER L, MELREIZ., EMoESERTICAR
FROEHIEMZME L CHIRMELEEL -,

Table 4.3 Mechanical properties of Boron-Aluminum lamina V=50.0%)

E, 235.0
Young's modulus E, 138.0
(GPa) E, 138.0
Gry 30.0
Shear modulus G, 59.0
(GPa) | G, 66.0
Viz 0.345
Poisson's ratio Va 0.170
Vir 0.230
F' 1100.0
Tensile strength F;,t 110.0
MPa)| FE/ 110.0
F* 1215.0
Compressive strength FTC 159.0
(MPa) | F° 159.0
E.)’ 69.0
Shear strength F,’ 69.0
(MPa) | F.’ 69.0
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200.0

m

Number of total nodal points : 7210
Number of total elements ;: 5392

00
/f.\'::
025
25.0 /

Area glued Aluminum tab on

Unit : mm

Fig. 4.4 Finite element mesh for center-notched specimen
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4.3.2 BISREE LIRIGHEEEE

FEATIC KV 15 DAL [0/+45/-45/0] B OIS — T iR 72 © NS R R
BEERE L 0T 42 0B % Fig. 4512777, Madhukar H D AE BB Tk, &
BRAWEREBELZ 20 AE B U ~DRZIEMNEN S BEELFR ) v FFH
WHERTHHERESNTZREELE T 2FMAERLE LTS, i, T
iz 2BEEE T, RBAFPREEO AE IS RELNIZE T BB E
BEomfme L, MIBIBEIE. SIRISEADBEBIS IO 19%OREE THEAEL
TWHEETREEICR L, Madhukar & ORBRE R TIXBETIS 0K 20%00 5
AE ERBAE LB EHELTBY, BERORVW—EDIHEBTEDL, £
D%, OTHBPBEE 0L05%URBRICABABEERNH V. 0.10~0.15%T
BEERSEHLZE,. BOABARERCLIVRBRAOBKICEDL, O T4
BEIF 0.10~0.15%ICBWTHRE ) v FiFFED AE FRIXREIEAN TOHE
EERITIZIEELET S, AE SR REESN CIIBRES B L TRET S,

200 ~ (e) - 500
Applied stress L 400 ME
_ 150 1 ~
R
o o
s =
- 300 ©
@ >
o 100 A o
® £
3 - 200 S
a 2
2‘ Damage volume '-g
50 A 3
(@) - 100 E
Initial o
¢ damage
0 A ) v Ll L ) A 0
0.00 0.05 010 0.15 0.20

Strain (%)

Fig. 4.5 Computational result of applied stress and cumulative damage volume
versus strain for [0/+45/-45/0]5 laminate
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Fig. 4505 — O TAHAMHBICTRT@~@DEAMRLIVITKBIT L HF R
v FUEED AE 3K % E 0B B IRIE % Fig. 4.6107 %, Fig. 46Tk, &
BROBERELHARICT 2720, FBOBREREL FEN TRT, (a)ik
MHBEREL T, ()IWBIFORETH D, . Mode L IIHEMERLET.
Mode T3 X O Mode LT i3V b~ v RBIET, AIEITIBREERS
MEEIS, BHFZENEAWIS N ZEORBELZE®. T 5, Fig. 4.6(a)
POABEEIT T4 TBOFRR ) v FRBHICBITIEANEABIEAIZL S
v NI REHTHDLZENHD, MOAFL LTI, =45 BT~ b
Uy 7 A AWEHBIP R v FEREBHLOBERICERT Z1E0, 0B
CBWTHRILCE— ROEENRFR ), o FLEBmITLOLAWMIRICERL TV
5, (©)TIE, 45 "BIZBIT L~ M) v 7 ABAMETEHOERE 0 " BoH
Ry FRMBEH THEBBABEEL TS, T, 0 " BlBIT2H =2
BEBETRVDE, 245 BOF R ) v FRMEH CHREMBBE RS EAEL TV D,
(DEEI# DR TIE, 0 "BICBWVW THMMEBEM B ANEARA FmIchR ) v
FRENPORBRAMEETCERL, v M) v 7 REHLEEEAEAL TS,
EFh, £45 BTN v ABAWMERDNLEEHEICER L TV 51T,
()THAELT-BHERMOERLER XS,

[FEARIC . [0/+45/-45/90)s BEM ICt T D2 MM R, T RbOBIEH-0T A
BB L VICRBEEERE L O T2 0% %Fig. 4.7, It/ — 0T Hihic
AT (a)~(e)DFEAM L~V TO AE Fflx R 4E1% O 8 IR E % Fig. 4.8127
T, FIHBEERAER., AFISHR 31.4MPa, O TR D 0.0184%ICET 5T
b5, Fig. 4.8) 0 LB EEIL, 90 "RBoOHF R ) v FLEBEIZI T DMk
EASFMBEGDICERT I M) v 7 REHE 45 "B TORERANE ARG
HIZEDB2 RNV 97 RERHTHDZENHD, ZOH,. OTHBB L Z 0.05%
UBICBWTO)~@IRINIBEMEBEERLS DD, 0.108% CHREF O
EFIZE S, (b)) TiE, 90 "Bl W T@TELELEZ~ MY v 7 REXEMNH
R o FIRENPOLAWMEAFTMICIGIZERLTWAITZN, £45 "B T~
P 7 AFAUMEAPERLTCWVWDIONERTED, £, 0 " BoOHhR
S FHREE TR e~ FY o 7 R B ABERINFELEL TWBONH D,
©TIE. 90 ' BIZBWT~ ) v 7 REHPRRBRAFMEICE CELMMERRE
NaeTRBRICERLERETHD Z LN MEBTES, £, 245 "B T~ b
Uy 2 A AVWEHOERIZMZ T, +45 "BOF R v F U TR
BIRBAELTWVWD, IBIIZ, 0 " BCHHBHEBKOARERAFH~DER)
RERE~ P 7 AFGAMEROAFFRA~OERNPER TEH, (d)T
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Region subject to AE inspection

Stacking configuration
[0/+45/-45/0];

T »

] Mode LT

A:0 ply

B: -45 ply

C : +45 ply

D:0 ply

(a) £=0.0184 %

Fig. 4.6 Computational result of damage states around a center notch
at various strain levels for [0/+45/-45/0]s laminate
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A:0 ply

B:-45 ply  [LLIILLLLL ML

C:+45 ply

o i

.
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=
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=
=
—
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e

(b) £=0.0576% (c) £=0.0688 %

Fig. 4.6 Computational result of damage states around a center notch
at various strain levels for [0/+45/-45/0]; laminate (Continued)
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C:+45 ply
D:0 ply H
. Model — HmtrrrOmmtee— 0 el
. Mode T H
I
| |
Mode LT I |
@ £=0.110% () £=0.168%

Fig. 4.6 Computational result of damage states around a center notch
at various strain levels for [0/+45/-45/0]5 laminate (Continued)
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;; () °
= Applied stress d
904 " @ L 300 3
@ (© >
2 () &
Iz £
T 60 - - 200 5
(a) 3
30 - . Damage volume - 100 §
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0- y. . T T v 0

0.00 0.03 0.06 0.09 012 0.15
Strain (%)

Fig. 4.7 Computational result of applied stress and cumulative damage volume
versus strain for [0/+45/-45/90]; laminate
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A: 90" ply

Region subject to AE inspection

Stacking configuration

B:-45 ply

[0/+45/-45/90];

C:+45 ply

D:0 ply

Mode LT

(a) £=0.0184%

Fig. 4.8 Computational result of damage states around a center notch
at various strain levels for [0/+45/-45/90]5 laminate
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A:90" ply

B: -45 ply

N

[

C:+45 ply

RN

Mode LT
(b) £=0.0520% (¢) £€=0.0640 %

Fig. 4.8 Computational result of damage states around a center notch
at various strain levels for [0/+45/-45/90]; laminate (Continued)
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A: 90 ply

