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ABSTRACT

A method of seamless crack propagation analysis
with universal cohesive zone model

and cohesive-force embedded damage constitutive law

Yuichi SHINTAKU

The objective of this contribution is to develop a method of crack propagation analysis to
realize seamless connection between fracture processes, to propose a universal cohesive zone
model which can represent various types of failure, and to formulate cohesive-force embed-
ded damage constitutive law incorporating the deformation of cohesive zone at a material
point. The proposed method of seamless crack propagation analysis hinges on the cohesive
zone model, which generally defines the relationship between the traction force and crack
opening displacement (COD) on the so-called fracture process zone around the crack tip
to characterize the macroscopic stiffness reduction followed by the material softening. Al-
though the microscopic mechanisms of the above-mentioned failure types must be different
in spatial dimension, the macroscopic mechanical behavior of the fracture process zone has
much in common from a phenomenological standpoint. In fact, at the first stage, the process
zone is generally developed from small defects caused by stress concentration and crystal-
lographic slips around the crack tip, and exhibits the reduction of the macroscopic stiffness.

At the second stage, the coalescence of the defects transitions to the aggregation of small
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cracks and causes the negative rate of change of the macroscopic stiffness with the progress
of the coalescence, which is realized as macroscopic material softening. Then, at the third
stage, a major crack is recognized by the formation of two opposite free surfaces as a result
of consecutive coalescence . The cohesive-force at the first stage of this failure process is
embedded to the continuum damage model, while those developed at the other two stages
are incorporated with the finite cover method (FCM) that enables us to simulate arbitrary
crack propagation. The consistent use of the universal cohesive crack model throughout the
whole fracture process makes it possible to make crack propagation analyses with seamless
transition from the first stage to the second one. Thus, the new method of seamless crack
propagation analysis developed in this study is the enhanced FCM with the cohesive-force
embedded damage model and the universal cohesive zone model.

In the first chapter, after the microscopic mechanisms of various types of failure and the
corresponding macroscopic fracture phenomena are reviewed, fracture mechanics theories
are explained in view of the underlying mechanisms. Then, the review of noteworthy existing
models techniques of crack propagation analyses are followed by the presentations of the
purpose and contents of this study.

In Chapter 2, the universal cohesive zone model is proposed to represent several types
of fracture, including brittle fracture, ductile fracture, fatigue fracture and hydrogen em-
brittlement, which is a kind of environment-assisted cracking. The proposed model is re-
alized by the introduction of the damage variable characterizing the effect of microscopic
defects such as voids, micro-cracks and etc. into the existing atomics-based cohesive zone
model for brittle fracture. The atomic-based model employed in this study was proposed
by Rice and Wang and derived from the universal relationship of atomic binding energy as

it is called UBER, which represents atomic the separation caused by the cleavage failure in
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brittle materials. The damage variable is introduced as a multiplier to the fracture energy
in the atomics-based model by the thermodynamic approach and its evaluation law is pro-
posed in view of the decrease of energy release rate caused by the development microscopic
defects that is supposed to be induced by the accumulation of plastic deformation or crystal-
lographic slip. Then, the proposed model can naturally be applied to each type of fracture
behavior in the cohesive zone associated with brittle, ductile and fatigue fracture according
to the definition of plastic deformation or crystallographic slip at various spatial scales. In
addition, the hydrogen-induced decrease of the energy release rate is considered to repre-
sent the hydrogen embrittlement. Some representative numerical examples are presented to
demonstrate the performance of the proposed universal cohesive zone model in simulating
crack propagations of ductile fracture, fatigue fracture and hydrogen embrittlement.

In Chapter 3, the cohesive-force embedded damage constitutive law is formulated under
the assumption that a cohesive zone is generated at a material point in the direction perpen-
dicular to each axis of positive principal stresses. The equilibrium condition between the
principal stress and the cohesive traction force is imposed at each material point so that the
resultant deformation is the same as the apparent strain of the region involving an explic-
itly represented cohesive crack. Thanks to this feature, the proposed damage constitutive
law accommodates any type of cohesive zone model, including the universal cohesive zone
model proposed in Chapter 2, and any types of material constitutive laws such as elasticity,
plasticity and crystal plasticity models. In addition to the consistency with the conventional
cohesive zone models for explicitly represented crack surfaces, the new damage constitu-
tive law is capable of performing numerical simulations for crack nucleation at arbitrary
locations and propagation in arbitrary directions. The capability of the proposed damage

constitutive law is demonstrated by conducting several numerical simulations. In particular,



the new damage constitutive law incorporated into plasticity enables us to simulate ductile
crack propagation in a three-point bending test of a notched-specimen, in which different
fracture morphologies appear around the mid-plane and the surface; they are called the flat
and shear lip fractures. Also, a crystal plasticity model is incorporated to assess the overall
strength of a polycrystalline aggregate subjected to fatigue degradation.

In Chapter 4, the new method of crack propagation analysis is proposed to simulate seam-
lessly the fracture process from the damaged material with macroscopic stiffness reduction
to the nucleation and propagation of an explicit crack opening. The cohesive-force embed-
ded damage constitutive law is assigned to each integration point in a finite element, which
is divided into two discrete physical covers in the FCM context to form a crack once the
positive principal stress exceeds the material * s tensile strength. Then, the crack faces ex-
plicitly represented by the physical covers are furnished with the cohesive zone model whose
cohesive traction force is the same as the positive principal stress that was used to determine
the crack initiation. Here, the cohesive zone exhibits macroscopic softening behavior in the
relationship between the cohesive traction force and COD. Since the physical domain in each
physical cover is polygonal, it must be divided into subdivisions so that numerical integra-
tion can be properly conducted. In this study, an automatic domain partitioning technique
is developed to subdivide the polygonal domain generated by a crack into several tetrahe-
drons. In addition, in the case of inelastic material behavior, the moving least square method
is employed to map the state variables to new integration points in each of the tetrahedrons.
The proposed FCM enhanced by the automatic subdivision and mapping algorithms enables
us to simulate propagation of a crack with an arbitrary shape under three-dimensional mode
I, mode II, and mode III conditions for inelastic materials . Some numerical examples are

presented to illustrate the performance of the proposed algorithms as well as the capability
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of seamless connection form the initial to final processes of fracture.
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CHICEMRMRESEEREREL T\, SiEEEDOT 7 OS2 -2 %
ROBBENDHD. I T, MHEHBVEHBAITRE I W RERRIZ L > THBEI NS
ZiGEmARBEICE LT, BRI SBUEMELERER D & < 7 a koo A — 2 %
KD B, BUEMEERBOFERIZ DWW TIEZE VI I TVWEDT, ZITIEE
W9 5.

BENTVG) —L A v —fif

MBLA T3 & 256 55 0 PR AL (X 2.4 DIk DEg) 12, & 250D
IARIZ D K BN u, BE Fu, 2T 5. TR IIERBREZ N TRAD & 5

IZRINS.
P S S S(H) 3_i;—1-+2snﬁ(€) 2.18)
e 27r 2)11+v 2 '
K, . (0|3 -V 2(9)
g | = 2cos’ (= 2.19
= 2n n(z) vy 7%\3 2.19)

T, KnrndB LG IEEFNENE— RIDIGHILREE, SHEmrSERET
DOFEE, XZULENSDMEBS I 7o AWM EERTHE. 22T, o0t
AWTEMEARE G lE~ 7 0 BB E B L ORT Y v HyIZE O RAD LS IZEHE L 7=

E
2(1-v)

G = (2.20)
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ZIZT, INSOMBINT A= ZIEREREEL VDI 7 u A7 — )L TidRl, ¥ 7
AT —=NVDINTA=RTH 570, %Hikd 2IPEIEICED < BUEM AR I
THET2HEND 5.
Z I TOEZGERMATICE U TR EZER IS IS IER RO Z LI BT 2 5
DERET D, 72720, EBRKNIZ Y A% KD BERIZIFE —F v — 2 OfIfE L & h
SHEREEZBEN TS, ZORBHICELTE, ¥—F~y—2ALOMICET ZIE
NIERBE P S HEREEDEIIFRINT, TNETNOMEIZFEMEL L THES
Nd. D7D, EBRIZBWTEHAKROKENRINTVWDE VWA D, £z, A%
Ui lZ ) BRI R IC D < 72, BV (KRt D HEIK) 13 2 D2 % AT
U-BHBNIZEENTWEMBENDH D, £ 2T, Irwin OHEEIEIVITHED & WML
ERAD IS IZHBED 5.

2
= (_K—‘) 2.21)

TT\Oys

ZIT, o, 3270 RIGHTH S, LATOfENTIE Z OBEPEENTE L D H K E WEHEK
TiToTW5.

<7 OBBEEMRNNS X -5 DEE

R GE Uiza=y beIVIER 25 DX 572 16 OO, Khsk D
RGN 35, ZDEKERMIZT RO RDOEA 12 E OIS T (FCC) T
HY, TNThOERAMITELEZ FBEIETEZTWS. KRHTE T IVIL 8 Hisi 6
HREZTHERINTE D, vy F U EEET 25720 BURER S EE WS, BT
EH IR DR ZA L 2N D e LT, BTE A 4 EEISHRI NS
B3 IOCET N ET D, 72720, PG e UTEENTIZX 2.5 OBEEDE % &/
FIZE 522 0FUZET VT DOWTITY, TR RAF IR L TWa Z & %0

ALTWVWAS, ZDOZehns, Z0a2=y N ILVOBRITETIVOEZSEITHTH S
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MW U7z, 7o, BB OMMERBUIRAD L SIZEX 5.

Ch Cp Cip O 0 0

Cn Ch Cip O 0 0
Cn Cn Ci O 0 0
[C] = (2.22)
0 0 0 Cu O 0

0 0 0 0 Cu4 O

0 0 0 0 0 Cu

Cy1 = 142300 MPa, Cj; = 124100 MPa, Cu4 = 95240 MPa

77, EEOTROERIZETA/35 XA — X iE Table 2.1 IZRTfHZHWBID, w70
VBACRERLE TV, — R EREEMERr CHW SN B R D & 5 7% Mises D (R
&, B XU Voce BUIERRIEEMERE/LE T L & T 5.

