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DI, KRR T D@ S5 A T, ISETIE T X R0 M
FrCHEEELNDH T LA BIEE LoD, MEICL U CTHERMERAARE LT
FETHEMEREAT 2 M 2 AT © 2 & TR IEOMIEE DSEERHN DG D & T 5.
DFY, fSHEOHEBIZHI > TEE A, TRb oML LT
Ramberg-OsgoodHl| %, 77 U — 7 #akzN & L CiENortonHl 2 E L, ~& R H| D5
B, T72bbIGJIEE (stress exponent) |Z)& U7z &I 8 2 KRBT 5. =
9 L TCRDIAEEICE 2 RBT 537 A — 2 TR TAIZ L D7 —Z _X— 21k
MATEETH Y, MHEORE SOMIEE, BLO (0B o) MEERK
INEIR DR ~DEH] (NT A=FZOFAM) ZriEL T 5. RHFZETIE, 2
D &9 IREEINE 2 RET D IEIR 2 BT GG % /N7 A — 4 (dimensionless
structural response parameters) & FE5.

LT, RETIIAMEOHR & EE, BIXORRILTRET LI HER-S
PERHIE DR RAIZHOWT, T b 2B 5 L THELEMIE L & I
~ND.
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1.1 AARDE=R

1.1.1 SRENEFOBERSETMEMN & EKEOER

ERE S g ORI S VEREAR BN O F BT, SREOHIE « EAEEO R E &
EEALICHN TV D, AT, BISIEEH SIE IS O - BLIEH O %
JROREZ, EOHNE R E & HIZk 5.

(1) XKAFEERARA Z—HBIIHT HLKEE

FERRA 7 —ITRE SN D ERE R IR TR O A LR, A4
EBLOEEIZZ R EEL 52 TETEBY, BRTIEAT) - K3 ELE
CTRLSZLEDTERNA T THMEL TV D, AKX DL K& BT

E, Nanle EORA T —MHEF OMERFH DT L, 1824513 E E R
Lloyd'siZ & » TAKMOMAELEPMER S 11D 72 &, BUEIC L 522D
T bR TEEY. 20%, 20HLHEEICITKELIN TERLIED



LNTWERA 7 —EREIRET 2 b0 & LT, KEEBSHE (ASME
Hike, ASME Section ) 27319114 ICHIlE S 7z, ASMEBUKIZE D, BB
JLiEZ ER, BUCTIEHR TR AW S, @IRE DR O SRS
BALTHNTWD. EES, 190040 AZ B — 2 & L TR A 7 — R O RS
BB E 5 F THRICHED LT 3Y. ASME Section 10RThiIE, WED
REFHAMIC X HBHRICE B L, HEpP B R T — 2 L OREG 2 REL &
% 7280 OIS TR A (BAE TIX19604- I S [E#BICEGB (T #EJ)JT, Central
Electricity Generating Board (*415f) ) 254242 L 72 [ 2448870 (mean-diameter hoop
stress formula) | ¥) ZHWFLIC—RBH D AR, 20X 5 Rak
IZEESSREFTEE TAKGERE (designby rules) | & RS, 72, SEHRAKX
IZEESEED BN VEREMRIEZ TSR (thickness for shell requirement) & I
5. F3ETHASME Section |2 BEBE U 72 A0 Bk, H AR © 5878
R BRI HE ST 5

(2) RFHFEBHRITTT HMEMRET

1950 MRLAREITIE, SR BB OEMAICHEY, ASMERIES O 5 AL el 2
Hiviz. T, Mg, HEMERRR SN OOH TGO EMD L L
(2, WERDEDNE G DL A5 (FIIRm ST 24 (4EF)) 2D EE

WA L7256, ENOBRGORENES R VIRE D Z &2 ElET 5720, FIH7S0
BROT B ORI & H 72 1B AL D — T, RRARB OB (51558 < 12t
T23) BELITZ. 2D X I U TRE S NIEF /I 28Uk%, ASME Section
NPT, IEHEREORMEZFT 5 M2 EnD, MK, FEH O A 23D
SN TWI-AIRESEVE (FEM, finite element method) O723EH &=, 22T
BT AN T-skat FiEL TETaXEr (design by analysis) | & FES. 72
2L, UIFOEAMTAKUEDN S, Sle PRI O R STHMERRHT I B < FHlAS v HE
L% X 9IS (stress classification) DA3ER D AR STz,

IS L, IS OFAETRIRSPW N T O MIBRIIE T, IS &%
ORERRRITN BE, DT 5 5ETH5D. 2Tk, WE, AEZIZLHME



R 71 % — RIS (primary stress), B HE I 1M R NEBIZ 381 T B IRE
R —=IZ X > THELC DS 70 EDZENCHIE - O BHAEIIS ) &2 Z RIS

(secondary stress) & L, & & (ZaEAfhWr i oD 8 & J7 1) - 24 5 59 % 52D )

(membrane stress), BT E— A2 k& DD SWVDMIE AT HE 7R SR UL
B 53 % T 71 (bending stress), & B2 25 ZBRWIEIERIE DAy & ©
— I ET D DXL THE LEZNENDIE K OMEENSH
SN DB FEOEIES IR LT, Bl iR 7 — 2 IC S ED b
DAFRIGT) & OB T 5.