B:-45 ply
L
|
o
ﬁ'
' i
L
1

C: +45° ply I Il
al

D:0 ply ]

L]

Mode LT

(d) £=0.0776% (&) £=0.108 %

Fig. 4.8 Computational result of damage states around a center notch
at various strain levels for [0/+45/-45/90]4 laminate (Continued)
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Fig. 4.9 Computational result of applied stress and cumulative damage volume
versus strain for [0]; laminate
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A:0 ply

Region subject to AE inspection

Stacking configuration

B:0 ply

[0]

C:0 ply

. | Mode LT

(a) £=0.0267%

Fig. 4.10 Computational result of damage states around a center notch
at various strain levels for [0]; laminate
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A:0 ply ' I

B:0 ply L B ] iR

C:0 ply L

| Mode LT

(b) &= 0.0400 % (¢) £=0.0274%

Fig. 4.10 Computational result of damage states around a center notch
at various strain levels for [0]; laminate (Continued)
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Fig. 4.11 Computational result of applied stress and cumulative damage

volume versus strain for [90]; laminate
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A:90" ply

Region subject to AE inspection

Stacking configuration

B: 90 ply

C:90° ply

Mode LT

(a) £=0.0192%

Fig. 4.12 Computational result of damage states around a center notch
at various strain levels for [90]; laminate
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A:90" ply

B: 90" ply

C:90° ply ' InE

Mode LT
(b) £=10.0208 % (¢) €=0.0216%

Fig. 4.12Computational result of damage states around a center notch
at various strain levels for [90]; laminate (Continued)
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(a) Experimental results[142]
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Stacking configuration

(b) Computational results

Fig. 4.13 Comparison between the experimental and the Computational results
for tensile strength of center-notched specimen
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(a) Experimental results[142]
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(b) Computational results

Fig. 4.14 Comparison between number of events and damage volume
accumulated up to failure for center-notched specimen
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Center notch I 1 )
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(a) £=0.136% (b) £=0274%

Fig. 4.15 Computational result of damage states at two strain levels

for the outside ply of [0]; laminate
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Fig. 4.16 Experimental result for histograms of amplitude
up to failure[142]
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Fig. 4.16 Experimental result for histograms of amplitude
up to failure[142] (Continued)

- 125 -



SEIREEHETCORBBER CTHE, HPoitdEiL. £ — FORBERE
BIC XV ERE LA BEEE T, BERERE L RT A X2 MUTKHE
+T5%, #HEht, BEERCRITIENMNEESLVOVOTHAAXLFETESE
dB BA7 (EBEME=10°) KEHBRLZET, AEEDOZRXAFIZHEET S, AE
BFOETAZTIAXFEREREBENESTOEND D, T CTHBEEERIC
B ABEMEREDZ Y OOTHTRLFET &L HEKIEE QMR R EE L
T 5, BRB . AREOFMIXEROK/NEREEENICHEETSILDOL DT,
Fig. 4.16\Z R TR EE & T ERER TH 5,

Fig. 4.17i%[0/+45/-45/0] #& )& #F . Fig. 4.181%[0/+45/-45/90]; EEM I xt T 5
EBRT, MEREDICERBBRICEAKISAHICEDZ Y N v 7 R&EH, PR
BRI HBEEAFTBEESHICLS~ N v 7 R &R & R8I S HERR T
NRERTXH LMD, Fig. 4160 RBRER L EMENICEMIT WD, £
Tm. KIEMER»S, BRABEET-FTHoTHRVIVOREEFET D
BAELHHZ LD, AE HOBRKEIRBICK > THEE— F & BEICHT
HDERFETHDIENTBRTED,

Fig. 4.191ZR9[0], TR T B2 MATFERIC K D &, Fig. 4.16(c)DRABRME R
WBWTHIEBH CRAON2HABEREY — 7 I IBHERKICER T2 0T, £
NP D AE I EWCHEAMISHICER T2~ M) v 7 AEEIZ K » THAE
LEbDTHDHZEDRHD, £, BMEBBICHLXTY M) vy 7 XERITHE
K45 AE B ORIBICZEL IR KEL, BRICEKVE-FZHRET DO
BEICRECTHD Z EBH S,

Fig. 4.20i1C & % L. [90], M CIEsAMEREST, CABIEHICL D~ RY v o R
FRIARL . MEEAFRNBEISAICEE TS M) v 7 XEHOLTH D
e B, o T, Fig. 416()ORBHERICR LN D AE EiX. EWVWIRIE
BMAEETDHLODTRTE—OBEET—F, ¥hbbv v 7 2EEHNMNDL
EAELELOTHDHZ EDBHD,

BB, BAELPLEONLESEETET— FIZHED AE O T RV F LUV,
Fig. 416\ R THBRER L EHEMHIZ—F L TV DA, [0/+45/-45/0]s B L T}
[0/+45/-45/90] FEBAM I xt T 2 IRE O M CHEBET - FOREBRELKRE
K BRBD, 2T, BIFCLv BN X AXIE AE RORBAERICBIT S
TRAFCHETHIOILH LT, KBRERIRBERE»SLELL P H S
BIMATEFRICHE SN ZRARCKFAESRET 2RHBIINT /R
ThYFOBERKEREZIBHET—RFET TR ZLOLHEEFEOMAETEHOR
BLZTHED, MBERICENELEZL O LHERIND, FFiT, [0/+45/-45/0]

- 126 -



eurme °[¢/Sp-/Sp+/0] 1oy spmyyjdune Jo sures3ojsry yo ynsai [euoyeIndwo) L'y S1q

7 2P0l (9) L apopy (4) LT 2Popy (¢)
spmydury apnydwy apmydury
(gp) swnjoa yun sod A310Us URNS JO UOHONPIY (dp) swnjoa nun 1od £319u5 urens jo uononpay (gp) swnjoa jun Jod A310ud urEns JO UOONPIY
00l 06 08 oL 09 05 001 06 08 oL 09 05 004 06 08 oL 09 08
: : 000 : , . e r—p 000 : . : - 000
I
- 500 - 500 - S00
, 010 - oLo L oro
% 8890°0= 3 g0 % 8890°0=3 sio % $890°0= 3 8o
| | , oo Ll o e AR ooo ; - 000
- s00 500 - 500
,7 010 - 040 - o1o
7 510 , 510 - 510
9 0= 2 | ° 0=2 , o 0=2
% OV11°0: L oz % OVI11°0 L oz % OF11°0 L ozo
1—,?-. v ﬁr 000 w jldéa.—g-:‘l‘ijl 000 W ~ 00°0
Fwo § S0 § 5 - 500
o & o &
i =3
coo § o coro § o L oro
& o R e
o < ac <
(1] (]
rsto § 8 ~s10 § 2 - 510
w 17 m v
% 0891°0==2 Cozo ©® % 0891°0=2 L ozo @ % 0891°0==3 | oo

- 127 -

awmjoA dFewrep pAzZI[eULION
SJUIAS JO JaquIny



ayeurwef 5[06/Sp-/Sp+/0] 103 apmijdure yo surer3oysiy jo ypnsa. feuopeynduro) gy “Siyq