¢ = \/ ;dev[ﬁ] dev[o] - T, — g (2.23)

g =Ha + (0o — 7,,)(1 — exp[—Aa]) (2.24)

ZIT, o RIBMEEAS A — &, T, 13 2 0BRSS, H .o B & OA ZBMEREL
T MBI A=ZTHE. DEDETIIZEDNT, Bl RIABREZITS Z &
T, 7O REZERBEAE L 2R 0T AR E HHT 2 7 8RNI X —&

ZRDB.
9, 2=y b EMIIHLTx#IB L O MG 700 $ A% 52 HERIEEH
ZNX26 DFRBLITEFEDOTHY hDLSIZhE. s 200N AMIRIEE S
—HLTWEY, BREMETETThTWEZ, K2.6 DEMRD XS IZIEH
TAHEN Y27 00T AZEZBO 2 DOMKRO Rz S XSz~ 7 aikis
A—=REPRET D, ZOLIIZUTHRELZYZBMEINT X —XDffi% Table 2.2 IZ

R
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BERY A ZIKEFEDORET

9, M27I0RT &S B EHEOMTE T V2 HWT, BEEY A ZOMERFMEIZO W
THETT 5. MBI ST A —XIXE =206GPa,v=032 L, fEFEE T A —&&
Table 2.1 (Z/RTMEZ AV D, FEEGALIX (100) 23zl e TEIZHR D LD IZLTWS, F
7z, E9 S ZUIBIBHIED £ 5 IR AN SEND Z L £ HDEH, £ < DHEAITIEE
RN EERET 2 Z RS NTWED, —7, SZERITERHMICKE FEE
ZF B0, AW T RO 20 S IR OMEM G L BEICRERRNZ SRS
BEEL, $EANETNVER2TIORT & 5 LI H S ERICHET 5.
2.7 D EFZSGHEEOEZY 1 A h% 1/10 mm, 1/20 mm, 1/30 mm $ & ' 1/40 mm
YUREARETH L. HEENIEHE BB T 2HNDOK I 6 SO 36 MO
DRPOREEDT 2 L THILL, UROMITTERUBOBEAMEHW5.

MEENETNVDENRT A =KL G.=4.86 MI/m?, we, = 1.0x 1072 mm, 8 = 0.0, C = 100,
m=10,n=0.1BXTY, =002KET 5. FET 2K HEIL Ki=100 MPa-m'/?
BELORAHIER =009 5. SRLHIIGHEFREEZSNLDT, SHMEORE
BHDEBRKE R BEfT 2 SHEHEEHRT S.

PAE DS CRAERRNT 24T o 7245, SRR U2 ZIcET 291 7
BOBRIIH 28D &SIk o7-. 512, SHERELEZZ DT T 7 OHREIZE T
L UCEIE S 5 &, Table 231 TR$HZG72. TD Table2.3 55, h=1/30 mm
BELCh=1/40mm O EZEREE TR ML TE Y, BEEREY 1 X2 +0MH
KR#ET2Z LT, BREYA KGR REIEPHRTE S, LEKoT, M
DM ClEh=1/30mm A FOERY 1 X2HWSZ L LT 5.
BB A —9 DR

FTHANET NI ZEHEGEUINDINT A — XX Table 2.4 D G, w.,B & T

59, 32fiTHWZ2=y bEILVERK2.9ITRT & 512 2% O 2 FEE L,



40

SN ZDOI=y bV IESZERT D ISITHEEGNETIVERET 5. fE#HTICH
W5 EZGEESEHEDEEY 1 X132 6.25 um TH D, FEEBAEITHE 66 pm B X OHEE
50 um &9 5. EHGIITHE LU 72 285D O iEISIE R (3.23) B LUK (2.24) D&
FEETVEL, X (Q218) BLURK (2.19) TRINDEEDIGHIERREUIZHE D
EhG %52 5.

iGN 2 S AR T 256, T OEREE IR SNEICRR 5720, AR

&, Bk B3R —VDISERFEIZONT, XQ2.1)DNY RARDNT A —&
IZDOWTHRGET U7z, HARMZE R ORI LN, KD CcsEUn
IZPWR —RADEE S L W KEEYMHAA A =T F 1 bRAT VL ZAHIERA TR
N5DT, AMATEZRMEL LTINEZHWS

435 x 10713706303
- (1 _R)1.56

m=3.0 (2.25)

ZZT, T.=30°C, £, = 1000 BE VR = 0.1 LAKET 5. IILKREEH AK D3
54 MPa-m'/2, 63 MPa-m'/?, 72 MPa-m'/2, 81 MPa-m'/2 5 X 0* 90 MPa-m'/? ® 5 7 — A(Z
DWTHENT 217 5. N (2.21) & 0 2 DEMIIE ryg 130.218 mm, 0.254 mm, 0.290 mm,
0.328 mm B L1 0.364 mm £ 725D T, K29 ITRTMITET INVONIBITAET S Z
ENbNr5

% 2.10 12 AK = 63 MPa - m'? I8 2V 1 7 )VE e AL fiE ok %Z RT.
ZOMEY, HAESKNOEZEREZIXIZIE-ETHDH, TOMITKEHIZRLS
ZeWbnd., I5IT, SHEVPRAZHEATHORNAZATIEOERELZILX 51
RELLZHLTWSZ ehbnd. ARBELIZEL TIE, BT s8Rk L O A%
PR RO L BRD D D Z L BEBRNHER I N TWE DN, 545X 570 555
MRHETH 5.

4 2.10 DFEERRINIZ S T B ERFEE 2 B o B L, RKMES & CR/MEZ ST
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PLRFREHIPHIE Ik D, TNH 2 DDMEIZMAT, 2=y b)b |l D5 (X
2.9 DFFKHE) % SHPERIERT E2ETOY A 7 NVEERD, Bohi=Y A 7V
DO EI 2RI L TN EHERKELZRET L. Tho 3 D0ERE
HE, BLORX 225 2HWAER©2.1) TRINHZ N AAZK211IRS. BEERIE
T RGO 7oy ML T Q21) OEBERTEM LM TH S, ZoHED,
SIMETH 2N 2.1) IFFIHEDOME D —H L TWAWD, FEENNIZE T 5 S A
BEHEORAMEL K OR/NMIEDRIZINE >TWVWE. 2D e, KEOHHTIZEW
THOWZREEGTET VDN T A —R (Table 2.4) IR RIFZRMETH B 2 E X, UED

BUEMAT B TIZZDNRGA—REHWAZ L 2T 5.

233 RIHWEROBIERRTH

REETINVERAWEERASRETET S & U—EIRIERE T OHRIRES

ARETIVIEHTRD K 512, BFAEAREOMalEIE 2 £ U7 €TV 240 R U
DEHMIRIZHER UM B NET AN TH D Z o, T2 TREHGIEL XUk
IEATE T O 2 FEEO  ZURBRIEISHEM L, T OMFTEER 2 g - et s 5.

FRATE T IVIZ E BIT 212K T £ I 25 D=y k&)L % 3ENEA 72 0.20 mm
B L UHE0.60 mm OFEFE U, #IHEZ2Z020mm &35, ZOETILVD L% 7
FIANZERGIANL 2 N A, BEHG R E O S ZERMES X F—E IRIE A BT % 17

5. HFASIRAME T O & ZHERMNTIXGIR0 T A 1.5 % 12705 & 5 7wiRil 246 T
Nz 5 2, —EHRIEA BT CTIER 2.13 OB CTRT & 5 RENERZ 5 2, mA5
BROT A 0.25 %, BUNGITRO S A 0.025 % DI 0.1 £ 3 5.

HUEHRBRATE N2 51 5 300 step RO BIERARIDIG S, EFT R0 &S L CHEEGHE
DA ZH 214 1R, 22T, FimEdSEENTMETHS. 72720, RIFOHXT
IR E ZE D S MIE H O ER P Z R LU TWS. X 2.14 D X 51613 & 25k
MIZEPLTED, ESRICEGTUTHNEADRET S i<, ESHAVERT
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5. RIZ, BI2ISIZRTEATY TTOSHEREELAD L, FfEMANEIZSHADER
THRHENE L > TWE I EWbhd., TSGR & > TS IREN R 5 Z

ZINZ, B2.14 1R &KDI23%FHE 4FHORORGERTLEME IR RO TR D4
R EL 5720 Th 5.

Rz, —ERIEEE TICBIT 5 1310 Z)VEOFIER G E OIS oA % K 2.16 (2,
16 %1 ZVKEDBIRARDIT &, ERMTARND &S KCRGHED N %K 2.17 1I2RT.
ZZTC, FmmANESEmNTETHSD. K217 &0, 16 1 ZIVRHIZEWTES AL
TUT, BERAIBBUNEHPBEL TR Z e bnb. £z, SRL»S 3@EHE
E CTOFERMDFLDERIZE T 2 TN ETNOBEGEOHERE 2 2.18 1T/RT. HIEGH
IZX 2,18 D L D IZREBARIZEM L TH 0, BREAGRICITEGIZIZET, Bk o A
WU TWARTWHRTE 5. 2EH L 3IFHOMBEN ZILKT 5L, 1Y 1 7V
»S 3 FBHOKEFRIZ B 2EEEDO ABKE L Lo TWD. THIERERH A OARY
—MHIZ & o T, 3FHOKEFRIZBWTRNDNELRE72HDTHD (K2.16). ZhiZ
Lo THEGOETHVEL LD, BIRMZBUNEHAPESHITTITUTHRELTWS

AED S, BGHSRME N Tl S 2LImZIch»EhT 5 Z 2T, LD A THE
GOHET U E S AV ERT 5. 72, —ERIEMETTIE, kORI
TIHRHDENEFT T EEZITEITUTHUNES AP RET D, 20D &5 2EHIIFERK

WCHHERINTEY, BEETNVIZLDEHRICHBETE WA 5.

BARETEICK DEFSHOEBEYNR

N ARRE T E R\ RGEI NN - 72O EHERIZOWTIHT 2175, f#
Mt gIdaifi e FEkDE TV (K2.12) & U, Hiffio—EIRIEMAE N OMNTHEE &
W5, K213 1285 REDOFERIRT LD, BHOY A 7 IVIZE R DmKEIR
O T AT EIREMED 2H5DMEE L, ZDOHEOMED KL GRS Al —E RiFE A EH
CRICMEETS.
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9, BRMEEMZAZGEDO 214 7V E O SRS 2 FBHDEZRIC
BIISFIRAADIGH EEMT AN EOHB 2 2.191ZRT. ZOERFZ2Y A7)V
TR SRR T 2 HEATH S, K219 K0, @ATRHIHEINL 28001, R
FIRFIZ IR A U, BAESHIZIERERNZEL TW B, 72, EEI R0 mITEMRRCMNL,
PRAGIGC—E & o 72412, JEMEISNAMERT 2 Z L THERMLTWS. L2rL, 2
YA VBB TIEEBR TR BIZFLALEAETT, ~EDEETHLILbhr5.

WARFTEAND S 72 EHED 2 Y1 27 )Z BT 5 () FH#kERS & O Gi) Rk (22.13)
DBIEAFDIS A ZK 2.201ZRF. K2.20) &0, —ERIFHAE T CldAERAR
ZHIERIGTI P E L TE D, BRATRFIC O A CIERISIDREFH L TWEH, 1FEA
DI B WTIEMIGITIFE L TRV L2 5. ZOEMINIIE, §lIRMAHE
PEAUZZBICHEMETE S KO T HEENRE U B Z & TRELZEEZONDS. Th
LT, X2.200b) &0, KA E A OB IS EERAR S ERISIXIE L A ETE
FALTEST, BRARFHIZERICHBPEL TWD. ZHIBAMEIC L D S
FIRICE B2 RERBHIELEH I NG L LI, AP TI27-20THS. SHL
WZBE T 2 ERITE T DI IMEI, —EHRIEMAE OGS IZIX SRR 480 MPa, FRfT
[RFIZ 44 MPa TH 2 DIZH U, @KRATEZMA 725G I12IE5RFIC 182 MPa, FRAHRE
I2-323MPa £ 705, 2D & 5IT, @RMERIZIE S R0 28 IRIED &K
EPETFTLTWB ZEDbhb.