ASME Section HITEEANSE, FEARM)IZ LSRR CHEIME S 2 as
CHEHAShDD, 7 —=FIFEBE LRV, BIECZOWTS, OFHET{REK
AW OT A4 EFBREOFTMICHW N D) OFHER, O A0 RE
PEHECH E STV 5. 26 OASME Section IOF 5, ARMLIZ ST
it S TN D . FRSETIE B A S B - B Rk — G - &
025 ASME Section HIIZARS 4% .

ASME Section 1 & [FAR7efERTRx S HIIER F AR C b S, KEIRS
TIZASME Section VIII, Division 2, FkJN#i4& T i3 Design-by-Analysis Manual*?
ELTHEITSNTNS.

EEBEFEIE O ER A AP T, 7 U — 7R MBI ME & s B, BRI
IMKRENWZ EINBEYSINT KD BYED BN EG LG22, 2072, P
Wil 2 DY ATk U CARiH B 7o FE PR AT 0D H] %2 3K 6D % Code Case N-47 (31
1E T, Subsection NH™) 23ASME Section I11D>—8 & L Tl 417z, Code Case
N-471Z 555 < BREHT W 2 AT FEOFEMIE, B1li&, ORNL (Oak Ridge National
Laboratory) IZ k274 KT A4 NGRS 72 ORNLO T A KT A > Tliifli
EALD T, TR E —E & Uiz EBGIEE T VAR s L
THRE N, RO OFIEFICESL Z LT, OFT R U — 7 HBIEF
M A D IR TIFEFIERE, 3 L ORI OT ORI AV 2 OF Ao i3 A R
HEMRHT O DEESRD DD . AT, 20 &5 ICIEHMERRT OfE T % B
WL EHEE T2 IEMIEREE (fully inelastic-route design) |, Z D72 D



it 2 [ EFEFEMEAENT  (fully inelastic analysis) | & FEAT, %k JEmM:fz
Mro@ e A (T FEsidk sk 5E  (partially inelastic-route design) | <° [#55>
JEREMEARAT  (partially inelastic analysis) |) & XBI4 5.

7272 U, FEMAMEMRAT OB L - TA U 2 AMTERIRF OB\ 0B 2 )7
(COWTIE, —RICHENRFENNE R T, IELEMT/2 BRI BET
NEFORLHPH DB DD, fRHTE ORBRIVGHRTICZR G Lz, s E O &Em®H
WRRETTUE, FEFRIEMRAT IO M O EEMEIC BT 28 E 0 6, MM IS < il
Sk A IR REIRI R T 2 7 Y u—F 3 L b, EEEERYE TH AL
@ ) AT S AUz RE TR (Dsnd R o6 VRS o il E s st o) (O3C
HEEE N ) IEBIE, AR AR O B E T HK & L CHRER
NRED BN TWND. 221, FEEREEDS S OB EEEEIC, e Al
= XL THEUEDBEOTHOFMI OV T, BN O Tl — ki g
2350, FERRPERRNT O TR A kISR Sh T 510

2O X DT, ARIRME TITBMEAIAT 215 1] L 7o R R 3 b 2 FEEEESL S
TETWVDA, SRRSOV TITHEMEMNT L — N, FERMEMET L — R DWW
NWHNHEZIE L TV D. ETo, FEHMEEIRMEIC B 2 M BRI T — # DY
FICERBRITINPTENTETND

Code Case N-47 Dl E 1L, JLHIERIE A BREZMNT = — FBAFE DK L 720,
R STV DMARCY) (BI7E TIZIMSC.MARC), ABAQUS™, Fs
[ECHR%E SAL7ZFINAS P72 L ixn P b midE Rt O = — X B AL TV 5.
$7z, Code Case N-471%, k7)FEEM R ORFMPHMIC & THRHTHI AR F MaEm

(analytical remaining life assessment) | OfCEHTEE L CTHW S, sHMETLT
DY RKICEERL TETWD

(3) SRINBIGEFE & RFanzT il

JR S TIER D, B TIEMEEM A O IR DML D6, FEMIERR
BT Sz X205 (crack-like damage) A &M FEAM 1523 ASME
Section XIPOIZHIRAL Sfz. BRKIFHERE ©1F, S ALERERITEY & 6718



®EFL (SCC, stress corrosion cracking), 35 L UVER¥E57 (corrosion fatigue) |
FRE XL, HofSmB XMttt (brittle fracture) & L < IFIEMEAREE (ductile
fracture) 7o FOMERRIMEEE L LCEL D, 20w, & ZERFAMmIIIS L
RARH (stress intensity factor) (2, ef&HEEREAM I3RS Sk R AR SR & 72 (358
PEIFES>?  (elastic-plastic J-integral) IZHSW TR END. =77, WM
FE 7 OFHMIZEES) FEA T2 8D, f I 70 MM B A =X & M BRI B S h
HZEbHHY. HETIE, SBRISNEICES < BPEMEIRY O f# 5 5 HEES)
PR SN, WBIERE S EA DO OFIEERO THER SN, Zo)
1B, MR CHER STl U 7o S A IR B E & ARy B C R ek L 7o /R
HD2RNT A =25 72 5 . (FAD, failure assessment diagram) T1EXI)
(CRHESFRETH D Z & D TFADD T iL], 1237 A =23k, & LIEZD
TFlEED Z A~V (R6 procedures) 75 TR6YE] EFEZN TS, TBETYH,
A A R 2 R O— B & U ORI E 1 13 i R — HE R ) 03 E S h,
ASME Section X1z [BHE L >, JEVERREGRHEICITHEETE (R61E) & ASME
IZHEATLTEAL TV,