7 2pop (9) L apop (@) L7 2pop (¥)
spmydury apmydwry spmydury
(gp) awnjoa 1un 1ad AS10Us UrEns Jo UONINPIY (gp) sumjoa jiun 1ad £319us urens Jo uononpay (gp) swnjoa jun 1ad A313u2 urens Jo UONONPIY
004 06 08 oL 09 05 00! 06 08 oL 09 0% 00} 06 08 oL 09 05
. - : h L 000 L : .El|-! 000 ; + 000
- 500 T 00 - 500
L oo - oro T oo
% 0950°0= =2 - Gl0 % 0950°0= = r 1o % 0950°0= 2 - Gl'o
ot a L 000 . LL | - ,_ 000 ¢ - 000
L co0 - 500 L 500
- 010 - oro Loro
- 510 r §1°0 b slo
% 0880°0= 2 L % 0880°0=2 . % 0880°0= =2 .
- 0zo L 020 L 020
;Jijt. 000 W e - 000 W N r 000
2 2 2 2 |
re0 § 5 rso0 5 b 00
& = 2 = |
a § o g
toro B o roro B g roro
S o 5 o ﬁ
® 2 % 2 W
a0 5 B Lero 5 2 L g0
‘0= o 0= ° 0= |
% 0801°0==2 Lozo © % 0801°0=2 Lo ® % 0801°0=2 L ozo

aumnpoa agewep pIZI[BULION

SJUIAD JO RqUINN

-128 -



ayeuarure] *[g] 1oy spmyrpdure yo swreaSo)siy yo ynsax [puonendwo) I “Sig

7 2P (9) L 2po (@) LT 2Pol (¥)
apmydury apmduy apmidury
(dp) swnjoa nun 1ad A319u2 UrEns Jo uonONPaY (gp) swnjoa j1un Jod £§15us Urens Jo uondNpay (gp) swnjoa yun 1od £810U9 Urens Jo uonoNpaYy
001 08 08 oL 09 05 0ol 08 08 oL 09 08 001 06 08 ot 09 05
, : : - 000 : , , , , 000 , , , r~—p 000
L 00 - 500 b 00
- oro - oro - olo
% 00¥0'0=3 - cro % 00¥0°0= = rslo % 00¥0°0=2 G610
000 - 000 : , — ¢ 000
- co0 ,1 00 - S0
- oLo - 010 - oro
Csro x 510 - G0
% 0L91°0=3 . % 0L91°0=2 - % 0L91'0=3 .
- 0z0 - 0z0 0z'0
d - 000 Z — , 0o Z :1..11_.__._4._.441,-11111.1._.}\!’» 000
iz sz
Fe00 § 5 -0 § § - 500
o (43
a &=
| e 8 a §
~oro 5 o coo 5 g L oro
-s0 3 2 Fe0 R - 610
0 0=2 0= 9 0= |
% 0VLT0 Lozo @ % 0¥LT0=2 oo @ % 0YLT 0= 3 L ozo

swnjoA s8ewep poZifeuLIoN

SJUIAI JO JaquInN

-129 -



ayeurwe] ®[g¢] 10y opmdue yo swea3oysiy jo ynsai [euoneyndwo)) (' “Sig

7 2pop (3) I apop (@) LT apop ()
spmydury pnydury pmyjdury
(gp) swnjoa jun 1ad A819U UrEA)S JO UONONPIY (gp) suwnjoa 1un 1od £310uUs Uress Jo uonONPaY (gp) swnjoa jun 1od £819u2 UrEns JO UOLIONPIY
001 06 08 oL 09 0% 00! 06 08 oL 09 05 004 06 08 oL 09 05
: ; : 000 ey - 000 + 000
100 100 - 100
- 200 b 200 - 200
% ¢610°0=2 % T610°0== : % T610°0==3
: : 000 v v 000 , : 000
n
- 100 100 - 100
- 200 - 200 k200
0= ° 0=23 ° 0=
% 8020°0= 2 | c00 % 80C0°0 L e00 % 80C0°0=3 L eo0
- , , wo Z , q i . : 000 Z — : : 000
3 ﬂ I ] 2
.vlh.. = w.w. = :
L 100 m. m. L 100 m. m. L 100
o § o §
5 9 5 9 .
= -
R 2 R %
L0 @ § L0 6 § - 200
< B < 3
e @ e &
5 5
‘0= ° 0= ° 0=
% 9120°0== Leoo © % 9120'0= 32 L soo @ % 9120°0= 3 [ w00

aum[oA sfewep pazZIjeULION

SJUIAQ JO JOqUINy

- 130 -



B K N[0/+45/-45/90]s BB HF TliX. [0], B & OV[90], #F & Eb s L T Hk#E AL 1A A
BRERLIEBRELAT 2130, T45 "BCEHBEIC~Y MY v 7 AEAK X
KPFEET DD, REARXREHETE ORHNESIRET DL L FHRIND Z
Erb, MWEROHMATHIBESEELEZLODLEERT D, £/, AE oD
CFERBRE. FICEBSEEBICHEIBEICIV ZOREBEELREBRELSER
HbDETFRENDS, LEN-> T, LV EFEHELRBHEOEMELZ TR 2D
Wik, AEBBAEERNOORBESHE2EETOILERD 5,

4.4 58

AE RABRIT, MMEKOBRHBE2E > B xO0BEL2BRHE TEX213», RBRRAF £
EIZAE BV 2RET LT TEVEEOMEHBE S BMICKRIBATET
Y, BEREMBORENARETHIREOFEELETHZ LD, i
Wy, ~ bV 27 REH, BRIKBERCE2xOBELNHET IBEEGME DA
ERBAERICEACHRAEN TS, LHLAXL, BEOEMEREL RS
BT - MLBELT 30 BxOoBENHRETI2EAME CIXBEEET—
NO#MNZREDORT, HAWFMORE I NEHENLTNDE, £ T, AE
RBICEI2MEMWEBEFIMEZ XETH 20N L T, BEHZRIZESL
AIREFMAT 2 Az AE BMEFMELRE L, T74bb, AE HRIC K
LEEF ML, BEREHEE, BET - FO#EY., BEREMBIZEN SR
L7, TNHFMEEORIELRANNTIA—2L LT, HEEZKHE. B
EEROBEMEBOLEZY OO TAHAIRXAXKTE, BEERNELHVSF
N w U N O

RET D AE BHEFMFEOFEAF L LT, FRIC v F 2 BT HHERBEHM
DOEEERZ N L. Madhukar 5D AE RBRER BB LE, 0O
R, BRHEHEORKRRESF L E AE BEOEEN LR TR, FMAFETH D
TENHEBHALE, SHI, REHKEORKIEE CIXBEET— FOBEME LM
NETHLLEHHALEZ NS, BFET D AE UM FEOLEL 2 HHE
Bll, LaLAds, BEFECLIVAZEET - NIIHES AEEOT XL
FLA_NVDOEEMTRNIFTRETH OB, FEET— FOREAEHEE IR L T
RBEREREREENER I, 2T, BITICEVEoNR R LY
% AE EORARICBIT S =X AFICHEET I 0 LT, RBERIRAE
BB LE P ERS S BICMATENICHE SN ZRE KRS KRR
ETOREBEOEREME CHLILD EWBIND, LB ->T, LV ERLR

- 131 -



HIEORELH/L2DIZIE, AE BERXER»LOGREBEHL2EZETHLER
H5, |

Sk, WEOKEEBLMWK UL AE BFOGHEBETICE Y . HBEOME ORI
HEGITRDIE, BEFMIIT L TCHEDRRBEZHAT -0 KER
AE BV REMERED AE RBREBF OB LBHET I N TE D L
PO RERREBEMTOFRAIILIZEY AEBFOERLIRBENLED AL D L E
25,

-132-



FO5E £ A

MHERILEASM B IR 2BEWICERINEL > E LTV AN, HELRR
FHERBLIOREBEMOBEEIIZIEL DI AT AT 4 VT 4B v 7Y v~
TR EONFHNHFRBAGOHEMB LY RERIENEFRELR ETFHE
DNFREEBZRT DO FHICEL CEREBERMBFEESERINS,
Bl MRMETRMT, ~FY v 7 XREH -~ N vy 7 2R EBLOEMIX
<BER LR OBENHREL, TORAHEELHE VN ELLBESEOER
WIEEHORENO L TCREERBE L 2> TV 5, BEHMEORERIZIE,
KOHEBERBICESKCHEEBREL o Va— ¥ 2f A L KERITICES
K ¥vIab—varyrBbd, ERERECRRINDIEEHRTIL. 202
— X OEmEl, REBLIZHE- T, Bx OBRKE - ERBHESLHED - 1R
Lt LTHEASRTWD D, MERCESMBHICRBIT IR FBERL
Bk 2 MBBICX L CIREREZ OB FIEIEALINTWVWRVWOBRERTH S,
¥, BEZBE, RET2FEBEREBETIE, Bx0oBELZHOICRE
B2 AE RBENR LA THHEEX DN, RYEME T % A
{LBEME~OFRIZEZOMEREINTWD, £Z T, 158K %E
BARPFRTIE, BERCEASMEOBEHREL AT LI, HEEFHE
EBELIARERBT o/ 762 BLE, £, RHEREEBEOHE
BRTRHTHDIZ NS, BT IR EFOBEMNEBEERLETH D AE
RBRLXET L0, BEERMEITICL D AE BHFMFELEE L, U
TILEOHRZE LD D,