RIZ, ESHLENS IBHEFTORBERIIB I 2HEGHEZX 2211277, 2O
D, BWRMEBEHMADOLEITIT 1 BEHOEZEOEMBGMHEIZ 1Y ZIVEHTIITEL, BIEL
TWBZehbhd. UL, 2HFHUBOEREOBGEIZHR ORI L > TREL
L, ZnABRIEENR D & 512 E R/ LITEH T 2 RKICIMET T 572012, —
ERIEATE N OHRGMH & K U CHREOERFBEILE LoT w5,

X 2.221Z 14 VA 7 IVEED S H e umn DB T R D &ED A %2 NimH 2 2D\ CHim
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WFMEE HWTRY. ZORRCTRRHIZ —ERIFME N IZB 1T 5 & 2500 EA D&
WANZERL, ROMEERATELTWD,. —F, BAMERGOLE, 20T
REZIZ1I ODHOKEAMIZH D, TNIFEERL TWRW., SR EImEEOSEH TR
HEODAN O, SREHOFERPICTROPEFLTWEZ Db, EHTARD
BIZ 1Y A2V T0036 THEDIZHLT, 145127V TIiX0.037THY, BRDL>
WA DBMARMETRKESHELEEL, TORIFIFLALEELZL TVRN. Ih
EB 219129 & 51T, MO Kfr E kAT R O BEMEL L IXF L2 ES> DT, ©
DB OB IR EHERFHAN L 720, UBETIRIEE A LERERIRE LRV EE X
5ND. BN, —EIRIBOMEZMZ7ZHE1L36 31 Z VTN 20125 L T,
WRMEZMATGEE TS VA 7V Tl 5. ZOX51Z, @RMAENEHL Y
BIIFBEMEENE L, S2EmEI S KM TEET 5. Zhizk-T, &R
DMETT B sz, BERRORMPHIHII NS ZLi2& by, SHERELNE
72 5.

DED &S, REEETFTNVEZHAWS Z & THFARM B X O 0 K UEMR O A
EEZFEZ2EBTE L2 EWRING. T 51T, BNZENHEICE > TEALLESG
BRUIZ L > T, HEMEOHAHNETVIZB I 2RMEDE RN EEShZZ 2T, &
fif - BRITEFE &2 B U 72 € 7OV CIE AR AT R840 KA B DI 97 & ZUE R ARAT S T 6E &

VAESW

24 KEFMIICK ZBIEHEBEDOERT

241 KERBREHRICEDKHEEAETIV

AEITHE, B 124HTHEN XS IZERHEH SRA U TKRH TR T L IR
MEDE T 25 %5 2 & T, KEMLe ZREARBRHEGNET VIR 5. 27/
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U, BEETNVTIEX1.6D LD HKEOIEUIRTE I N TWRWD T, =ZUHEREMNT
21T D BN KR ILE RN %2 EE T A2 B D 5.
%9, Griffith®-Orowan"'O-Irwin® H i IZ/E, EEFR T 2V —MRE G, 2 FKA T

PIVF — w, EEMERNIZ L > TR T 222V F — 0, 10T 5 &,
G = 2(ws + wp) (2.26)

L5, ZIT, wl w, W2fFZINTVWEDIE, SHVERT DI LTHAZICET
2ODMHMPEEINDT2DTHD. INEIXRVF—RELTiEdT L, K2230D
HWEMD LD ITD. EANERET D121 20, & 20, DHITH D G. BWBETH D,
SAUNERET A H-IIIERI N E R DDHIZ 2w, NEZ 5N, THIIfE->THE
U2 EBMRAIZ K 5T 2w, DBURT D Z £ 1272 5. Serebrinsky 53 KFRIRE XS
5wy DEAIZH U T, 3224 OF—FHEFIHREOKER%2 b L IZROIEMA % REL

TW5.
wy(0) = (1 — 1.04676 + 0.16876%)wy (2.27)

ZIT, 6=C/C;THY, CRERMIZBITBKERE, CIRZONRREETHS. %
72, wy BKEZBERYODOROERHTRALYF—TH5.

—J, SEMEIOBIERHS CIEEERNICEIBRT AN T —DAREHETSHZ
EDRHONTED, wp,3HTABREWRMMBITIE w, ~0THEH, RELE DM
BTl w,>»w, THD. £z, w, F o, LHEBRED Y, o, DDTPRE T w, D
AWK T 26720 FT ZeAEHINTVERIY ZOWEIIAPELSEL V. Lk
MoT, AT w, 1w, ERKIZN (227) D& S IZEMTE2EDERELT, K

ANzRHT 5.

wp(6) = (1 = 1.04676 + 0.16876>)wyo (2.28)
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ZIT, KEEELAYOOROBRT XLVEF—ThH 5. X227 B LT (2.28) 2R (2.26)

IZRAT B &, KBRS DT 20V F — RO LI,
Ge(6) = (1 - 1.04676 + 0.16876*)G.o (2.29)

L5, ZIZT, G ZKZBEENRYOOHOERZ ALY —MikEThs. X%
RN Q1) IZKMEES L, AR TRET AEENETIVOERENREE LXK 2.25
DEDITKEEBEOEINI > THAD TS, UEdiedsdy, Rifioa1€TIL

ZIKEMiAb 2 RFETE DL IR LUZETVIIRD L 51245,
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o FEART VYV Y IV

¥ = (1 - D)G, [1 - (1 4 K)exp (—1)]
We We

o KFREIZ LD T X F —fRFRDEA

G.(0) = (1 — 1.04676 + 0.16876*)G

o HR SR HEAN

w = /w2 +pBw?

oY ow G, (wy w
t, = %Gwn =(1-D)— (—) exp (—W—)

C C C

f= 220 gy pyZe (W) exp (-2
(9W(9ws We \We We

o BGEHDIIEFFERX

D=C-DP(NT - VR 720)

D=0 (otherwise)

o BIGLI L FFERRIIFIT

oY w w
Y = _6_D = GC [1 - (1 + W—C)CXP(—MTC)l
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242 KERM OFUEREHTH

RIS & CRIADILECERE D& W & E & U 7o KRILEAET

JR PN & LT B BRI, RSk & RS RRLN T 2 OILHGRE N R 5 Z
EM—IRINTHI SN T WS, ARSI D 5 [F D3R AE R TR 72 % 7 D 1T R AL IR T I
JRFEANZELAVIZ & B BREIDELD, T & o THESRL U 81 2 W'E BEE A4S ks
WL EHHELS 2D, ZOK D 2YEHESIE Fick DF 2 ERNIC K b RATEREI N 5.

oc
—+V. 0 2.30
Fri J= (2.30)
ZZT, jiIWBEORETH L. X617, ZOUEIX Fick DF 1 3ERIIC X D,
j=-KVc (2.31)

TRINDE., ZTIZT, KIXIEBBRETH D, BHRO@E D &SRR & RN T2 5 68
EHTHD., ZoR231) 2R Q230)ITRATS L,

aC
Eﬁ-::V~(kVCU (2.32)

L5,

FRRT A SITIE, B2.26 D & 572 0.25mm OFIH & HAEA I 72 1.0%0.4 x0.025mm
D SENGABR & U7z, #EER O IZRIZANEF DEEAY0. 1mm D ARAHEE U, KEifh D
1160 MH & U7z, BEFREEI, W1 & 2E B CREICKEDIERIEIEL TW B LIREL,
PIIEHM ETO=12F5. K2271TRT & D ITHEMTIZ AW ARERZETILT
(A R ST & MM U, KR DIREERE & A Sk St B TR K D 2.53x107m? /s
U, MM TIRFERNA LRI DS FIIREWHELE U T253x 107 m?/s % @
U7z, 2P, Hibd 2 SZERMITICBITERBERET NV EIFINOEDZMHEHL T
W5,

figtr DFEER & LT, 400, 800, 1600,3200s 2125 1F 5 KRIRE 04 % X 2.28 1T/,
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ZDXM S, KFEIXMGDIERRBIR 2P L 721212, RIS ANIREAL, Bk
AR E R CEIC R > TWB Z L DR TE 5.
KFRMEIEIC & 5 = SERBEMN

IKEHLERFRAT 22 & 3R D 72 0,400, 800, 1600,3200s 12 B 1) B /KZREE A FRE L 455N
ETFII R X, SZERIENT 217572, BEREMIIM 2.29 O & 512 BRIzl
22470 7% 0.25x 102 mm A, D b Fiwmh iz y G e U, ST ISR
EFEBTHI e Uk, fEHET VISV & L5EN AR OR SR LT, Kifhh
Gtk e RO ERICEE U 72, BiiE F U<, MEE TVIER (2.22) B LUK 2.1
LU, WEHNETILVDNRT A—=RIFEK24 & LT,

KRB R EN 2 MA 722 212 & 2 RIS SR ARDIG 576 %
2.30, 23 0ie) (RO K 1% 2 DHBETH - 728) L EAMATOVTA (5
Z TR ZE AL %2 SEAR DMET IR TR U 7248) DOBIRZ B 2.31 1I2/RS. F7z, ZREERH Os
D, DF D AKZEVNLIHELRVWEADO SZERMITOMSRL I T 5. K 2.30(a)
DEDITKEPRLSHE L L WGEITIIERER Lz SHPERT DD, KEIE
THHEIFETNTNORERIEICEHOMBEREEVPRRD I LV bhrd. I,
IKBEMEALDE U WA IIT ERIEFIR I E BERHANCERT 572012, FEFRH
WEERET 20120 LT, KEPNFET LGN 2.28 D & 5 IZ/KFEH kR %
BEL CHE T 2D T, kA OMELVFERRNATL D BHEIMTTH72DTH
5. 772U, 800s THifEMNZ & ZAMHEIR L T\ 5 DIEfE & AR DA — IR
peEZoND. £z, RPTOIGHOTABRIEK 2311TRT & 5 ICRBERMHE
KRBIZDONTHIRBI AME RN L, HHMHOEIRELSR>T V5.

UL, ZTO&D R EHERFHIFEROBm A SBEINT, HOME - RKED
T - A CREORBEPREEIZ L > TR T 2129, 72720, BT I0T A
RIZH T 2 BERF M QBN AL S M — I L S 0 5 Kk E b o Fhgks R & e
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PHZ—BLTWB2D, 20728, &ENEOANMYDORERERE L -FEIAMEECe, %
ZHIZB T D EN AT L DEFEFOFBEARED & 0 G 27> 28T, BEL

RBENETIVERWTIEERA EDEVWEEO TRIARTH L EEAOND.