R T e o L CiE, EETREERIT Y —X L LTHITEINTND
FIEERSNCT, 7V — IR, REOT A, & 2LRBES O FIE
RENTVDON, ZWIENC LD 7 V) =7 EZERFMO FIER E, WEEIC
BIREIR B ML\, AL T T o MR~ O & S R E T e

(American Petroleum Institute) 73ERE L 7= & aaf i FIEE, API-57970CH
[FERIC, —ERERED I MR RFMERE, 7 ) — 7 488 ROFETEIL
iz L sh b,

KIFEERERT T D & ERBERHm A O R FF Ak, B BIRL DO
DR &G, BUEIZ L D2 FEOFEEMITH L VD TV RN -T2,
RA T —ED 7 ) — T REMAN TR E T Tz i s Y —7
R BrERER O B %, RFHAMBEICAV BTV D O & [F Uit IR & R —
ENT A =2 2 W TEBRORGMAHEST D, WbWwd TR R MR
i (destructive remaining life assessment) | 237 < BT TV, 7=,



B R D AR Z, FERERAICBIEE FTRE 22T B OFRIE TRIT D, Wb
DL~ AZ—H—TEe b Ui DDEBEER R FFmaEli%E  (non-destructive
remaining life assessment) | D BAFE2ME I TN, REM 2R IERREE &
Faarli & LCOE, kiR L7 UV —T7 % v ©F ¢ ORGSR 5 b
REFRIE L THANT A= ZEORM N TS, HNET b REHHRAE R
RITXY, EMEARFEMIHMEICIESL 7V — 7B, EHREMZ L L
L7- K S5 B IR D R MG FIER T A R T A MAbESn=. BAHA R4
ATHE, ERD D WV BT & TR R m Tl R°Code Case N-47 % 51 L
T AT B A TR AN REAT S H i ATRE & L CRd#i S iz, 7272 L, Code Case N-47
AN— 2 OFEFRIEMAT T, FHMICE S 595 DS EmWENT, hoOmER, FEmiE
(72 PRI R CRMFE R OBEMEICZ L E SND. 20, 34
fit e ~N— 2 L3 %5 Code Case N-47TOFIEL D & I HITHEG EEN R <, RS )T
IXT A =B OFHBIZ G SIENT 2 B 2% & ZRABE M O, EiRE SRR~
AT L A EHEAL TR,

1.1.2 BEFEERLMHITEEORER

BEAT ARG « JEVESE T, DLk OJE DR RR OREE R 2T O - TIIEE L H Y,
T2 EE TR L TN D E Bl SN DA, EZRIBEOREE . EBRRE Eo
Horbu. £, MERIER LT A PEHHIRZ & OREAR KB O =—X, &
BRI L D 22 MEEEEOM LR & 28R L LT, MRl L 2mahs
LD B D D &[RRI EY) OFREE 2 T&E D720 mk EE TRl 2 2 & 12
L OGEHEEOHEREDPROONDE IR TETND. 2O XS RBILEND
PEAF A s MR A AT I 6 L CLA T SR T & 5.
1) 27 T7O—FDORRA

RA T =DV — T BRI 5 PR ARIT, S FRRIR 2 RE L
TWA 72, WA & SMER & TR B B KIFBEE S, M7 IR &
> TWIE TR A AL U728 ORISR U IR EAME T4 5. F70, BatHsg
EDOBRING, =BT =V U TRRA T =y X =, b b LR



TR TRV LT, IEBEMICTSROZIR S, A OFFA MR
WHNTWD. T D OEERORFFaaHN 2 & BEAIITAT 5 72011, Pk 5
otk % 2 D E WY WNEFD =ZRGTIS IR 21T 9 Z EDREEND.

Fz, BCKICET HT00°CHME < lRIERA 77—l T n ey (#3
DX DN, KB ORFHIB O T, BEARIKCH S iR D729,
EHR5EEIICE D EREBED LN TEY, =y 7 VRG4S0 &M
MEVE &% RA 7 —FEMEE LTRHWD Z 0D, EHIBEZIZUD & LK
A MEBBEE SN TWD., ZODITIIEROARZFHTEDL D, T
TR ORI ICHE U DTG OB AN LEEN D, £, mifkE, —
ERICBIZIRIR DI R E VWA — AT T A FRAT U AGBMEN S5 Fas L2
HDZEND, NRERFHTIEBE L TORWEUS I T DEENRD B D
ATREMEN B D T & BT ET DM BN Z m D TN D,