F1ETT, BELESERLTCWI2EAEMBORAEEBH LTI, &R
MELE R DEEMEORENPCBEHERNFNEHZ R T 2ER LT,
E7., CAE ODELENRFETHLIARERMBITICE 2EEME O HFH
FetEFE M o BR & BIREA ., BHICHBEERZHICKH L XA MBI FIELHE
YENTWRWI LE2EHBLE, 3512, BAEMECTRET I~ ORBRBI
T HIEWMEREEIFNOBRRIG, BrxoBREZEHNITRIBTE S AE AR
EREHTHEIN, FHERFEMB CHLIEAME~OBHICIZTZL O/
ERhDZ a2, PRSBEERNALARFRED BN, BRI E DB
WX T O HEEERMBIT T 0 /T LADM¥E L AERBREIXET DLOD AE &~
La2b—varFEOBREIIHDL I L BRI,

B2ETIEH., —HmERBERICESMBRBIUORESHE 2% L L

- 133 -



T, ZRaFAREFEICESSHEEERBGIT FRIZO VW TR, RiiHESE
EMBTRATLIHEOBERIZLY, BAETLIHEZRFEE,. FEBEES
FOBEFHRECKI Lz, BHFEEII—Fa#BERICESH BB E S
BTN OMAMER CRAT OIBHEBE S M) v 7 RERHTHY, WHEEKXKRES
HEETNVOBHEZRE L, RAEREIHEBM CORBMIIBESLEDES
MBICRBTO2BHER—~ M) v 25mIE< B, EHFBEEIBDESMEN
DBHEREMES v M) v 7 ADOWELE L, WThbHESFEGEET LV E
BATHZIEWC L, £, EFHEETT AT, BET—FICEVEER
DHFHREDPRES BRI ENSG, BFRABE2EILIZ420F— RiZsyh
ML, SHEEET— N L THEENZRCESSHEERAUZERLLEZ, =
NICKVEEERBICEZ L R2AEETORFER, HEEXESHEET
NELTEREI ZENAREE R, T, BEISHEHBED _RIIZLD
BREE—FOBAMNFEELZREL., —#M3IRARICKIT 2R MBEREM OMHAE
EE—ROFRHIZITV., RBERLOEBMNOZ0FEELZRLE, Lo
BEETTNVE =R TARERMBITICEAT L2, BERER OIS ERES
DHBLERLEMBEIECESSHERBBITTELERL, HEERR
oo s o hERRELE,

FEIETIX, FESIRERMEICH T2 BREMEBM OBEERES 2 T M
L7z, RBRATYENOEEERZ CCD VA FICEVBEL., AFEAFRH
FRB[LEOEEBIVERZHER L, 7. RBRFABEOFEMREBEER
Z SEM ICEVBEL, ERACLY NI v 7 R CRBITHEREREZIEEL
oo MARBRIT, MERHRHLBEORLZ _BEORBRAICH L THITL, BE
ERIZHTIBME -~ P v 7 2R TREOCEELFAELL, TO/KR, R
EREOCERWRERA TIXAWEA FRBHERNTERHBERTIOICHL,
MERREEE LR T ORBRA TR E L LS HBERIC BT D2
R IBRACHARZEREE, RBEAOWMHZB 2 B2, EBIC,
LFRORRICH L TRETI2HEERMBITZEAL, RBRICLVEBONE
BBRERLEB L, TORR. BTICLIVEBELONEZEARL LV TOHE
EREVPHRR CBREINTLRERLEBELS K LEZELDL, BEFEORY
HRBRB I N, FREBMOEH#MIIEXRB L OCHBEERMBITE R, L H
LR EHBEBMOBEEREZHEZRE L CUTILFET D,

D) MFBREGIIAREAFMBHERTEEL, O — FIZAMICEER
~h Iy 7 REHTH D,

- 134 -



2) AMMBHERAOERIAFEA (RE) FRCERL, v+bJ v 7 x
WL CERADZERIED,

3) AMGMBMHERMICER LZAREA S MBHERNO & RT, 8EH
AR RE CTEELLR, AWITMBHER—~ M) v 7 2RETOI
SEEEZFEHET D,

4) REBEOEKVRERA TIE, SIRAWICLIVAFTABMERO S LD
DBFEIES N DI THEABIS AR RE L. THIT &Y BRMEICFEAT
RIBHERN~ LY v 7 REHEAPEET D,

5) AT HE RN CTHREKERR T S R4 U 7otk R ICRBR AT ICE B,

P LIZBIT 70 75 ATk, BIERELRNTHEERELIEENRE CTH 513
PHEEFEABBOME T L2 00, MR SCH 72 72 i RAL S o A EHER
ERECEMTELIbODLEEZD,

FBABETIT AERBRICL DM BETIMAL XEI L L EEHNE LT,
BENFICESS FRERMBT 2 H V- AE BMFEMELZERLE, Thb
b, AE RRIC L 2B EFMIE. BEREHEE, BET— FORR ., BER
AMEBEICENINDTED, ThHOFEMEEOEIZEL RN TA—F L LT,
BEZRERE., BEEROBEMEBELZY OV TAHIFLVFETE, BEE
FNBLTHVDIFELRELZ, AE BEFEFEOBEMHAM L LT, PRIC
ST EAETLIEBMOBEER LT L. Madhukar O AE REBFHR L
MBI L, TORR. MHEORKIRES ML Y AE FHEO EHEM AR T
Bl, SFEAFRETHD ZENHBA LA, 612, REKEOKKIEIE CIXEE
T—FOHBELRBMNPAETHLEHRALELZ D, IRET S AE R
MFEEOLEMEZBRERLLE, LorLAaRs, BEFECIVEHEAEET—TF
WCHES AEEDOZRAALFUNALOESEBNTRIZATETHLIN, KBEE—F
DORAEBBEICH L TEIRREREREZERER I, ZHid, BHIC
FOBOREZXAFIL AE EOREARIZIB T2 X AXICHY T 0I1Cx
LT, RBBERIBRAELLGELE P EX S BUMATEFRICEE SN
EREESCKFERPEBEETOIREHEORIBE CHL D EHBINE LT,
LIV EMLZBRBEOHEZHB LI, AE BRAERE S OGHBEH» E
BTO2LBEIDHDEEBEE L, 4%, BREOEE LMWK L AE O RER
FIZKY, RHEFROMMLBA S ICR51E, BEIEMICK L TCHER R B
B 23T 2200 E R AE v U REBMER S D AE RBREHOES
bRM®TDI LN TELILDEELX D, £, AE RE L BEMT O AL

-135-



WX WBIERAET., BEFRRORENARERD, BAMEIIXT D AE
BWOERLIRENED DL LD EZ XD,

- 136 -



B

ABRIT, RIRRFRFIRE AEREER & B4 B BLtofsEs
HWETOLLICETLEBLLOTHV X, TOZLZE2ZZICHL, DLV
BEHOBELZRLET, BHHABOAFMCOLIHEX T, ZEFI2ED L
TEFEOZERTHY 7,