2.5 BREETICHITBEMRE

AEiTIX, Wi COMREEETIEOIZ, Yo7y ThllEZ2 & CREMREE
BREARE I — LSS N ET V2R TS, TODIZ T2 IVF —BIR L HEE

EOBIRIZDOWTHEIRGT U BT, BELBORERGTENIIOVWTHITRET 5.

251 BUETHEEELA-—RIEESHDETI

e RSP, FOWUEER 25 272 & O AL L O@EE OB % v
T, WEARTITPED Mt OB LT, SRR MOZA (CTOD) iz 17> T\
5. EERFERIER 232 O & S5 ITHRE DK NI E > TR CTOD fEAMK N3 5 &\ S 4
KOHRE —HLTWDE., ZOX%EH L IZ U THERNZBRA CTOD ff, iz ¥ 03 A
EUTHEMUZEEOTAZ LD L, M233DK512745. 2O S RY CTOD i
FIMOTAORINIA E > TRHA L TWB Z Wb s, ZOMRM CTOD fi & TR

ZIERADERDE D 5.

dyJ.

Jo

CTOD = (2.33)

ZIT, oo 3HIHARIRIG T, d, 130T AEIERRE TR O NDHRCEMTH 5.
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(i) loading condition (i) unloading condition

(a) constant load

(1) loading condition (ii) unloading condition

x (b) overload
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(a) brittle fracture
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(b) polynominal type

(a) trapezoidal type
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(b) 30cycle (¢) 49cycle

Bl-2.42 # 0 R U2 & 2 EGEMHED 24

0.0
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3. EANEIEDAAL BEEREORE

3.1 EL®IC

H2HEDO LT, FERED DFEETIE T IV & AW BB CIIETE & % € %
TEMRENRDHB7-0I17, EEAMICHERT 2 SAHEMN T LIIRETHSL. £z,
1R THERZ LD ITHGARET VDS ERJRICFERSBITTS72012H,
WERDIEGNET IV EEE UK OMEENART R E 0D, 22T, AETIEWHES
DIPRIPRE) 2 EB 2K 22 AV 2 R 72 DY S 85 A & NSO 72 B VRS A %
RET 5. BRNIZIE, Smeared 7 T v 7 ETIAPYREEZOCEINE TV (Rotating
Crack Model) "2 & [AIfkIZ, MEHNEBIZBE W T ERII A L ER T D HNICHNE A
FETHEDEIRNET . SYWEAIZZOEHOBEOBEIZ LS A2 T LoV TA%
E#zL, TOO0TALEMNREAT EOIGHRT ML, Thbb, ERHH»EEAE
ETFNOBBE CHFRDT 5N 5B & 5 RBGRHEEIZERET 3.

ZD &SI, BET2EGHEKANIIEETET NV EZWE R OMEIZEE) & U TRERHINC
HMDIAAZIERIZ > TWE T8, KX TSI HLARRGHE K] (Coesive-force
embedded damage model) L FFHS 2 Z 2125 5. b, HOALKANETIVIIEE
DHDTEL, HORAENLMMOMHASERTEV. £z, REET NV EARERE
BIZEETZ12H20, WEHRIZBTSZHDOAMEDDEWVIREBIZE TS ERITD
FHHEFEII-BIEL2BUEMR TNV TV AL E2RATEH, EHOHBBRO ZD LS

81
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IRREIREN TN T WS HRIZ R Y 72 578\ D T, L5 s 5.

PAF DS 32 8T, #EAIE TV & SR RSN L AGA A 725G G D BEA TR 5
HRAIDEALZ R L, SROFAAEICET RN HICEHd5. £LT, Z
DIEEE TV & A RERIFIT TS 2 RO BAR BB 7T 7L T XL %2 R3S 5.
BRI E LT, E9HMICERINZESAMICBATIMANETIVEREET
W Wz —HREERAEIZBEWTIE, R AMDISENTRII—HT LI L 2mRL
7RIZ, BISREA &2 % 1\) % PR D BUEMENT ] 2 8 U TIREE TV OREZ SIS 5.
RIZ, FRBIE 0 ROMEYOMITHIEZ IR LT, AL BUERT 7L T Y X
LDZYMEZMEET 5. mgIZ, SRMEZEIIZIEET SMEROKEGHE TV TG
WWEGTIERNEINDIREE— N TFTOSHMERMBITHIZEL T, RELEZHES
SEGATIR GRS O BRIV 2 BIRES 5. 533 HiTIE, SHEVEMBIERANI N9 % &
B ARG O Abd KO OBUERT 7 VT XA L% mRd. £, H2®=
TREL - RIEAET Ve Z OBRGHEEANIZHAWT, 5252 HOEVE & 2R
2B DB OHIMRICOWTIRGES 5. HE34H T, MHEMERKRNIINS
Hin e AR BEGRK 2 E AL, SRERARICRVRUMEZEHIELROT
M 3 D FHAM] 2 7= 9.

3.2 EENEARBEERR OEMERRADEH

AREITI, —RouHM 2 S G HE & DDA BRSO 2 2 AL U 72 1&, $X
MBI IRRT 5. /e, T ORMGREKNZARERIERIZFET 5 70 D0 BKR K
EfRIT TV TV XL ZRHT 5. 2 LT, WL D OFMEMNT %8 U TIREMB O
MEREZMGES 2 & & 612, BUEREZ1T 5 D A TEAD ML DV AWSRMA 2727
ERNDAMEFEIZ—HIEEILOEEEZHIRT 5.
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321 #EEEAREMREENADOENL
— RIufERE

B3.1D&kSiz, (KABRREREHENETNVPEAINZES hO—RLET IV
2EZ, ROTHAeMEALTVWSEDL TS, ZOLEDEHMOEEZW LTS L,

B Eo §77~Ci,
w_ W
g’ = (3.1)

Thbd. £z, HFEHtlFwooRTFYyIYILEHNT

d¥
r= I (3.2)
DEABETRINEGED LT 5.
—F, —RITETIIZEHLTWBIGH o ld, E Z8MEGREE LT
o=E&c =E(E-¢&") (3.3)

THEZo6NS. ZIZT, ekeld, TNETNHHEOTALLOTATHS. IhirHE

MAREGR ] & FARkDEATEHL &,

a:E(L-éjg:E(L-%)s (3.4)

b, bbb, Ve \TEE AL FRRIZ 2T ORI 2 EKd 5
bbb,
W, TO—RTETNLDDHDEWIRETIE, InhEEENIEFELLREZDTo=t1t

MO E, NB2) L 34) 2FMELT
gww)zﬁ(g—%)—mw):o (3.5)

NEOND. ZOFMANX, BAEGMT (Strong discontinuity analysis) 202025 &

HETNEZEATLIEIZHWS NS ERENO RNEGE IZB T 501 & iEE DR
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BRODEWFMELFHETHD, RETIVIZINZVERICHEHHT2EDTHS. Hib
D&z, XG4 ILEFRERBGHEENORRTH 25, FMX (3.5 %@L TYEN
DIGHRT PIVEREEGTETVDONINT MV EETZDT, ZOETIVE—RIG
FIREIZ S 2 TG IHARBGRERR ) LIERZ 2127 5.

Pllzgeonde, —RuMrErEIN U CTRET 2554 A RB SRR ANIZ R

DEDITiA.

~
o 0T ADINFEL R
e=¢&"+¢g"
o GHUME AR EYCHI
o =E&
o TAFHMIZLBZEN T EOVT A
w_W
T
o 01 L HEARTT t(w) DR
g'w)=ow)—tw)=0
N J

7z, OFAeBBAITHNIE, ZORMGRTSAFORw 2RDZ272DD HfEA L
RATZeRNTELRD, iF ki) X—r<sy ¥y 7 AR LTokE 2 127
iz,
% R

KB LFAKOEREZRAL, FMOTAREDOREEEZH NS ZET=LUT
SSRGS ZIE K IS NTWB A, REOWIERS TIIEANFHETEZ
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CIZK RN T DI 2EZ DL, MEHNEERIPBE®RTHS. AN T,
PR &l OFSE T TV & OBREIIMEIZ Ly S, Riffi CHUR U7z —Kooi

REIZ 03 & 5 Sy DA R PR G BRI 2 2 R OT TRELC FRAR 9 5

9, HEIYMERIZ/EHLTWS Cauchy i HZLARD K SIZARY MVART 5.
DIM
o= Z Ve @ e (3.6)

i=1

22T, DIM BZERMRGE, o REAME, e BEANZ MLERT. 7L, o >
oD > ... > P DlEE T 5,
WE, FEIROOENE TVE3 LB, MEAICBWTEEH o D& I E

HADPRET 2D ERET DL, TDHADSHFALMDED w? &2 Wz ZaT b

DEOTAIX
(i)
wi) - W
&0 = 25 (3.7)
ERIN, OTAT VI ev i,
DIM
g = Z g"Ve) @ e (3.8)
i=1

b, 22T, WRIOYERICETIRXESTHY, BOHIZIZZDOMERENE
NHbd. BIZIE, IRXRTOAMICARERONEHOER R EEZFRALTH LWL,
FREZDOXMAMOUDOEIZFALTERWL. AHETIE, BT XA
REFEDHE AN BRI R T2, BEOEHEEZRMTS. b, ZITO
[FIEHDEAANCEABFET S & URKE, BMEIOMEIERIESE I E, B
LI Iv I ARy ) — o () KatEp R OIS U Tidz Y
LEDOTHhDHLIND. AHIFETIE, 2D B8 TEHLAEZVT A% “BHOVT A LIER
Z2izs 5.

FO0TAeY 20T Ahe S L, BMEOT AL

g=g-¢g" (3.9)
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EROOENDBDT, HEHMEARDOHEEAE UTo=E & 2fWVnaL, EoHo? X
Rayleigh 2 & D, XRADXSIZRKRT I LNTE 5.

o =e" . ge” =e? - [E:(g-&)]e” (3.10)

ZIT, ol DELAP—HTLILREL TS D, FHHMHEZRETSL 0L

e DEAAMP—HL, FRUZEOTAeDEAME —HTLEILIT%2D. Likdio
T, XGB.10)1&, X@3.8), 37 KEZHNWT
a@:e“)-{E

} e
DIM

_ Z 7 |E : (e ® )] e} (69 — &™)
j=1

DIM
£ (80) - Swm) (3.11)
j=1

DIM

Z (g(ﬁ _ gwu)) eV @ e

=1

LRTIENTED. 22T, eV IFEOTATHY,
E) = o . ( E: eV g e(j)) e (3.12)

LBV,
S EFINHEIF—HTLI2EDEREL T WS, —Rot &[RRIz, Fint o®
EREENET VB WT EHHEIZHE X NS HEE T (Ow®) DZRTHBEIZ B 1T 5 S

Al
S DDy = g — (D(D)
DIM
- Z E(u) U w(n — D) =0 (3.13)

Dbkzfedsd e, —RuilEREIZN U TRE S 5856 1 HHARUR AR RN R

DEHITB.
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. N
o U3 ADINE DR
e=&+¢g"
o MR A H
o=E:&
o IARHINZEBENT EDOOT A
DIM
S—EZMW@®W
o NI EHEESTI OWD) DD E VAN
gW(i)(W(i)) — O.(i)(w(i)) _ Z(i)(w(i)) =0
\_ )

S AR D RAFIZ W72 Newton-Raphson i, 3 K UHEY 2 €7 v OB ERIXAHE 11
IZEe 9.