LU 6, i SR 1 5eh 9~ 2 ffAT ik 5 Hds K O B0 5 dn a il o F
B, AREN O @RISR T HRRF LA R E, Bk - UL OKHEITE LT
WNZR,

(2) SN FEEDRF

LR IP R DO RR F RS (B S T D IR I3 JRIELE, WS )53 AT D AT #RTE
CERAET 5 2 &b, ZRoeRIZx3 28 GBI v, 2ok
0, FEEOTIRIZ=ZRTIVIRT S, &t LT Z &R ORI PR 2 RET 55
BN 5. WHEORE 2T TR FAE 2 K > 7ol O RFmaHlicOV» T
bR TH D . WEM DOIREE A FEH718 0 TS 5 72 0121E, = IRITfbT &2 1%
MATREL T HMENH D

(3) FHKEBEFMOLEN

WS DIRAKIE CIZASME Section XIPVIZ 5%, X ZLRBE DT R0 T
E0TObNTETRBY, HAETH H A OMERSKRDI R RBITE N2
& TA%, EEMRBERHMESHEEI TS L9 D ERAAEND. K



BHESIZHOWNWTY, X"—2uo— REMH)L HFESEHER (DSS, daily
start-stop) ~OEREANETIZ DN, 7V — TR HBE I K D X ZRBED
FAERHINHE 2 TBY, 5%, ERRBEHHMOLERITEE D L RAEND.
LU D, 70— % £ U 28U 0t 2 & ZURIBERHmTE O
BEHEAIE, B THERARENT K 2 BT A3 AT RE 72 /K AF 45 DARIRBERR I KT T2 b D
FEICITED STV, £z, SRIRGOREZ1T 5 7201213, k)
FXT A — 2 OBEHIETR TR & OIS T 2 B 2 723, Wi T AT IE DO FE A
HEIRFHCHLEEL 72D,
(4) EE3EEMEAFTOMER

AR FEPEARNT 238 3L, EE O ESE Y OFHEASFIRE & 22 D RaE L
WD, LU s, mEMMEMTL, FEEslE oM Er — 2 ot
{72 &, BRMEMEATIC R CTRBHZ T I R, 7z, BUERE O SHEAZEOME
BFREDIT O D&, ARMBIER & ORHEN S ORBNFIER L, RRERINICZ
S5EDERLVESTLH Y, T ORRBEROHESE UL WOSIEMRITIC A~ THRE
OIEAEALNHE LV, X ZURIBE ORI T, 2L OIEFMERENT— % D FRE A
[Nz T, EHEEBEMOMBENI DS, e, EERICHEVE(LT DRIRIC
BRELTZMRATI, FHREAMES X OEEFLE O IO TE.

1.2 SREABICE T EETELGBE A H X L LFHEZDOBME

F& M iR AR ORISR CHE BT NS HEA D =X L2 LTI
By B, £hehnics LT ofing, bkl X OEER O E M &L O
w CALDREOREKRMRBFHICHOWTRANLD Z LT, KX RET D FIEL
RKDOLNDHLEDEHLNTT .

Bz, RAT7—ETIE, WENERSHERTH Y, EHHEICIEN—IR
ISR IR b TWUE, EARICITHEEGZ A TR0, EBRIZIE, BB
A AE RPN K DIETIFERC, ZRFEENE DO AT —VAHEIC L DIRE EFIC
Ko TN 7 V) — TR A CA 5. BRBEIR OB — 178 Ol LIZ &L -
TEUS DR RS H, BYETT0r7 U —T P95 K- CTERIEAE - R LB



THZL bbb, FEMAUFRFPRRIAERSEN D, —RIENCRET
BREITEZ DI W bOD, HORERE BT bTIREIBT b Y ¥ L&
52 b, EBRAKIICRIICAS L EiR T TOME IR LI X
52 ) — T EIHERBRHOT IR L2 ) T 4 DR 5.

1.2.1 EMEREEE - FEMEREER (ductile fracture, ductile rupture)

AR E N6 ] AT RE Ze FE N IE IR AR BN, WV EME N EER S, £ X
O IRMBHIHR L CER T oM EZ IR Lt 5 &, RERBWEER 2 £ Utk
IZEAEET 2 A T 5. miET « 7 v (dimple) 229 %.

TREE R & UTIEMEE DS E1E, &R IC R & RBIEOT Z 2338
AT DIEEAE TR L, RO, ik L7z & RN 0 & R &
%oV R U CHEME & 335 (ductile crack propagation) . X &AL 7au
HiEOLE, <O (necking) Z4: U721k, < OO JEICHENE X R AT
D 2 & CRBRICIEVERRIE S 06 5. IEVERRIESBRAA L 7212101, S RERICfE
O HEME & FLERIRET (J-resistance) DIGREL, EZOEREHLOWE K & AEH
M E DR &30 B WA RO ZERNIENE & KPR T 5. HHTOH K
PERI B KITIBW DR < e o TeRF L ClRORIMTE &7 L, £ O I3 #ifr6E
TMET L, BRI ED. A—ATF A hNRAT L A%, MR
IV OBERD B B D RS CIE, JEPE E AR FEAE IR RATEICERE L, fTE)
R LU EBERNEITTL2HE083HY, 20X 5 2HEE — N & Mk

(plastic collapse) EPFEACTXAEITHZ &b dH 5.

