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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)
ElectroMagnetic testing (EM)
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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