PUR CIBEEBEB B O ENETIVOAYIRT 55, Z 2 TENML LU ZZFEE LA
RIBBGHERR AN & 25 0L, X G13) OFRMFEARERAEZM e I ITRET 572
O, EREOKENETIVICEHTTRANANZFETH S I 2L T L. &7
U, #&& ARG RERRA CIRANR O X S IS EISH AN S ARFRAET 52 2 2K
ELTWADT, SHMICEESMR RO ESHAMAOZL w, BSw?® & IEL, B
HDwidEO e85, 207k, PIZIEE22HOMENE T IV & HWGE 1T I3

BE— FEBIRERN RN T A =R 2705,

322 HBEMEAREMEREERAIORESTE

BEETIILD XS B GFHEEGREERA 2 AW A54, BHibis T ORI BUE/IZ
REEINTIHRDZEDRHSENT WA BOBD - %7 JEpERE R & O AGDEIZE N6
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TELEL220EVWARNTHE AL ZEA T 256, VHEMREZ #7296 DA
R MVHRAT, ZOMIALITHEE EAFEETH 5D T, B IZIX Newton-Raphson
HEEBEHTE RV,

ZZTAME TR, BHEOAT Y T2 WL R 2R 2D DBEEE 7 L
TYZXL&UT, EAMHEDREGA U - BERREUE I % R0 Z3l ) O KSR %
BRL, o DOEMEZMRE T 5.

o LIRS
[ 5 {11 D 7 % AL U 7250 A0 7 BERR S i\ T Newton-Raphson 4 0 i 2t
BET, TOEBEBRCHEAMEw? 2 TrEERY ML e M EE

ERREYRES

o AN FEIRARE
BRI DAT Yy TNTEENRS MVEEZE LD AT, BEAMEOAZIBLL
7= $&wk%& i\ 72 Newton-Raphson 75 % 38 1 U C Pl 52 X 2 i 72 9 [E A E w® 23
EE o7, WNETHIEHDEAERT FIVEEMOLDEROEL TEEL, %

DFTEMES AT v FI2B ) BEEME w? % KD iE 3 iRk

Hi#H Tld, KEOBRETEAENRY NUVDBBERED S Z Lo Ef RO HFER
IR & AR WU 2R R IRTE & 2 B 728 DEUERMRIE ] & Uz, —J, $B#FI
B BEBENZ PVIEEES ATy T CERNRKEFREIZ L D ERH I, TOEK
AR D727 TEIGED A % KPAL U 7 Befi & I\ 72 Newton-Raphson %12 & O [E A {H
ZEHT 5. FEAMEIZEET 2 e B R0 E FI W 5 Newton-Raphson £ E A < 2
NMVIZE S 2 SR RAEF D AN TIZ R 5720 THEMANTERREL] LIERZ &
IZU7z. TNFNOTNITY ALDT7a—F ¥ — b %X 3.2 2331257, TR
fifik | 1238 % D Newton-Raphson IEDIRA: & BRI N D THIIIAETH A 508, [

MRANFERIRIE ] (2 DOWTIEBAMIZZ OFHEEEZFEL SIBRTEL.



9, M33D&SIZ, MEMSOIIHICZE W THMGRRE AWM elE%2175 2
TR D D EWREER kDB, 22T, 20T A e SHEIMEES AT v ST

KD ONFHOVT A ey 22 Lol WTGRATIRARBED 3 A%

e =g — gV (3.14)

DEIITBE, MM EITS. TUT, ZORMTHEOTADEA R ML ™ %
EE L7z 5 AT, fEuARBGHEEINCE T 2007 Az RO A S i HE
KA. ZOTHARRE 72 TR0 TAOEE R b D 3Rz L TH W
PEA R Pov e (M k=0) LA—THBHIIERNDT, INEFE;
ITHMEO T AL LT, ZOMEMD ATy TOHM» o EEHBRR2MESES. 20
Bl e & O g 2 TR R 72D, EH NS WS B AR
IR E WA B,

BB, BEAENRZ FVICBET L EIRRN 72 EFHRIE, BEDRICET S HRAREIRD
FARZ MVOZAEH NS 8B ETITIBENDHH. ZOPHHEITIE, BHIOK
BAT Y TOEART ML D™ LBED e L D2 MVED VLR, %
DA T R TOMED M CHAMEATIZ 22 ETREFIRZIT5> 281295, —F, Z
DEFMIKBEEFRED (1 ATy F7TL12) ANFTirbNs KEHRIE, OO0 AD
[ A 12 B B U DL 72 R & Y 5 Newton-Raphson 5T 0, INHCHIRE (2 1358 H D

BRHENRZ NLD IV AEANIE I V.

323 #EMBOERERBBEADER

RROEENETIVOEEOEIR M
B2/ TR ULIERDFEETIET NV TREL 5 25 AR OMAEFIZONT,
HIEICIRFE U 7o & AR BRG R RRI O HEIVEREOMGE 21T 5. BARIIZIE, 3.5

DEIBREETINVEEALKL | HEOMHT R E, fEKE D ERMIZHKIT 72 2 B
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FRUZFEGTIET VEB AL 72 2 RO GITXT U T —hk—fli5 [ 3RIG )1 DR & 72
% & 51 ENAMNICREIZLL 0.05mm % 5 2, W O R % i 9 5. 755K
DIEHER L LT Young % 206MPa, Poisson b 0.3 # 5.2, fEAHETNDINRT A —
ZIZ1X G, = 0.0136MJ/m?, w, = 0.0lmm % i\ 7z,

135N BN E X 3.5 1R T, fEE ARG AT B & ORERFIEIC
FBHFERIFTRIT-EHLTED, ZDKDB—kk—Mlu)) DRE TR AP RKE
JH A (Tbb, EROAET D) 12T AMBEIZOWTIE, 2 00FHEIFE
liThsdLVi5.

%P, 3.5 OIS B AR R DME E AR % IZE D> TWVWD K S ITH
25N, THIEE 228 TRL, AMITZHRALZOMEIORETHY, w. 2 +5
NS KT 5 Z L THERBOMEE LIZIFFEUICRS. 202 e, REB4) 1w 2R
AUTHEZ D E we/he BTN S T UTHMEREE — T 52 e o BMERTE 5.
FAfLZE T 5 FiRD5| kR

2T, MAZEZET L FEROBIERABOY I 2L —Ya v iiT5 28T, RET
% fE G HGARUBERE R OREKE T VIR T BN M2 HIEET 5. SEARIEE W 32K
EARE LTETFULL, HHEEZZELUCT3.6ICRTEOIREND | OFRELRE
THEHAWS. 2O LG O3 R TOHFIZHRHEZA 0.2mm 21X, SHOAE L
JEDHEBMAEZMFET 5. Young % 206MPa, Poissontb# 03 & L, $EANET LD
NT A —=ZRI% G, = 0.0033MJ/m?, w, =0.02mm & U 7=.

fErAER L LT, Aol (RO K 1% ZOHETE ->7-8) L A1
OF AR (G Z72BRHIZAL 2 EAROMET IE TR U 72H) OBIREM3.7ICRT. 72, &
FHEIRIZPE S  ARER oML, EHMMOZAME T O EE DL w/w. DA%,
ZNENM 38 L39S, 2T, WUERHIZHITD wiw, M 1ITET % LS

IR LY, WIET DD PSR e T s, FEEE, K38 itsirs
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MABDIR BRI S, K39b) DS HEHORE: - EREZBERETCETWE I L
WP, ZDEE, wiw B LIGELEZMD R (HDWIFER) OfEHIE, FE
IZHE > TR IZHET 203, TNLSOBD R (DD WIFER) TIRISHPMHIREh
%2 Tw/w, OfIE (1ITETBH0Z) 01K, X3.8(c) 2K 3.9(c) 1%, ZDLH7%
R % B 7 AL IRFE T H 5.

FAHNETNVE —BRICERERE LR E AT I5E, bOMERIIZIVESH
T EHARTBIZ B W TRREIS D EAE IR S &2 B A - ERERET 5 D0 —
Thd. TUT, TOXDRBERICH L TIE, HRKEISHAMICH 7272 EHWm e &S
NETIVEFHALT, BEDDVEVWARAZMEET I LIRS, Z0LE, Z0OZ
HEDOHMED2DEWAREAZMEETHORKERAANTH Y, MEELEIC
SRR O N BB TORRKEICHD /M2 EOTEHAMEER LVETLEND 5.
UL ULd s, <056, ZOD0EWAREADOHEGRETHRET 27 L S HEHIT,
ZENBRVEDE L THOSNI PRI EDOWTIRO SN HHICHERT 5 Z 212k
5728, EUMEHDS AT Y 7N THROXEFIHEZFEDBEIRWIRD, EHREL
W72 3Ie e EHOFMAIFBE LRV, 2O LD RAEE, ey -z2SHEmo
k2 S e UTBEE T 25811 R S RIS 0D, w1 E AN
FIELR WS, SHOAREEBIET 2BIZZOREERL ERLARENRH L. —
Fi, AWML CRET 2HEG NHGARBBGHEB AN, WEROEEITE T IV & OBFINED
W TR, PEREER - TINNOE e EHORKE - EED HH % FIC—
HIEDLIENTES. 2070, HEI322HITR U HETEE AR EEER2 b
WVOWKEI R ZITS 22T, THDOAMETTRL, FEETSMAITIZHRIZEAZ
NBLEVWSRHMAERLTWS.
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Fr 5 RS Y O B T T D R

BIIR D 2 D DBUEMENHITIX, BROREIZIG U TERDAHDEAIMEL A LR
W7z, F3228TRUZEART MVONFGFHHEOERIZ LV EONDRIZKE
AR TV, LU, ZEEICRUTERADAMIPIENT S XD RHEDGE, [EE
R MVONFAEDO AR K> TEREMNETZIETTHS. FICEAERZ ILDIL
REVRZITDRWGEITIE, ERNAMERLRLZHAMICYERIIE T2 EHEZEET
52812720, RREERTERE2K U7 Smeared 7 7 v 7 E T IV L [ARRIZ “Stress
locking”" @ 3FAEST B Z R TFRINS. AHiTIE, TDOXS 4Bl UTIE 0 RESEY
DOHIFRIEZ R E L, 56322 #i TR U 72U #EE  (Approximate Tangent Method:
ATM) & B AN B %7 (Nested Tangent Secant Method: NTSM) 1ZIA T,
FIZBWTEBRZ MVOPKRGE %17 W EREkRM#EE  (Explicit Secant Method:
ESM) ZHWTHRONDMREILE - BT 5. DIFTIE, £TEANZ MVOPCRE
HOBEMNEFIRL, T ORI DIERMRIE & Bl AN 1 BRI & ORI % g
U, AN T EIRRIE OB Z RS