EME & 2R OFEICIE, BIBPEIRESY (elastic-plastic J-integral) 2% & A8
M 257 (CTOD, crack-tip opening displacement) Y7236 41 %. RO R%E
EMEZ TGS 57290127 4 7 U > Z4%3% (tearing modulus) (255 < &z ¥
BESNTND., ZNHD/NRTA—=F %z, —fRAVRIGIK « Ik L CTRET
DI DITIE, MR G R PE A B9 5 RNV G O M 2 2555 2
ED, Bk - HAEE 2P, RANARBIERICEDE X T 2R AR T
Wb =07, WERTID/RT A—21%, REFPEHROTHUNERET HZ & T,
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il B 725 TR o6 U TR B & ARGR ARZENL & B B IR 6D 2 R AT =0 EE
fif S, MR & SRR 2 7T 5 72 0 O ERBRIEO & LT, #BT o
AT XIZIEREN L STV D EF o TEL,

I X ZEIEY) O SEPERIWT R AT, & HEME I A THEERAICARRIL T H N
TRV, RERAJICIZFEIRFR S (yield strength, F%EHEIKE TI1E0.2%ili /712
SEEOLNDS) EFEMR S (ultimate strength) & ZF5HE L LT, fiIH 00k
IR T) SRS K D BB N R0 R AU K D HUES T)) 2 AR < il R
T5HZETEORIERR LN TE TV, — IS5 4 U5 ABHEHES [5ER
B DY, BRIGIEEIRR S —8d 223, Wi TR 23— TR\ —
HEEM DG, < ONOIER, JRFTHR O A4 (strain concentration)
DECHE a5 T T, KRBT O e = ZOERICHER T 2 vieth b o 5 2 & )
O, —WIENPEIRRS A2 DM EARAWE L LR LGS LIFRL 220,
JEME E KON EY LIS 2 5018, REBARERMITIC L > T O &
BL AU R KA EE ORI A ATRE TIX R WS, 2 O YRR DK HEIZEE L
TUNRu,

R E IR Tl BRI K- CERMZARBMER 24 LR L 5 —
WISIDHIREN TR Y, EMERBBAEL D Z EITmEEZ LN, KK
JEEH DO RLEFAUS &> TEWETI D BRFAIZA U 57K (water hammer)
R0, FPAFPNTARL LToKE N A0 OB KIC X DBREEPPD LS 78, &
HNEEZKRE B2 DNEOEM, b L <IN BEET AR ORA Z
—E DAL £ (sulfide corrosion) <2, BEAKIFELE I 1T DALk E & (FAC,
flow accelerated corrosion) 72 E72353%4 9 %) N b2 b IISSIOERN’ & 556
Vi LITAEL TN D,

IEVERRI L, —RISHIIFGT D000 " WISHITHFEG LixneEEZ 6N
T3,

1.2.2 MatemgtE (brittle fracture)
FEVERREE & $ 72 0 MEMEIE Ol SR LENZIZE R R A = 4 T
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. RIS, MEERMaZe S AR & L T~%B (cleavage) & 5 L TXHMN
ERTDZ 0D, ENFRFMAEH NS, RRMERERE T, B
A ZEH (gross plastic deformation) %42 U722 &5, /INFARRORR
& (small scale yielding) TH#EMIFESy & —*t—BItRZ A T DI JIIERAEIC
Fo THREAFIRETH 5. M & ZHEE O MR TId, MEERRE 25
B RBa DA EMKAE L, SHEDIRNEND.

I CIIEHIR ORI KV, FEERESIE S OWetEERI3H TH 2 73,
n—&—HLALREICEE L7 U —7 %% (creepcrack) NEREL, &iRE
e I L 2B & R LIk &M AB o & o C, [BIEAIC K 5330 /) CHatEfkE
%5 Uz, Cr-Mo-VEBEi N Ok 5 R 4 — B v m— 2 — OREFEH 0 5 % .

WEEREEREAT C1E, —WRIGNTET T ZRIENbBEIND.

1.2.3 U )—TwiE - ') — T (creep fracture, creep rupture)

FEMERR I - EVERR TS X OWEMEAEE IS & B | S IR MK E N B D (IKIR 2
U — 7O T 2 BIR R R &) 2 LR SN TV DY, BT
ORI Z BB BT DL ENH 2 01F, EICEEL T Tor ) —7¢%
ZHhDd. TROLEIRFTIE, WMEAEK LR &S, MihNERRT
TAND PEFRNTFEOETT U, e iR i3 U — 70T Bz, 157151
T2V —7F ¥ 7 ¢ (creepcavity) X°V/ V—7EHEELDH. 7 U =7
FTHBETL, ERNEENERT LN EELS. SONEILZ Y —7
SHNBET L L, EEEmEHFIZBT 27 ) =0T HOERMIEY, 7V
— 7 X ZLEE  (creep crack propagation) 23EAT L, HAEMIZIEZ U — T HEHrIC
BLH.ERHEAL RS &Y, 7 U —T7HAE (creep collapse) ° 7 U — 71k ¥r (creep
rupture) 24T 52 LD 5. ERERIT IS TITRINIZ, RIS TR R
(AT DN H 5.