Rlo, KmXOERICHD, AREBZEBS LEHMNHZBY £LEKKRK
FRFRE AERFER HF EAKSE ML, MG BhioxtLl, =
CIWELSHHELTHLEFTETS,

BEMTZ2ZIT321Ch0, BRZHEBHE, HEETEVWELEEAK
¥ OHIES SR 27 L2L%R BFE bt BHICECHLRL LG
£9, £, BIRBBREBLZHBE T IVE LEKRBRN I LESSHEMER
B TR mEE BhERICESHLE L LT ET,

AEZED DI HTY, BRLZES. HBEZL NICEIPVEBE T
SVWELAERBRRERFR EENFHER BHHT SHEH L, KKRKF
BEEHEMRAR BhF BN EG BHICESHLE L ETFET,

i SRR, 2 b NI RAEE2RICOE D Z R X B LZTEV T KKK ¥
REB: AERFHER BIF ABYE4A L, KAF K K23, BEE
AFFEERE R L LEH N L £,

MAICKEETDICHILY, BHAZIIRES HAFER L L CHFRERHE
ZEHWEZEEMREL, TZWELLH#EBELZRLET,

KRB, FAEEEEDICHOLVEREEXBLELPVEE LA EW M
BUZBRSBE#H W= LET,

- 137 -



[1]
(2]
(3]

& X H

FRAK—., EEHE., “EEMEOBEL %7, EHHRK. (1978).
BHME, 25—, “BEMEONZEFHR". H45ER. (1989).

Tsai, S. W. and Hahn, H. T., “Introduction to Composite Materials”,
Technomic Publishing, (1980), p.115.

[4] Burk, R. C., “Standard Failure Criteria Needed for Advanced Composites”,

Astronautics and Aeronautics, 21, (1983), pp.58-62.

[S] Zienkiewicz, O. C., “Computational Mechanics Today”, International Journal

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

for Numerical Methods in Engineering, 34, (1992), p.9.

BEER, - EEs, BHBFE, W&, MANEK, “EaeEE
VAT LAORRE”, ML T AF v 7 X, 38,2, (1992), p.47.

FEER, o LT, BEFES., EMER, THIESL., FHRBIE., “HE
EMERE R T EBERITXBEV AT LAOEE”, BABRESHR LE
(A %R). 62,598, (1996), p.1501.

EEE., ®mFEs, LTk, FHEBWR, ‘UM T o0 BEDO
BRERE AT LOEBE (F 1B, 7—FS VAT 40T RLEPNCE
DIRE)”, BABRFESRIE (AR . 62,598, (1996), p.1450.
MAREY, BRAEREeR, BEE, “N—Vrrarva—%HoOXNHE
BEEM ORBFEHEBITIEOFR”, B RBMR T 25 CE (CH) .55, 511,
(1989), p.533.

ARG, MERER, “MAHBEREEM ORBVFEMEITEOHR, H
AR FERWLE (CHR). 56,532, (1990), p.3167.

BIAREFE., MAEXK., /I, “HHBERBEBEM ORI FEMITIED
78 (CFRP HE v =V OMIRER)”, BABBRFESHLE (CRW).
57, 536, (1991), p.1107.

FEE RS, o Bl LiEE . “HEMEO ZRITBIS TIETT. ML
43, 486, (1994), p.265.

mAER, BhHE, UEL, &t 80, “BEEASME OIEEE
REBATECET 287, B AEBRF 23 UE (AR) . 60,573, (1994),
p.1250.

[14] Chen, W. H. and Lee, S. S., “Numerical and Experimental Failure Analysis of

Composite Laminates with Bolted Joints under Bending Loads”, Journal of

- 138 -



Composite Materials, 29, (1995), p.15.

[15] ZIAEAC, ML, “BRdHBEEROBMEBZHCR I THEBIEF B L
OMHERC ) A D B”, HABBFE WM XE (AW . 61, (1995), p.147.

[16] Lee, J. D., “Three Dimensional Finite Element Analysis of Damage
Accumulation in Composite Laminate”, Composite & Structures, 15, (1982),
p.335.

[17] BAMEESRK. ‘Tt o BB, 4+— 2o, (1991).

[18] &7 B, “BEME O MERE ~ 1R, B REASMEFEEEE. 10,3,
(1984), pp.97-101.

[19] Cohen, Y. B., “NDE of Fiber-Reinforced Composite Materials-A Review”,
Materials Evaluation, 44, (1986), pp.446-453.

[20] Badaliance, R. and Dill, H. D., “Damage Mechanism and Life Prediction of
Graphite/Epoxy Composites”, Damage in Composite Materials, ASTM STP
775, (1982), pp.229-242.

[21] Chu, G. D. and Sun, C. T., “Failure Initiation and Ultimate Strength of
Composite Laminates Containing a Center Hole”, Composite Materials :
Fatigue and Fracture, Fourth Volume, ASTM STP 1156, (1993), pp.35-54.

[22] Lagace, P. A., Bhat, N. V. and Gundogdu, A., “Response of Notched
Graphite/PEEK Systems”, Composite Materials : Fatigue and Fracture,
Fourth Volume, ASTM STP 1156, (1993), pp.55-71.

[23] EEE s, W R, BEE, afE. “ZRkolbEfQLBCLI2EES
MELO R FIE". $B 44, 497, (1995), pp.226-230.

[24] BEE B, BEEEH, BEE, &5, “BERCI2BEGMBFOX
et 72 & NS EBALICB T 288587, BABMFESRIE (A ).
61, 592, (1995), pp.2648-2654.

[25] F=HERE, BEXE, “T700FEE2EBEY”, E., (1989).

[26] Ono, K., “Trends of Recent Acoustic Emission Literature”, Journal of
Acoustic Emission, 12, (1994), pp.177-198.

[27] Obert, L., “The Microseismic Method of Predicting Rock Failure in Under-
Ground Mining, Part I, General Method”, U. B. Bureau of Mines Report,
Inv., 3797, (1945).

[28] Hardy, H. R., Jr. and Leighton, F. W., “Acoustic Emission”, Trans Tech
Publications, (1977).

[29] Hardy, H. R., Jr. and Leighton, F. W., “Acoustic Emission II”, Trans Tech

- 139 -



Publications, (1980).

[30] Hardy, H. R., Jr. and Leighton, F. W., “Acoustic Emission III”, Trans Tech
Publications, (1984).

[31] Kaiser, V. J., “Knowledge and Research on Noise Measurements during the
Tensile Stressing of Metals”, Arkiv fur das Eisenhuttenwesen, 24, (1953),
pp.43-44.

[32] AAFEMBERERHS (££). NDIS 2412-80, (1981).

[33] Rusch, V. H., “Physikalische Fragen der Betonprufung”, Zement-Kalk-Gips,
1,(1959), pp-1-9.

[34] L’Hermite, R. G., “Volume Changes of Concrete”, Proceedings of the Fourth
International Symposium on the Chemistry of Concrete, Washington D. C.,
(1960), pp.659-694.

[35] Robinson, G. S., “Method of Detecting the Formation and Propagation of
Microcracks in Concrete”, Proceedings of International Conference on the
Structure of Concrete, London, (1965), pp.131-145.

[36] BREZEMHE, MEM, RERE—. “a> 27V —-MOTbABAELD L
XOBEEOLEZERRBIZOWVWT  BEAV h-av 7 V—F,212,(1964),
pp-2-6.

[37] FHERE, FWEHE. “FRP © AE I X D EFffi”. A AE M EFL3E. 12,
6, (1986), pp-241-250.

[38] EHHEZELL, AT)IIFE B, FH—&. “FRP BRAMKFICB T D2 ELL
FREETR BT 58T, B ABMESRTE (AR). 57,543, (1991),
pp.2715-2721.

[39] 4 —i&. EHERLL, BIE B, “CFRP HIREEMF O N FHEE
BT LR, BABBRESRXE (A W), 60, 577, (1994),
pp.2000-2005.

[40] FRIE, EAER., BSE—. HAE, “EFRIFAn—EL 771X
FERM O ERE”. ME. 38,427, (1989), pp.360-366.