R U TR U, B3.101RS KD 2 y-z HIZET 20 E2ZR L kb i
DARD 3 RTEFREEYDOEREZETNLVLTH D, IADRMITERE2ELU S X5 1ChH
oD 3 i U 5REIZ AL 0.03 mm Z 1A 5. Young %% 206MPa, Poisson kbl 0.3,
BHETNVDNRT A =KL G, = 0.0033MI/m?> BL P w, =0.02mm & U7z, F7z, £
AN TERRAIEIZ B WTIE, BATY TERIAT Y TOEGRT MIVONFED /v
LEPT N TORT RIZENWT0.001 ARIZ25 & SITPER LS D LHET 5.
it DFER, 3FEEHDO T R TOMEIBEWTRAFEISHIMER T 2 E el Lilh» o &
AN, yHIOADAMIZAD»> THERET 2 LW FRICR 572, 2Ot s4
RDOEEE) % T 272012, 3FEOMITFIEIC L 2RBEI L e RERT & FOT

ADOBEBEX311IIZRT. ZOX»S, ITREAREED L OERANFIRIEIXIZIXE
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ClEZRLUTWSDIZN LT, BRERMEETIZIN S 2 DD HIRIZHAT, HILZEH)
GENDBELTED, BEVPHELSR-oTWS., T74bb, 3FHEOMIETHL RO
FERE %R U T2, BIEIRRARE % B O 72 R T, T DUERRARE B & OB A 1
EE R U CEEN B o BAE LS HOERDVEN, ZRVPHL LS. ZOL57R
LIRS 1% Smeared 27 T v 7 € FILIZE W TRHIZFTEE X 1T\ 5 “Stress locking”!3?
IL&BbDTHEEEZLND.

“Stress locking” ZMREES 5 7212, TBEERREES X CBSRAN 7L T S A
JBLUTWaBIE (6 =0.5%) TOBRKEIRDDHEYERIZET S SHDF D i
T BMEONME, TNENMII12B XU 3.131T5RT. B3.12) LT (b) 25,
BERAN BRI L &R CUBERRMRE I & L, Ak o & 5 IR EIS I AMERT %
[EE v BB S EHNFE L, SREAFIER L7 Z & TIo DM S Wbk T2
RTEDL. 7z, H3.13) LT b)) 2o, E550MTAETEYEMIBITISE
HOFMIE xEAAEZRLTWDZ Db ns., ZHIIHLT, M3.120c) &b, BN
ERATE T 1L E B FIERIC B W THRD X S IR IR E N TE ST, Z DR
TEREZAPKEL TRV LD ND. 61T, B3.13(c) D & 5 1T EE AT D
WERIZB T2 ERHDOHAN A HNTE D, FRO2 DOOfERE X8 LS. Zhi,
B HEIRR R CIREA R PVOPUREIRZ 7D\, EYERTD DG WIRE
Ei-TIoh e, EROFAETCDZ7-OIZHAWIZIGHNEL S Z N T 2 L
Thd. EE, BEEHREETIEN (3.10) DFHFRICER L THIZEITEAE R ML e &
AWED, ZHE 20 5 WIREBIZBE T SRR ERNTDOEANRS ML EIFRLS. FER
& UTell % FIWTEHA L 72 Ralyeigh B 13D D S VIRRBIZ BT 2160 DFEAE & —3
B9, BRREISHIDENSWEE RS, 2L > TEHDEREIEN, EERDOER
EEDAL LD B RS, UED X ST, I BEERRIE e B A TRk %

WTHIESIZBIT 2 ZHDO AR EIRIDOBEAERT MV %Z —EIE 5 Z & T “Stress
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locking” Z[A[i#9d 5 Z LN TE 3.

BB, BREVDT ADOERFETFIED eV = 0.5% D & & O IR RIE & R AN
TEHIFAEDIPER OB T2 4 3.14 (RS, P O#HitlE > 0 A WARRNDIERETH D,
1075 AR ZPCREIEME U7z, £72, K 3.14(b) 2B 1T 2 KEFEIE, BEHEXZ b
EHEHTHHIIODEVWAHRAEM OICE L ZKERBORNTHE., 22T, K
3.14(b) DEEPREIL TWD LS ICRZ 2D, BAN TEREE I DE A
N7 MVEEHUBRICHESATY TR > TO 0 AW AR Z RS E T, &
ALY DMEIZE S 720 TH 5. ELEERIE T, BERIZEEER LW 2IZUR
THETIIH3.14@) DEDITOTTHDREZEL TWE. ZHIIXHLT, #ERANT
HFRETIXEA R Z MVOFEFHOEIEIEL WD, BEHRIIODAEVWHRERZMH L 72
b M Newton-Raphson % TIZEENREE L CTWE 2o, RERBAY2, 3 [FEFRLE & Dk
V. ZOFER, HERAES L TWARWELEEMRE L D S PORL TWS. FEE, &
AR AIEUTE R RIED 1/6 LR TH 5. ZD &K 51, AEEREETFIVITERANTH
MR E WD Z & T, ZEMP DHIRINAIRNIZREZR2 Z LR TE S.

BET— REZUERMTA~DEH

AHIOFPEEBIZHENT, £9 Mode | 8 LTI DIRAE— N FICH T 5 T RERZEH)
IZDWT, AR TREL L& ARG R O Z Y2 BGET 5. 612, £
DZYMEIFEA R MVONKEI R Z L LTWA Z L Z2md. #EHTIE, A2
KETINVEZAVWS Z E TRKREBREINTEEZMEENET VREERKETILE LD X
T, PEROREETTETNVOMBER LRI O WTHRETT 5. BARRIZIE, /EROHE
NETNVBERERE KT LRNZ L TAEUSMERE, HIRREZTERn
INITRA=RTHDHMEAERNEHAOZLMOMEDEAIZ L 5 S HERFEFNDKEIZD
WTHRGETT 5.

fREICIE, RTETORRITHID SEBALMED R S N B AN T EIRRRE 2 -V 5. AT
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BT 3.15 12K T KD ZEMRIRD 3 RoekEEY TH D, FlaRAIAIZHEHIZ AL 0.10
m, FAWAANZREIZAL 0.05mm % 55 U\ 2 Ty TECCEEI I 2 D RIRHI 5 2
%. Young (% 206MPa, Poisson [l 0.3, #EEHETIVDI/RT A — XLt = 60MPa,
we=05x102mm & L7z, ZD& &, K27 &0 G =815]/m> L7 5.

X9, W23 1HTHEALAMN - IRIERZEE L MG NET VEHWTRAE -
R TRIZBT 25 SHERPHOZ Y2 MEES 5. ZYVEOKGEEN, MMk X5 57 ki
BB EEER GO FHNC X < AV SN 5 ARSI (Maximum Tangential
Stress criterion or maximum circumferential stresscriterion : MTS) B D & 2R A 0, &

g %5 Z 8T 5. T ORKEMIG TR,

Kisin®, + Ky (3cos®.—1)=0 (3.15)

TRINS., ZoNIF, SHPEREIGHHANIZHR>TH#ERET 2 LREL T, Ik
KERED S R FIS D H A Z RN RO 2L DTHB. £72, E—FIBLITUID
ISSIHEREREL Ky B KO Ky 13, SHLHATIEE S 1€ 7OV Ot & 13BN FE N U 7= s g
OFERIZ, RABSHAOMAPEN ZHMAL Tkd 5. SRAOLA L ZDHH MEL D
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F7o, SEERIES RARFERNAA R 31712, ZRFEIR L FOTAOEGEK
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Uswige, SHERRIZICTVRAICEN S NS LG & S AR IO ZEMOMIME
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EFERLUTODEVWARREML. /2, RUOTAe P SHIMEMD AT v T TKD

SN0 T A ey LT, BHEOT A 272 L5IWTRITHREIED A%
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YTy THENRAET DIV A KRB TE S e 2R L. £, Ko HHE
ARG 2 W2 Z & TZ O & 5 REMRRET R 2 B U 2@ cE 5 2
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2179,
341 FEENEARERZBHIEEEKRIDERL
AIRO T AMBEYEETILTIE, ZRARIIRRO L S 128 - EEgS sz T, =
O DRENETEZ SND LINET 5.
F = FCFPF¥ (3.28)

ZZT, F MR AN, FPIZBEMERAR, FY I ESAHBOLRAKTHS. b
PR 3 AE A T D[R & B A, MRS IIEHOMP R TR, SHFARN T E
APHOTHILICLBANTOER 2K 3.28KT. ZDE &, HEARIE, MMEL
oA X 2 EARL 1, WA X2 EEAR P XS AL X2 HEAR Y O
MENETRAD &L S IcFKINn D,
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oI, ZREDOT VL e DXFR - BFONFREIT & £ E 4 sym[e] & skw[e] THT &,

ANV YFTFUIINLAdEAY YT UYL wldF O - KD de, dP, dY, o, o® B L

o TENTETNGZoN5.
d = sym[l] =d° +d° + d” := sym[Il°] + sym[l’] + sym[I"] (3.30)
w = Skw[l] = w° + W® + W™ := skw[l°] + skw[lP] + skw[I"] (3.31)

MR E) 2 KT 72ODORER AL UT, RIS LU THEBMEDH 2013 E %2 /-
MR SR U,

" +otr[d’] =1L :d° (3.32)
b, 22T, LIFEET VI, 6 IR TEREI NS P EZ 2R 2 %6

ICHEETH 5.

A%

G . =0+ (@W+o") oc-0- (o +w") (3.33)

0. =0-w-0+0 w0 (3.34)

Z 2T, Ol Jaumann [&#EE, o 1 Cauchy I8 I TH 5.

WE, HRETIHMBDOITRDRDOEZ nfile L, TOHFDERDITADFRalls
FBHIIDTRD HEDBMRZ R L sl & 3RO EIHT D BATERR S DL m”
ZENENEKT. TROBRIZEOFEREFITOBRADPLEL LW ERET DL, EF

BDs@BLOm@ IFHNIERERD I EIZRD,

§"@ = Fes” (3.35)

m"® = m{ ! (3.36)
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7@ = (5" @ M@y : Jor (3.37)
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kb, ZZT, J=detf[F] THB. ZOHR, TRDRaDITRYEEE y@ LT 5

&, BVEAERIZE L TIRADOBEBR KLY 5.

N

Jo P =) 7y (3.38)

a=1
ZORIZRN B37) 2RAL, EEHT S, WUEEELAROREHERNIL,

n

P=> (s em@)y (3.39)

a=1

EHEIND.
ABSE T IEAE RSN D ORRE TV ORE SRR TEEI NS Asaro 51 D
BIRORBEEET VE WS,

nv

7@

g(a)

(@) . - (T
VY i=a sign E (3.40)

ZZT, g3 IRDRaDITANDIEGS, a3 RO ®EE, nv I3HEERERET,

WINEMBERTHS. 7z, TNV EHIOFKELERNT,

g9 =) hogy® (3.41)
B=1

DEIITHZXD. TIT, hy \FEACRBATIIDOH 2 2R L TE D, ROBEBIE 2
T 5.

hoy
Ts —To

haﬁ = qhaa (a # ﬁ)

Ny = hosech?