7 ) =7 EEGEROFHImICIL, 7V — TGS R E A2 UE LTS
EAPE OV 0 & ORERE L OERIE D B, BYBIEIRE /N HE U TR AN F 2y
7 ) —7F ISy (creep J-integral) F7-13MEIEIRES (modified J-integral) 2 73
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MAnoind 2 L%, Kim T, EFRREIC LT DER 2 U —7385%

(steady-state creep J-integral) | £7-1% [C™®* ), JEEakigicx LT 127V
— WSy E0F TC@)) ®OLoMELAVDLZ LTS, AL DI
IR T A —50%, HBMEIRE ) & RIARICARMERBR A fRI2x L C, NortonHl| %
RET 2 Z LT, FHUFTREZR BRI ENEHE N S R TE 5720, HEERERE
MEEBIERLTND. 7 ) —FIRE, &R & &\ V2 R
LEnn,

e X ZHEE D 7 U — TR ZAE PR T & [FERLS, 7 U — T RkTR S (creep
rupture strength) &l SO IEMES S L 2T 52 L TRENTWD. 71
— W X0, 7 U — IR (creep rupture time) MSAEERFR] & —3%9
HEIEDLIENTHD. WEEZTDERIRICK LTE, FEHRARINH
A N S, NIEZ ) — TR E OBETECENL TV D Z L 0D,
RN R MBI DS THBEIC B AV HTW D, —RIcx 25 2
U — 7l O FIE XIS 72 o TR WS, JEPEREITETAN & RIARICIS T
SFIERRETEA IREA AT L DFHER B b D.

¥, 7 U — kR S OB T — Z ORRFFMAI~DIMNERS, ERLIH LY
YN ERWIERER R FEMFM CITbN D 7 U — RO EICIE,
Larson-Miller/ 35 A — #0205 L J HIRE — W/ NT A—ZERHV LIS,

FHETIE, 7 U — TR & 5 O 7o A O SR A B e R A L
TEDONDTRISTEL TN ZHIR L TNWD Z e d, BFIZ7 Y — 7
Wiz Ce s, SEIREOIEND RIS O R ENET 2561k
VIS, ZOXIRRERE LTE, R 7 —KIFBEFENHE O R — /L 72 & DR
WY EIAKIE R DO LT £ 5 RPN ZRRE 5, BRI X 2 5k
mENFZZLN, FHHLELTND.

1.2.4 JgF (fatigue)
W97 LTI ST O, B OTRERRF A 2 TH Y KSR Iic A U 51

BAN=ALTHY, WHEROFELEREZMES . £z, TH LT RITE
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YA TG T EO—E OB EBRANTEM R EIZAE U, MmN 2 R 5.
A 72T I A b T A =—3 = > (striations) & FEIE D RIR ORI 2 7~ 9
PET7IE, RHEE TOMEBR DR LS (5%, fatigue life) (IS CT, &Y
A 7 V55 (HCF, high cycle fatigue) & 1K1 7 L9555 (LCF, low cycle fatigue)
CEWHBSNDD, T TIENFNSHET D728, I8 RS A LD 28
ARG R T A 7 VIR TS, B A DA AR A 7 VRT LS Z TS,

FBHE A O 57 50 FE & 3T 5 72 01203, HEYERER i & AV 72 55k BR vt T
b, SEEME D —EOT R L TSI 5 B ) O T2 3D & ilE g
UL, ThbbEREMNERIND. Bz, MERIPLBE I DK
RIS T 5t DB BLRL2DY A 7 VT T D EF I H25%WIE T L7
IRf A9 97 F 0 & BT D HIEN K SHW B D 57 F BRI XE10mm
BEOEMREAEZETTCND I ENZN. Z00, HEERRETHE LN DK
FFFMITIL ERIEAE F TOMIR LI & R AEH OERIZE LB & 1 EE
ENTNDLEZDLOPETHD. RN —EOT AL FTfTbh s
s, EHHFEMOTHIICIE, HEORIINOT A (T8—27 O3 A
(peak strain range) | &FES) ARV B, O B&#FH & 9% 55 Fdn & O BIfR
BRI (RI7HRIX, fatigue curve) & DRI K-> CTHMmEMET D, BY A7
JVIE TR I, REEANZIT MR IR TV D LB X TRNWZ &b,
JRETEOIG 1%aPH (T — 7 J D% (peak stress range) | L FESY) ZfRIEE LT
HRICHRPIEOND. £z, @A 7 VETRBRIIZ < O%E, — ik I
PO ISR TIT N 5.