[41] HF#H, AFEAN, 7 0K, LEREH, “SIEVEZZTL5—-Fmb
—RY /2R EEMOURBBETRET AL, AABREIR
£ (AM). 57,536, (1991), pp.789-795.

[42] ERBEE. FHRA, NRBAA, “FRP MEEEHFOMEG T A
COMETICRITDMEEE”, ME, 38, 427, (1989), pp.354-359.

[43] FHK., NLUF KR, JIHBE. MKEEE. “AUCFRP ZBHEB 1 7

- 140 -



[44]

[45]

[46]

[47]

[48]

[49]

[S0]

[51]

[52]

[53]

[54]

Uy FESME O AE B, K. 36, 445, (1989), pp.1450-1456.
EIFRIGER, HBILZ, BB, “—FrRFB WM XX 85
BEME OB R ERME L AE BT, B ABRZESHTE (AR).
56, 528, (1990), pp.1792-1799.

B E3RIGEN . EBIL -, ATE. HHSFA, HREE, “7T5 I M
M/ THRXFUBIEEAMBIOMREMRE L BT HEMKEIC L 2BEHT
fli”, BAKMFESHmCE (AR, 58,546, (1992), pp.206-211.
Ha%—, FHBML, “AE B E2BHF LE-Fav T RRA NS R
CFRP DOTREREME ORI, B AR E S5 CE (AMR). 58,553, (1992),
pp.1581-1587.

H&s—, FHHMH, “AE Bl LM E 25X 2Fa v 7 RNX b
7 ¥ FJE CFRP DR EIEME O AR | B A 2 23 SCE (AMR) .59, 565,
(1993), pp.2100-2106.

mAY, WEER., SHE . TEEA. PM BV EML KT
SBIE=y T LEEOBBAMEE L AE M7, BABRYSH TE
(A #%). 59,561, (1993), pp.1313-1318.

Luo, J. J.,, Wooh, S. C. and Daniel, I. M., “Acoustic Emission Study of
Failure Mechanisms in Ceramic Matrix Composite under Longitudinal
Tensile Loading”, Journal of Composite Materials, 29, 15, (1995), pp.1946-
1961.

SR, FRIE. FEMBX. KNRHSB. “AE EIC X 5 R CFRP O
BICETOMRE—BELHBEOREBSIORBARLELRMOIZ B
E—". ME, 41, 464, (1992), p.707-713.

fn KB, RIE, FNE., BR%E—. “AE OFEEMTIZ LD FRPET
D EHBICETAHE (B —DMNBLIEFREDESE), ME,
39, 442, (1990), pp.901-907.

AKHESNH, SARE, EBX. B THBE, “AE B2 L 2 EM##EsR PET
DIRERECET 2R WREBEILBHESEREORE)”, B A
MESIRLE (A . 58,553, (1992), pp.1537-1543.

AR, AKEAH., KEXE., MERL, ETFTHE,. “AE HBIC L 57
7 A A-SMC OREMEOBAICETAHE (MHEEEARBLOET
AIMBEDODRE)”, BABBESHILE (A |). 59, 561, (1993),
pp.1306-1312.

InARE. KBAAH., ETHEME, EBEKE. “AE BT X 5 E##ERIL PET

- 141 -



[55]

DOWBEBBICEAT LI (BESERLATHIMORE)”, BAER
FEWE (AR . 59, 566, (1993), pp.2271-2277.

Has—, REWFE. fArEL, “HEMEESMEIOBE & AE it (i
MERIAOAER - EEROELE)”, BRABRMFRHXE (A ). 60, 571,
(1994), pp.705-711.

[56] gn AR, KHEAH, B THBE. #@LBT, E)IXE., PHEME. “AE &

[57]

[58]

[59]

[60]

W kD EMETRIL ABS EEME OBEMEOMBBICET 2R ()
MEHEROEE), BAEBRFESRLE (A ). 60, 576, (1994),
pp.1779-1785.

AHESHA, 8RB, BETHEB, REATE, KBEXE, EHE. “AE &
W2 &% CFRP OREHBBEOMAICET IHE (ANAELKBREOR
). BEABRTSRE (AR . 60,577, (1994), pp.2014-2020.
AR, RKHENH, ETHEME., BEREMS, /UFER, EA%K. “AE &
W2 X% FRPC DIEERB ORI () ANBLERI7 Y 2 —FBIROEE)”,
HAMBESRXE (AMW). 60,578, (1994), pp.2242-2247.

L., REFR. “AFRP OWEZT OB B oA - EEEOME
7, BABBFESRXE (AMR). 60,577, (1994), pp.2074-2080.
B&&E—., BIF. “20% SEM BEICBIT 5 CFRTP O xR EREEE

B L AERET. BABRFESWXE (AR). 60, 576, (1994), pp.1761-

1767.

[61] Aki, K. and Richards, “Quantitative Seismology : Theory and Methods”, W.

[62]

[63]

[64]

[65]

[66]

H. Freeman and Company, San Francisco, (1980).

RKEHE, “Ta—X74v 7 - x2IvvaryEoomsadriciEld
HER ME. 32,356, (1983), pp.577-583.

REBE, “Ta—XR74v 7 I vaORBHBTERE T —
AVNT UV —ICET H5EE”, B 36, 408, (1987), pp.1025-1031.
RIFEER., FEMEE. “AE JRIEFHEIT & MR OB ZEENFIE~DE
A7, 8 &8, 70,16, (1984), pp.2188-2195.

RFEH., FEE, 5 TELC, FINE, AFR—, “Cu-W #HEELE
EMEOBMEBIERO AEBERIC L 287, B AEBH¥23E, 48,
3, (1984), pp.248-255.

¥, FEE, KEREZ., “MINERBICELSPE—RA VTV Y LVOHE
MARTIE L Z OB REN~0BER”, BARERB¥ES. 52, 4, (1988),
pp-405-413.

-142 -



[67] HEEFXE, BEOCHE., FEHE, “§027 5y 7 BEMBOBER". FERE
BRAE. 41,10, (1992), pp.613-619.

[68] %, “HEMICEA T2 AEBIFOBIR & BE”, JEMERAE., 46, 10,
(1997), pp.730-735.

[69] EANIL., REEFE, “2RATETALICRBITFLTa—RF 47 « T
Ty va VRN, MR 45,9, (1996), pp.1055-1060.

[70] R¥FER, FHEME, “AE JREBEBTC L 2MEOBHNRBRICET 2
", BARERFREE. 46,5, (1982), pp.518-525.

[71] RERZEAE . AMB . EBR. KEAEB, “FEES Iy 2&2H0
TeBEl AE IRORE”, B A ERFHLE (A R). 60, 573, (1994),
pp.1188-1192.

[72] BWER, ABE . BT, “EBEELT I v A0 LA F— L5
LLAE R ~D@EMH”, 60, 573, (1994), pp.1193-1197.

[73] MHEF, AMB L, “==2—F kv bU—2 %FAE L7~ AE BEF#
MRt (B2, Ry N — I #EOEE)”, BABBESHRTE (A
). 58,555, (1992), pp.2219-2223.

[74] RFEHR, REME, “@BOMEMEL AE RATTFT L, BEALB®
2. 47,7, (1983), pp.575-581.

[75] Kim, K. Y. and Sachse, W., “Characteristics of Acoustic Emission Signals
from Indentation Cracks in Glass”, Progress in Acoustic Emission, JSNDI,
(1984), pp.163-172.

[76] Scruby, C. B., “The Characterization of Crack Growth by Acoustic Emission”,
Progress in Acoustic Emission III, JSNDI, (1989), pp.1-8.

[77] Pollock, W. D. and Johnson, W. S., “Characterization of Unnotched SCS-
6/Ti-15-3 Metal Matrix Composites at 650°C”, Composite Materials :
Testing and Design, Tenth Volume, ASTM STP 1120, (1992), pp.175-191.