(3.42)

T ZT, hoo & hop FENZTNH LR E BEBILREZ LR L, ¢l 3TN S5DHT
HbB. 1z, ho \THIATEILLREL, 7, 1% Stage-1 )7, 7o ISFIHARE AR 2 fRE AW % &
ITHMRERTHS. 72, yIITEHEIRDVETHY, XATEHEL7=.

n ¢
—— s (@)
7.—21 fo ' @)dt (3.43)
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—J3, AW E W T E K5 E AR
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W
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1
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109

. )
o U ADIHE) R
F =F°'F°FY
o AUV Rl HI
G +otr[d]=1L:d°
0 =06+ +w") -0 (0 +w%) O =0C-w-T+0 -w
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Cohesive crack

(a) Before deformation

(b) After deformation

H-3.1 —XKciZ BT AHARKES ' T ILVOES
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FIZENILNE e KiEE2ZRETA2Z e TISEDTHS. LHrL, | BENIEHEDE
HWE XY FORFELBRVWERE L 72D A CTHEIINZHHBRI LT 5L, =
M, WAK, ffal, SMEOEH480 Linb. —7F, MEEREREDOSGE ITIEKHE
R =M UMD 2ED UL RW., TS DNEINRZ — 2D WTHIETHRA
EEHEAREBIFEAE 7 VT XL EEAT L, K47 I0RT XS 2N nEY
HANDETHZENTES. ZONNS, KR TRET 2 0EFEEZHNS Z L
T Marching cubes JED & S IZDENRR =V E2GEDITT 52 <, MERPANHAE
IREDL MR Z UEARIZHEDEETDH .

7z, BEONNy FPELELUGEIZE, ThEho8y FIZH U CTIEFIZAFIE
ZHEHATHI LT, ~EREINTTCELLZHKEZHAETLII L THIRTES. T
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D &S fHiE%EMAWSZ & T, Marching cubes 3£ TIXHL D IR X WL HIRD 1307532 H:
A EREIXINZHEITHIETE, MWRIRPEWRRZ EIZHIGETH S L E X
LD,
SENHERH IC & 2B WIEE— RTICH 1T 23 = BRI
AIHTIE SEN R IZ 3D S HDELE— FZMA, TNETNIZDOVWTD=R
7 S ZERBEHOBFEMZMEET 5. 22T, E—FITIEEENIEOL, E—F
N TEENEAN, BLXOCE-FIUITEENIEANTHS. KT — FO S HLERMEN
1%, K48 1R T &SR3 RTEARDNHEEREE» S L2 ERERET NV EH NS
272U, E=FIBLOCUNTEIWEAMONFMEEZZRL T, K48DETIVEFFIT
U7z 12ET N E L. ZNEFNOERASRME, E—FITE iy =03mm, E—FIT
WFur =03 x 10" mm 2 ZNZE N E 272, £72, E—FIITIHRLNIZL-
SANHOT S0, uy=50x 107 mm IZHA T, u =2.5x10"*mm & U7z, #
BN A =& &2 LT, Young % 206MPa, Poisson L% 0.3, 5[iEH & % 200MPa & L
To. 7aP, FHELMOERENGRMBI ZBA-HEITIEESAPERLZEDLLT, B
422 IR U2 RAUTHE > THi 7= e SR A 2 FKNT 5.
AT OFER, BMRIIZEONZEAmMNAY FEX49ITRT. ZOR”S, E—FI
ERFYESHLFECAMIZE->TSHEBEL, T— NI TIEFAERD 28° A
WCHER U, £72, TN TE SR UNAD S, = RuhNCEMELRERL TV
52 eNbns. RIT, kBRI RREIRIDONMAL EHBTHE I N/E
EPEBONUHEARTHAF I N TVWEIETZX41012RT. ZOKKYD, IODHD
5, IRTOEHDOERE— N TEREMZSHBERL, FOLTWS Z & HER
TE5. I, RELVAZZHEBEEHESE TV I XA K > TARERH CHHE
NTERDP2 DO 725 AT, BREEEZEHA LI ETERANZERET

SAUDOHENAREL 525D TH 5.
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PAE, =ZJ0uhNc Mgz R SHERSIRE L 2 HAEEIHIEH T VT Y
AL EERWEIEZ L > THIETESZ L 2HIR LT,
BIm/NZERICLWVREBEHOT Y EY T2 REE § 2 BN X EBEN

X 48128175 E— R1D SEN kB IZ DWW THERERANICE HEEET Ve, K
4NV RT ZARROEENET VERAWT SRERENR 2175, FHEMET VS
FURANET VDRI A=RBFENETNKA2 B LV 43 & U, itk 2R
ek, RIS EREO 2 5EB K CWHEARNDFHDENT L > THEDROME
AT B72DIT, Fi7- RS R BT 28I EE T B IRABZEE % 73 B 6T O T R
NoIYE VYT TEMRENDHL. I T, WHEIZET B NAKE S 424 HITRU
=B/ IR E DS FIETY v BV 79 5.

9, YV ITEAOEREE LMY ENEOT AR LIy ¥V T RO
REMA4121TRT. ZORKNS, MEDAAITIFLEALEENRNZ EPbNs. £z,
ERMIZIZY Y ¥V I RiETEE LY L 2By OMELHE 2 £128.0%x10° T
HY, ZPIRNT EHHERTE 2, RIZ, SHERMNOMERS S WAL 8EE0 T
AR EIGHDO A Z K 4131TRT. ZOX»S, M EICHEMEERELLTWS
ZUWHERTE, SHERITMA - THRAEUZEMICET 2 REBED#HTIZ Yy ¥V
TINTWBEI RO rb.

BLb, BEUASHEABESE TV X0 2EE L -HREEERC I, 8
PEIZBE S 2 REBERDY Yy Y T RIT o722 & T, HBEMEEEZ NS &SRR

ARETH B Z L ZHIRL 7=,

43 V—LLRASREERBITFEORRE

ARETIE, —BALKEE T TV 2 MDA A ZHEGH K] & ATET CHREE U 72 A R4k
BRI K 2 BRI FIEEZMAGDONS Z 2T, MEHIEDK T2 S EANTERIT



141

R ENDEREIC Y — AV AIIBITTE S8 L W SRR FEZIRE T 5.

43.1 BEHNEARISEBWHRID SBRFBEENDBAT

HI3ITTRUIZLDIZ, MEMARBEGE TV EEOEEE T IVIZEKRFERN
FIDERRERIZ T 20T, FREBEEEZAVWTZOAMIZEH]mETFATH
IE, EAHGARBHEE T A S AREBIEIC X BHENET AN FERIBITTE
5. FDEH, BITTH2XAIVITILEoTHERPEAINEZ IRV, LarL,
W IR 2 BB T 5 L, B2/ THRAZ &S ITHANET VIS T % = 2500
FAEE I DER LR D A S AAOLADPEAMHEIEL 2R TH D, 2D ehs,

SHPRBBIICEZND DIFTNIFEEZNE L. 22T, BET D S HEREM
MRk cld, A EAMOLMESEIZET 5 £ TG EIABGR R TX
B, BRSUEIZEL 28I BRE L & BE DRSS )1E TV Tz & 2R 2 £ 5
T5. DFD, K414 IR T IO BE22HOMEEET VTHNE, KAHHEEA
TG HE R I A3 4.14(b) D & S I2H %) & HBI O A AL FAE I S 5 £ TOMEHMINE
DR T ZERL, AERYPEIEICLDHEENETVIER4.14(c) D & 51263 S AR NN
DEEFUEIZE L -8 D S HDOBN%E 2 KBT 5. Zhizk 0, HERIMEDET 2 %
T DO WIHE RS o SR RITE DR Z ¥ — L L AT T T & 5 S ZLERMHT
FEERDE. B, TUWoOZKT 2 e bnbD, ZOHETIIAEIHAR
BERR D S GREBEANOBITTI AT —DHET 5 2 213k, BiITON#
BT BT ANT—REBIXEMTH 5.

£z, WENHABERHKNOATHENET VERET L, M414@ DL D
ZHRIORALZEE I & > CEEMIMED EEMIELVKbND. X512, BEHEEHI LK
T 5 LML E AR TEEN R, RAEINEIC B W THEBIICIEEMEMEN LD D Z
LB, TS UTATEDLGE T, M4.14(c) D & S IZHIMEAEIZ 4 B & 1

ARWEIRIZ L > TEAINLZSHAAZTIRHOI LIZ4h5. 20k, HILZEEIE
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SHHDEFFDARES N D DT, RIRMIVEDFIKINZ IEEMMEZ K S T & HME
I, ARDHGELDE D2V AEVWIRRAZLEMNIMHS ZEAHETDHS.

432 Y—ALLRAZHEERBTOBEAL

mimtI R R ICH T B 2 HRERE

£9, MUK EGRERF ORI &l LTRSS DA BEERE AR R & F N 72 D S
EIRWEEE LA ET VR LU HIEICBITT 21T, FER < ERMIZTD
N5 L aPlEET 5.

AT SIE, W 3 RouE R e U, SFMEE2Z R LU THM4.1512R9T K572 200
1 OERBEFZETIVE Uz, TOETNO ETFUGE DT R TOH ST HIZAL 2.0mm
ZRIRAFICEM U7z, F£72, MEYT A — XX Young %% 206MPa, Poisson [t 0.3
U, EHNETFNDINT A—=RIXG, =0.0054MI/m?, w, = 0.0lmm & U 7=.

fRfrfE R e LT, BT oih (EMEoeK 1% ZOmETEH > 7-&) & Ao
TH (G2 T-REEN & SEARDMET HETIRU 72 ) OBIREZM4.16 1IR3, ZORH

O EHANERIN, TOESHE EITHEAENET AR EAINZFIET, RHOT AR
Bz KERmERIEALONT, EFEMIZELLTWDE I eAbnd. 2O ehs,
B N HGAREAGHE AN & 2 BRI MK T 9 2 iR D A BB B 2 & A IRE L & &
BHETNVENHAUZAEIC LD EAPERITERINIBEBALETPHERIBITTE
WA 5.
3IRETFERERRF ICH T 2 T RERREG

BA3VHTRARZ K51, #ENWHAREGRKR 2 - 5 Gk S AREGETE
CHAEGHNETIVEMHT 2 AENEBITT X1 IV 0% SAROLAZHVWTESR
5. ZOROEMIZEBU 0BT & > THRITFERICFENEL RV &2 HERT