TETN K D = FOEREE DRI I3 < D86, — ER EIRIEIZ K 5 EH il
HEsERRBRA TONS. RBAIIICTHRE, R A FARGRER A
mE, OIREZATLHRBADANOND. SLEREE ORI, JSIE
KR DO ZEBHEIA T B 2 I8 S RAREAEIRD R0, BBMEIRE Y 0> & OMEHELC
S THEH S D57 I8y #iH  (fatigue J-integral range) 273 & O ZE B FHA D
MRS RT A= E PN, BN FANT A =5 & & REREE L ORI
MEHER OBIRBRNL T 5 & B 2 BT\ 5. IS IR RAREELIA 1L, 2L 0F
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T —4 N &b, BIREER %~ — A U7z B 2 O 72 54T 23
REND. FEHIEDEAICONTIE, REXFUERET DL ETHLNLLH
HAEZHANT, BM06FHMETE 5. - oMERIEERBRIEDCTRE S h,
W LTS, @A 7 VS SRR, IR RE 2 MR L T &N
RS D70, IR BEIPH O AT H THITE 208, KA 7 V955 S
TToOXZGERIE, EHIBSHEEZANTTHTREEEZ LTV,

NG DNE M SN D FEBTF NENRIRRNRA 7 —E D6, $57 ORTfhIE
BHTIT 7R STV, JR I E R &, FENTRR G0N S 4 5 2 b
TiX, B—27 O Hdpic o < 7R E4R 5 (fatigue damage factor) OFFAlh
INTREND. PEIGTHEERENL, (@R LE) | OETTRRIX T OFFA#NR L
¥ O/BFITERSN, TRDLMinerlPNC S GRS D, &E
THW S 238 FHIE R T, 98578 R O & BB S X, 15
HERBR P O I Ffn &, U S HBIEFFm L DA SR L TED bivlc Z 2R
¥ (FH s LC20, ORISR LT2) BEDLNTND Z EnbY, fi
HRIR LB a7 A m U FICHIRT 5 2 & T, EfRERORBAENB LS
TWa ez 6D, EHBEEGHMIIHV N D E— 7 O T H#PHIE, AR
FRENTCRD D Z ENTE, JRF IR ORREH R & T HF I E OFHMATT D
NnNTn5.

2L, MREEILE R L, SOUIRENEE SN D56, FIRERMEHT
TR ONDREROOT HFEII T DI 57 F MmN TR T — Z 15t L CHELD
LM 25 25 2 E MM SN TNDED, Z 0=, kRO LT,
VLS FRERIEICHE S B — 27 OF A4 AV 7o il @bl c 72 <, &
BRIV TE D B U798 55 TR EEARIRFR 4% (fatigue strength reduction factor) % Fv 7z
PRI R S D.

FERETIE, — IS SRR HIR S TS Z e b, K1 71
PTNTNF L A EDGE, BUG TR E KT OIS T 72 12 XD IR )
(XD m A 7 VST TAREOREIE M BT SR DIRE D S EZ L - T
L2 HEND T ENLND,
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1.25 4 1)—79&5 (creep fatigue interaction)

OFTHOMYIEL &, MR T TCOOTAEIIISHOERMRENEET D

LA, W HEERE O, D5 WL Y — TR (creep damage factor)

(CHEDETFHILEHFME D DR WER LTI T 2560380, Zh
Z 17 V=757 7213 17 U =795 AAEM (creep-fatigue interaction) |
EWEA TV D, HMEFPH COIG DR L oSS, (BE~ORENEELES)
BRMERRTT 2 LD AR 2 U — IR 22 2 L D, FRICEHN EEE T 2 L EE
BRNWEEBZONDTWD, 7 U =T RIGHESERC L 2 FME T2 BE S 50
PEIL, WG OBMEIZ L > T7 ) =7 bR F v ok shd, FIZ K
JIRIITHI D SNDEY A 7 NET & OBREEEZ T HHIETEL D, IR
FOT RO T= 0, EiRER RS TIC7 V =7 OFTHOREIC K DIET
f%Fn (stress relaxation) 4 U 5.

2 OB, 7 ) —7RGHEEIIERRBEORELERICE - THEL S
, BB TR L P e likim 2 2 U, eIy V) — 7RG
Fe B ORSERLATO 7 U —7 3% ¢ B F ¢ OFAERERE T K DL E MU & H38
ELERPAOND, MBI TTRI TR OND A M T A =— g VI
TRWZ ENRLU.

7 V=TI RAEAERIC & 2 FmE T itk x 2RO L2, BRI
e REHMIENRE SN TE . 20T, EEZEHFELEEX TS LT,

WG L 7 ) — THRERB O Z 7 ) — T ITTREGRE L BRI
EF0HI (linear damage summation rule) 73iREFEIA& S5O g &, RN
RENTWD. HFHBUKRDZL < TiE, RobinsonHP S %, (EMIRFS T
TCoOEMAREM) [ (RIS F oy U —7kRR) 227V — 78R
EFT 5 [REREEE R (time fraction rule) J. ®»2WME, (EiRRFFF O U —
TOTHIESY) | (AEETTO7 V=K D) T2 ) —7HIEREE E
# T2 TZEMEVSEER] (ductility exhaustion rule) | SORfRFEAE S 2 5. HiE X
K R B R IR SN 2 E B IRINIC R L TR Y, %#F
(TEE FIEENCRRE STV D 2 Lnd, BlichHmaHiilcHnshTng
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AWFFETIE, 7 V=7 WITBREGRIOMEICE K LW, ZThb2iETIEE b
2, =2 0T HHM L, ISTBERMBEICE SRR INDZ L, W
T FEFIEMNTIC K DRI TREZR 2 & AR L TR <.