[78] Castelli, M. G., Bartolotta, P. A. and Ellis, J. R., “Thermomechanical Testing
of High-Temperature Composites : Thermomechanical Fatigue (TMF)
Behavior of SiC (SCS-6)/Ti-15-3”, Composite Materials : Testing and
Design, Tenth Volume, ASTM STP 1120, (1992), pp.70-86

[79] EA#R, ML= &FES., “HAMBAM, BEL. (1984).

[80] Ran, Y. K., “Experimental Observations of Free-Edge Delamination”,
Interlaminar Response of Composite Materials, Elsevier Science Publishers
B. V., (1989), pp.111-160.

- 143 -



[81] Todo, M., Takahashi, K., Beguelin, Ph. and Kausch, H. H., “Effect of Strain
Rate on Tensile Fracture Behaviour of Fibre Reinforced Polyamide
Composites”, Proceedings of Eleventh International Conference on
Composite Materials, Australia, (1997), pp.405-414.

[82] Sinclair J. H. and Chamis C. C., “Fracture Modes in Off-Axis Fiber
Composites”, Proceedings of the 34th SPI/RP Annual Technology
Conference, Society of the Plastics Industry, New York, (1979), p.12-A.

[83] B EFEM ., BEE., KEEIL, ‘I 7oBExzZRL-EAMEORT
B RN, BEEE L VU RY U L°97 BEHRIE., (1997),
pp.423-426.

[84] Pagano, N. J. and Pipes, R. B., “The Influence of Stacking Sequence on
Laminate Strength”, Journal of Composite Materials, 5, (1971), pp.50-57.

[85] Pagano, N. J. and Pipes, R. B., “Some Observations on the Interlaminar
Strength of Composite Laminates”, International Journal of Mechanical
Science, 15, (1973), p.678.

[86] Pipes, R. B., Kaminski, B. E. and Pagano, N. J., “Influence of the Free-Edge
upon the Strength of Angle-Ply Laminates”, Analysis of the Test Methods
for High Modulus Fibers and Composites, ASTM STP 521, (1973), p.218.

[87] Shi, G. C. and Skudra, A. M., “Handbook of Composites”, 3, (1985), p.71.

[88] FJIFER, “BEME OMBRER LIRMERHICHET IREDOHREH
m L ERARE. BAESMEESIE. 13, 1, (1987), pp.2-10.

[89] BABEAEMEESR., “BEME N FT v 27 BRI LEHHEL,
(1984).

[90] Hill, R., “A Theory of Yielding and Plastic Flow of Anisotropic Metals ”,
Proceedings of the Royal Society, London, (1948), pp.281-297.

[91] Tsai, S. W., “Strength Theories of Filamentary Structures”, Fundamental
Aspects of Fiber Reinforced Plastic Composites, Wiley Inter-Science,
(1968), pp.3-11.

[92] Hoffman, O., “The Brittle Strength of Orthotropic Materials”, Journal of
Composite Materials, 1, (1967), pp.200-206.

[93] Tsai, S. W. and Wu, E. M., “A General Theory of Strength for Anisotropic
Materials”, Journal of Composite Materials, 5, (1971), pp.58-80.

[94] Murakami, S., “Mechanical Modeling of Material Damage”, Journal of
Applied Mechanics, 55, (1988), p.280.

- 144 -



[95] Cordebois, J. P. and Sidoroff, F., “Damage Induced Elastic Anisotropy”,
Mechanical Behavior of Anisotropic Solids, vMartinus-Nijhoff, (1982),
p.761.

[96] Zienkiewicz, O. C., “The Finite Element Method in Engineering Science”,
McGraw-Hill, (1971).

[97] Bonnes, G., Dhatt, G., Giroux, Y. M. and Robichaud, L. P. A., “Curved
Triangular Element for the Analysis of Shells”, Proceedings of the Second
Conference on Matrix Methods in Structural Mechanics, (1969), pp.617-
639.

[98] Strickland, G. E. and Loden W. A., “A Doubly Curved Triangular Shell
Element”, Proceedings of the Second Conference on Matrix Methods in
Structural Mechanics, (1969), pp.641-666.

[99] Cowper, G. R., “CURSHL : A High-Precision Finite Element for Shell of
Arbitrary Shape”, National Research Council of Canada Aeronautical Report
LR-560, (1971).

[100] Fund, Y. C., “Thin-Shell Structures”, Prentice-Hall, (1974), Chapter 17.

[101] Cowper, G. R., Lindberg, G. M. and Olson, M. D., “Comparison of Two
High-Precision Triangular Finite Element for Arbitrary Deep Shell”,
Proceedings of the Air Force Third Conference on Matrix Methods in
Structural Mechanics, (1971), pp.598-625.

[102] Ahmad, S., Irons, B. M. and Zienkiewicz, O. C., “Analysis of Thick and Thin
Shell Structures by Curved Finite Elements”, International Journal for
Numerical Methods in Engineering, 2, (1970), pp.419-451.

[103] Zienkiewicz, O. C., Tarlor, R. L. and Too, J. M., “Reduced Integration
Technique in General Analysis of Plate and Shell”, International Journal for
Numerical Methods in Engineering, 3, (1971), pp.275-290.

[104] Katnik, R., “A Note on Moment Balance in the Isotropic Shell Element”,
International Journal for Numerical Methods in Engineering, 11, (1977),
pp-199-200.

[105] Irons, B. M. and Razzaque, A., “A Further Modification to Ahmad’s Shell
Element”, International Journal for Numerical Methods in Engineering, 5,
(1973), pp-588-589.

[106] Takemoto, H. and Cook, R. D., “Some Modification to an Isotroparametric

Shell Element”, International Journal for Numerical Methods in Engineering,

- 145 -



7, (1973), pp.401-405.

[107] Todhunter, I., “A History of the Theory of Elasticity and of The Strength of
Materials”, Dover Publication Inc., (1960).

[108] Timoshenko, S. P., “History of Strength of Materials”, McGraw-Hill, (1953).

[109] Love, A. E. H., “A Treatise on the Mathematical Theory of Elasticity”, Dover
Publications Inc., (1944). '

[110] Reissner, E., “The Effect of Transverse Shear Deformation on the Bending of
Elastic Plates”, Journal of Applied Mechanics, 12, (1945), pp.A69-A77.

[111] Mindlin, R. D., “Influerice of Rotatory Inertia and Shear on Flexural Motions
of Isotopic, Elastic Plates”, Journal of Applied Mechanics, 12, (1951),
pp-41-49.

[112] Gallagher, R. H., “Finite Element Analysis : Fundamentals”, Prentice-Hall,
(1975).

[113] Desai, C. S. and Abel, J. F., “Introduction to the Finite Element Method”,
Van Nostrand Reinhold, (1972).

[114] Ergatoudis, J., Irons, B. M. and Zienkiewicz, O. C., “Three Dimensional
Analysis of Arch Dams and Their Foundations”, Symposium of Arch Dams,
Institution of Civil Engineers, London, (1968).

[115] Zienkiewicz, O. C., Owen, D. R. J., Phillips and Nayak, G. C., “Finite
Element Methods in the Analysis of Reactor Vessels”, Nuclear Engineering
and Design, 20, (1972).

[116] Argyris, J. H., Faust, G., Szimmat, J., Warnke, P. and William, K. J., “Recent
Developments in the Finite Element Analysis of Prestressed Concrete
reactor Vessels”, The Second International Conference on Structural
Mechanics in Reactor Technique, Berlin, (1973).

[117] Bazeley, G. P., Cheung, Y. K., Irons, B. M. and Zienkiewicz, O. C.,
“Triangular Elements in Bending—Conforming and Non-Conforming
Solutions”, Proceedings of Conference on Matrix Methods in Structural
Mechanics, Air Force Institution Technology, Wright-Patterson A. F. Base,
Ohio, (1965).

[118] Washizu, W., “Variational Methods in Elasticity and Plasticity”, Pergamon
Press, (1968).

[119] AFHMEES, =4F4 B8, Dongarra, J.J., ERJIFBE., “THIHEY 7 + v
=77, E. (1991).