572002, ZRiRERICB 1) 5 S ZUERMNT 2 Ei S 5. BTV SET VL, M
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AAT TR TN 3 RICERER P S LB ARBERET NV L U, A& A LIBITRiEH 2
f20.1mm ZEAI 7. 72, MBI A= BIUOHEENTET VDT A—XITIE
Aif iR DY) R B & [F U2 Wz,

firit iR e U, SZERICA S SHOBOZAIZN T B MED T w/w, DO %
B 418 12T, ZORED, SAFAOLNIEESHLHITHITUTRELTVWD I A
MHETE5. 7z, ARMERICLODEINZEH T LIZBVWTwIi1 Z2BATY
HDIZH LT, SRENMANDHEKTIXILANEZRoT WD, BLE, FAFLAEZY—LA
VA ESHERMBTFRICE L, BA31HTRUEZ2 DD HEPBITTEIRAI VT
DEYNZHER o, FEZTEITUTELA2MEHMEOK T2 HEWRETHD Z &
ZHImR U7z,

44 F&H

ARETIE, 53 HETREL S ILARBGRE SR 2 MORRAEAME T 9 2 EO
PIHABRE W U, SAPERTBR S Nz BB CIX AR AL L 58 2 S CRE
UzdANETVEMALZEEZEAT 22T, SRHOBENLSHERIIERI N
BETEY—LVAIRTTE 2770 SEERMBIT FIEREZRE L2, AFERORK
ORI, &2 O G TSI 51T 2 MR D EGIZ & 2 MIMEK T 2 @i AR B 15G T
TIUTREL, EAPERIZERINRLATHNIZEHAZRATLHTHS. £
TAFIHETIE, RETHZICHREL -2 HEEEEFESE 7LV ITY) XL EBER/N R
RIZHEDOWTREBER 2 vy ¥ 7§ HEMARBEERICEELEINTWS 2D, A
BREZEVEHEIZ 27 INTHLRARDD D HEVWABRRNOREER/NRICIZ 5N 5
REPERIBEIZ AR TEMN R TH D L VR D.
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OB | AR Tk F DRIk HHRE 7L
e X 2
B BRI
(SO DMARBGHARD | B{EanE T
e Btk x 2
IR
e (AL GCEETD

F—4.2 SEN iR Fr O ¥EMER RN T A — &

E

v o
206.0 GPa 0.3 200.0 MPa
H Too A
2.0 x 10* GPa 0.0 MPa 0.0

x-43 =“MIPRFEANET VORI X=X

Ge

Wt

0.001 MJ/m?

1.2x 1072 mm
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T fmmmmmmmmmeme-

\ c J
original model

cohesive-force embedded cohesive zone model
damage model @ N with FCM

4 N\ 4 N\

T ===

'\ X X

1

: X X

| . /
ﬁmte elem;nt , finite conever

| K with cohesive element

~
N

I D B % EPFHﬂEﬁfcﬁEXBbB A 72 BERS
(R rHi iOMEET) (MEto i) (B

M-4.1 > — AL A X ZHE R O 2R
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Ve components of FCM ~
4 I
H :
T x
L Ix R
\_ gauss points )

automatlc subdivision
for numerical integration

- m

duphcated ﬁnlte covers upper side lower side

STL representatlon of
crack surface patch \

N
N
N N
N
<
A N
N
N ~
A N
A N
A ~
. N N
N
N
AR
SO TS
-

‘ update new crack surface

J

automatic cover refiment
subdiveded into tetrahedron

B-42 SZERIZMA > TREBET NV TY) XLWNEH I W58
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label of patch ID

B-4.3 NEARERE =AY Fhond SHm

edge{2, 3}
—

point 9

o/

point 12
7

edge{4, 1}
§ face[l, 2, 3, 4] patch 1
node 1 node 2
-1 -1
D edge{l, 2} 1)
label of patch ID
face of polygon
target edge : :

upper side lower side
{1,2} [ 1] (L2 ]
{2,3} [9,3 1] [1L2,9 1]
{3, 4} 93,4 1| [L29 1]
{4, 1} [9,3,4,12] | [1,2,9,12]

- 4.4 NHRE SR DA H O 73 E & D A RiE
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Label of patch ID
target face " face of polygon on crack plane
[1,2,3,4] [12,9 ]
[2,6,7,3] [12,9,10 ]
[6,5,8,7] [12,9,10, 11]
[5,1,4,8] [12,9,10, 11]

M-4.5 =200 EI2H 50D ERE

M- 4.6 WHATHE X N2 /NHEKESR

(a) tetrahedron (b) hexahedron

-4.7 SHHETHHI SN2 WEAS & ONHEKD X —
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umn

0. 15mm

z | 0.45mm

- 4.8 SENRERF OEREEZE T IV
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(a) Mode I

(b) Mode 1T

y

(¢) Mode I11

AR D E SNy F

fi

%-4.9 SEN
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(a) Mode I

(b) Mode 1T

[\
(=}
(=}

c-IEE .
[edIN] ()

z
y$ X (c) Mode IIT

- 4.10 SEN itk DA FERSI D4

Wf w
M-4.11 =AEREEET IV
1.0x10°
|
[

(a) before mapping (b) after mapping 0.0~10°

Bl-4.12 y» ZBEIR/NRIKIZE DTy BT U AR
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1.5x10°

[\
Wi
(=)

o IR .
[edIN] ()

0.0x10°?

(a) equivalent plastic strain (b) major principal stress

B- 4.13 SEN il Fr 12 & 2 iisEME & ZUE R R D & B

w

C(a) original model

extrinsic part

(b) cohesive-force embedded damage model (c) cohesive zone model with FCM

¥-4.14 FESTITETILOHE S5
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80.0mm

tttial crack tip
<B

: L[

%_”C 20.0mm

Y

B-4.15 Wit R & A &R OERERET IV

150 F
s
[a W)
2,
% 100
72}
70}
£
w2 0 |
% 5
s e before crack growth
§ o after crack growth
OF _
1

0.0 0.1 0.2

apparent strain &**P[%]

B-4.16 wdit] R A BT OIS 03 AR
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20.0mm

initial crack tip éﬁ
1

T
=
-~

y 80.0mm

B-4.17 =l 7B OFRERE TV

(a) step 1

(b) step 3

—_
(e
—_

=y | | ! B
nfpm

(c) step 6

M-4.18 =TI B 1) 5 S AR IZLES SO 24]
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RIFZETIE, @EMRID S R IR 2 M5 A 12 R B e 7R R € 7V % W
T LI, MRRITEDE T 6 EHEERIZFE R S BITTE D LS HE A
RIRGRRAI 2 RE L, The AREEERZzHAGDEH % S ZERMNT Lz
PHFE U7z, BARRIZIE, XMW A I = X LEH U, IR K
Mafb 2 RBEITE B &SI AL 2 EA LKA NETVERET S L LD
2, THIZHEMER DR EEZZE T 5 Z & ThRZ R IE A O Hif) 72 B % KB
ARER — AR DET IV ERIRELZ. LT, ZOET IV & EfGREEG R O Vel
AU 7RG I A RB G RERRA 2 EML T 5 Z & T, IEVERREER I DT IC &
\F % & S D SeAT RIS T DG IT RS K S 2 ARV DR & ARAER 7 & R g
DL 2 RETaEE Uz, 512, RELEZBRAKEGHET IV EFEG AT
BERKATRINSMRZE D S, R % 512 RE W e 2 it 7 L a3y X4
Z ARRMEETIRIZEE L, MBI T2 5870 T AP RIZE S8R %2 7R B
CIeDTELY— LV ASHERMENFIERZHAFE L. BT, EAMsRz &=
TrizEDHb.

o FE2ETIE, FHALNINLOWERENZ DOV TEREINZEROEEHET LV E
PR L C, @EMBlO4 iEREE2 R TE 5 —RILEEHET VEREL
7-. BRI, MaltbnidEzsE 2 REEREEIE TV ERR Y LT, R

JER BRI 712 & 2 BT 3 )L ¥ — D22 B ARG INTARIE S 5 IS D
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Rl UTeRb L, JEITmER - KEMEA - VR & 7% MR 12 R vl He
IAE G II-BAO A BROBIE TV AR L -, ZOETMITENE, UM
BT A= E2HWRNS, BREEBPREVGAIIREFOREEIETVTO
HEPHNETH 72> 2T )y TiEZ, NS WGEITIREHEEZ R TE 5
£ o7z, £z, BOBRUBMFICERI NS BN KBZREE IS
FIF—RBRDE T HEHZRTE 5720, FEHED X O/KEMLIZER T 2
HERBIREL 725 7z

BIETI, FIHAMICEENZERAEZME L LT, BEHET NV EME
AN A U 728G & T A BB GRS 2 IR U 7. oA S A m i
BB ERMEIDDO D EVGFRAERZMES LT, AREOHEENETIVICHIHE
FATEZNHNRET IV 5. 7z, MMEMRANIIRS T, FHEMERHRAE
FOFEREVRER AN HEHTE S Z L 2R U7z, S OICERNREEHIEE L
T, D2DEVWARRDOKEEIT 725 A TYERITBIT 2 EHD ML EILSID
Filil % —B S B AN T ERRRE L PR U, MR RN U 72 i & 773
ARG R DT 5 £ DR E 242 R U7z, REE T IV OELEE)IE
WHEOREGNETIVE RN AMDEENTERIC—HL, EROBEETIVEF
RRIZEHDFEDR DD GEVWARRDOKMIZHRIZEAINS 720, EERLRES
NETNEBGET VN OREEMAL TWDEWR DS, 7z, KEIHAR
HEGRER & ARSI EA U, B2 H oML 2Rt ahET v 2 A
Wb Z 2T, HEEMIEERBOZERD 1 D TH L PHHMEE > =7 ) v ThY
BEANEAE U 72 3 ROt MR IR 2 BB U 7z, 3 512, REE TV &R EN
MERANTE S % 2 & C, BRI U 7 07RO 25 8) & i IZ e A 7z
BT, RSB ERE T B P & Gl L 7z



157

o HBA4ETIE, MBHIMEDETH S SHARKETEFHERSKEATELY—A
LA S ZLEREIT TR L. £9, SHAPTRIIPRI NRD S A
BEEHZHEZ 572012, BRHEREICE 2 HE S SLERMBITFIEEZMELZ. 2
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BT 2L HAEFHSHT NI ALEFL LUz, £z, WHKIZHESE SN
Gaizld, BaEioA Yy Y ah 5 REERE Y Yy ¥ 7T 5720 DBER/N"
FIZHDOS F[EEFHE U, TTE D, ZRoiR S 2RI ATREE 72 0,
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OB U REOBRE AL 2O LA TH L. HlzIE, HFHEKMIC X
DA, BB X OMEY A 2 IVERICB ) A EREE 2 KRBT L2 TELD, K
AT IZBR L T DN T X — RS ZEYNTERE T ENIE, [ERITHON T E IR
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72720, MELEETVIZHOWONEMEINT XA =X ZFET 57200 EBRH 7245
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BEEBORBHND AT A =21, E252HTRUZ LS B FPBEEOTAZAMMUL
7R & FHWTEBRINIZFE T UZR WL, KRBT B EEEIZ DO W T H K
FEEHICRZE LU ZRBR Z2HOCNVERWVWIET TH D, s DFEFEFEFRIZDONT

ZESBOFEE Uiz,
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