- 146 -



[120] Schied, F., “Numerical Analysis”, Schaum series, McGraw-Hill, (1968).

[121] Kopal, Z., “Numerical Analysis”, Second edition,y Chapman & Hall, (1961).

[122] Fix, G. J., “On the Effect Quadrature Errors in the Finite Element Method”,
Advances in Computational Methods in Structural Mechanics and Design,
Alabama Press, (1972).

[123] Fried, 1., “Accuracy and Condition of Curved (Isoparametric) Finite
Elements”, Journal of Sound Vibration, 31, (1973), pp.345-355.

[124] Fried, 1., “Numerical Integration in the Finite Element Method”,
Computational Structures, 4, (1974), pp.921-932.

[125] Zlamal, M., “Curved Element in the Finite Element Method”, SIAM Journal
of Numerical Analysis, 11, (1974), pp.347-362.

[126] Moan, T., “On the Local Distribution of Errors by the Finite Element
Approximation”, in Theory and Practice in Finite Element Standard
Analysis, University of Tokyo Press, (1973).

[127] Moan, T., “Experiences with Orthogonal Polynomials and “Best” Numerical
Integration Formulas on a Triangle”, Z. A. M. M., 54, (1974), pp.501-508.

[128] Oden, J. T., Finite Elements of Non-linear Continua, McGraw-Hall, (1971).

[129] Hinton, E. and Campbell, J., “Local and Global Smoothing of Discontinuous
Finite Element Functions Using a Least Square Method”, International
Journal for Methods in Engineering, 8, (1974), pp.461-480.

[130] Barlow, J., “Optimal Stress Locations in Finite Element Methods”,
International Journal for Methods in Engineering, 10, (1976), pp.234-251.

[131] Whitney, J. M., Daniel, I. M. and Pipes, R. B., Experimental Mechanics of
Fiber Reinforced Composite Materials, Society for Experimental Mechanics,
Englewood Cliffs, New Jersey : Prentice-Hall, (1984).

[132] Maas, D. R., “Mechanical Properties of Kevlar 49 / SP'328”, CCM-83-
19,Center for Composite Materials, University of Delaware, (1983).

[133] Niranjan, K. N., “Woven Fabric Composites”, Technomic Inc., (1994).

[134] Hashin, Z. , “Analysis of Composite Materials-A Survey”, Journal of Applied
Mechanics, 50, (1983), p.481.

[135] Christensen, R. M., Mechanics of Composite Materials, Wiley Interscience,
New York, (1979).

[136] Chamis, C. C., “Simplified Composite Micromechanics for Predicting

Microstresses”, Journal of Reinforced Plastics and Composites, 6, (1987),

- 147 -



p.268.

[137] Giffin, O. H., “Engineered Materials Handbook Composite”, 1, 854, ASM,
Ohio, (1987), pp.90-96.

[138] U SA—., FEAMIEKR, “—FHFmEBkM L ZREEBESM OBMEE RO
— M7, RERFFEMEHERHRE. 7,2, (1971), p.315.

[139] #EATER K, (WHEM., “RIJFEBHERILT T ZAF v 7 M OBEEREK”. #
£, 24, 57, (1975), p.156.

[140] Rosen, B. W., “Mechanics of Composite Strengthening”, Fiber Composite
Materials, ASM 72, (1965), p.75.

[141] FHIER, EHIER. “FRP OB L BROBEOBEER Gk~
TAFy 7 HMEZERESMERE). MEL 23,254, (1974), p.954.

[142] Madhukar, M. and Awerbuch, J., “Monitoring Damage Propagation in Center-
Notched Boron/Aluminum Laminates Through Acoustic Emission”, Composite
Materials : Testing and Design, ASTM STP 893, (1986), pp.337-367.

[143] Griffin, O. H., “Engineered Materials Handbook Composite”, 1, 854, ASM, Ohio,
(1987), pp.851-857.

- 148 -



1. ABRICEE L -RRA/X

) Ed B, bBEt, BEE . “EEMEIO ZIRITTEUS N . ML 43,
487, (1994), pp.402-407.

2) Masaru ZAKO, Naoki TAKANO and Yasutomo UETSUIJI, “A Proposition for
Fracture Behavior Analysis of Composites”, Proceedings of The Thirty-Eighth Japan
Congress on Materials Research, The Society of Materials Science, (1995), pp.163-
169.

3) Masaru ZAKO, Naoki TAKANO and Yasutomo UETSUJI, “Prediction of Strength
for Fibrous Composites based on Damage Mechanics”, Proceedings for The Third
International Symposium of Textile Composites, (1996), pp.1-9.

4y EEFER, EE B, LHEE. MAESAE. “WHELEEEFBRENFEY
BB E SR D X VR, B ARFESEIE (AR . 63, 608,
(1997), pp.808-814.

5) Yasutomo UETSUIJI, Masaru ZAKO, Naoki TAKANO, “Simulation for Mechanical
Behaviors of Laminated Composites based on Damage Mechanics”, Advances in
Computational Engineering Science : Proceedings for International Conference on

Computational Engineering Science, (1997), pp.1287-1292.

6) FEdy B, BEivEE . “HRHEBRIEEAEMEID AE U 2 L—Ta 7 HRMERE
MFEEEE, 51,3, (1998), pp.150-158.

- 149 -



2. IREXK

1) BARMEIES 2B FRP P UART 7 A (199343 A 16, 17 B, KBR).
EdERE, Bl B, dEEt, “EEMEO=RIBUS RN T 0 7T A
DA% .

2) BABEYES YRS EEKEZELELRSE (199349 H30H~108208., 4
B, EEE. Bl OB, LTt “REREREEISHNYEERELLE
BB ORI

3) BAM TS K 5 FEEME I FEEHMERES (1993 4 11 A 15, 16 B,
KiR) . EERE, Bl B, BTt “SIE#RECREIERIERFOE
B O (BRERIEIC LD .

4) RAWEES WEEES LU Y 4093 (19934 11 A 25, 26 B, KIR).
LEE, EE B BEH, RERBEREIC N2 EE L EEMEO
SREEARAT

5) % 38 [B] H RIS BMEISEESEBIES (199449 A 12, 13 H., =),
LB, Bl B, SEFER. Lt “EEMEORREXEEATIEIC
B4 503" .

6) BAMEIFES E24EFRP AR L (199543 A 14, 15 B, KiK.
FEE. Bl B, BEFES. L, “EEEEMO AE RBRES
[RERMBT—EREY U A RICE S SR EERET— .

7 BAMEI#S HE25EFRP R U L (199643 A 18, 19 H., ).
EEE. SEFELE. Edh B DERIC L IBMESHEIO X Y X o
vy U e RN GREROBER FHOERE)” .

8) The Nineteenth International Congress of Theoretical and Applied Mechanics
(August 25-31, 1996, Kyoto), Yasutomo UETSUJI, Naoki TAKANO and Masaru
ZAKO, “Simulation of Mesoscopic Fracture Propagation for Textile Composites by
Homogenization Method and Anisotropic Damage Mechanics”.

9) HAMMFES E 74 He2ERE (1996 4E 9 A 21~23 B, HEEL). J:ﬁrﬁ?ﬁ%‘\
BEFER, Bl B, “YEEERFERENFERVBME SO A
VIR (A VEHEE BN .

- 150 -



10) HEAMEIFES F26[B FRP AR A (199743 B 13, 14 B, FE).
bxEE. EE OB, SFERS. “BENRCESS FRESRMBIT ARV

AE I ab—val” .

11) 1997 International Conference of Computational Engineering Science (May 4-9,
1997, San Jose, Costa Rica), Yasutomo UETSUJI, Masaru ZAKO and Naoki
TAKANO, “Simulation of Mechanical Behaviors of Laminated Composites based

on Damage Mechanics”.

12) B A ES FSOFERKSE (199746 A 12, 13 A, KK . FdiE
/. OEE B, SEFFERS, WERILEAMEIOAE YIS 2L —v g7

- 151 -