FHETIE, BA T —KEEFEE O X 2 RIS STEFE, KA T —~v & —N
7R EEOWEBMREIC S S SNDENLIC Y UV — TG E U5, K%E
PR CIIRRGHBUE O 1T, EENF LRI T 2 BERBIC RSN TR ST,
IR, N—21— FEH)NHDSS/e &D v — 7 fpiEMICHERE S 7277 o b
TY U —=TWEHFCLDBEFFREZ TETWD

1.2.6 —RISNIZ &k H#ARIEHEMEZER (gross inelastic deformation due to
primary stress)

7 U — TR L DR IE MR 8 U D &, WA ORI

DRREIRME ORI, B & DM X D HRE L olEE 4 Z 3428
WD, Fiz, WNETRMNT & B IEICE S B TFEOZ YA 5 ik
HbdH 5.

O, WEERREBIZBT 52 RIS X DERIZHOWTIE, THEEY
ZRRR S FRPE RPN < | K 9, IR EIEIS &K 2 HAEIS 1 03 R & 72
CIZESEEDONTHRIGN B2 20K 5, BEHHETHIREhTWD
ZO—WIETDHIBRIZ X - T, B'— 27 5oy Z R TofIAL— RIS IR R HRRR
S ZBRRVWE I ICREFFSND. —WISHIOMHIRIT, BRI & O 235
B SNTWD ISR HE G578 15, 7 U — 7R 5B GBI OT O FEHh)
DSBRMEIS DT IS KGN 2RO TV D Z e b, 2 b O Gl
UMM D ER T OB L ST 5%,

— WIS TN K DIEMEETIL, RIS AR SNG L BN KRB TR 2
LMD, WUNETCIRAT TRl LS 5. BRVERRHT C & IS BRIES0, IS 150 Rk
(ZFE5 < B & 254 & A7 LS A RIZBTEMR (rigid plastic body) & 72 13 #5¢
PR (elastic, perfectly-plastic body) % {5E L7 A FREFR AT (BRIRAZEHT (limit
analysis)) (2L »>C, fWELHIRET S Z & CTHEMICEEENHIRINS.
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1.2.7 ¥V ¥ H (cumulative strain)

TGN K DIEFIELRTENL, —RISHC X DB L Ry, B0
RSN, AMARETEZE T RN D, ~RIECEDERIF EREL W
FIFIEERT SN TE LT, AN O ORBMATFARIN TS, LiL, 5T
TEZRAIT & 2 BRE L REESL, UNETEMRAT I 5 < RGO 2 S MR R D R
ERERICHE L EZ B, BREOTHOHIRA 2SN TND (Wb 8T F
= v MR E) . FFRINDOTHN (—XIENCED LD ) KEnw &
D, —EOT BEH O TERTR U S TIT o 5 9% S5 8 55 EAT 15 0 2624 A
b T OLEMEDORIUIIMZ 5N TN D.

SERITH R OT BB B O LA 0 IR S D D ThiUE, O 50 RfE
(T4 T3, SEBRIZIITIRN IR & DI OIS FRHE I K> TAE L
RIS D7 ) =12 X B — 5 miggesn, saENE (elastic follow-up) 72 EiZ
LV, OFHROBRBEPECHDS. OTHOHIRMEITTFEHICED b TEY,
SEPER B O] 2 AT & U T K E SE T RGBS T, SRR BT 2 )
FOTH BEOTAH) 2300180 F, FM#lRE FO0T2 (HTOFH) 2
0.02LLF, FERIEDAMN D 2 B DR EDORRKEOCT H (=27 0§ A) £30.05
UTEEShTwaY, BBEomEF#RG DT, mifosiee—2s0
THITHEBWEDR D Z & &, 7 ) =T EITHREFmIC L > TREREY—T D
THOBIR L RNHIR S TND Z & ZRILUC, =7 FOT HOFIR AT T
WA, E 7, BRGSO TIE, RIENAETEA L L TET F oy
N DI B 5 IO & B, OFAOERMHIRLE— 2 O
THOFHImZER L TUV7Ru,

BREOT B ORHM 2 — AT O T2 O T IEMIERENT 2 Z4- 5 . fRATHRE R D
FFAMHIELL, O B0 OB RIS FTRE 722 R GeR CTH L ERL ok
iz AW TR S TE 5238, ZRITBIRICOWCTIEME TR,

BREOT AL, SWVEUSHZZ0T, HoBMBRE DS B 72 AL & R0 e
W TIX 27 U7 4 VTR 01550, SIS R FHICIRE S D ER O E
DB TITR VIS W EEZOND. FROBEGEH G RYU- o002 & o
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5, BURORGHRAK G HLORMIT TR I NS DD, 7 L -> TOFHETED
VEMTHE D m <220,

121~12 7B T2 X 918, il e D O G PR THR > %
(7R85 A 1 = X WTAREFRELZ N U CHEEE, WS 2 &3 A

o TWDN, @A 7 VIS Z S & T L, BEORA - HERITIEFEO
FTHOFMIIERT D2 DD, T OEHEFANCITIE M 5 R 2 1
5 IETMERRAT &2 E 5. FEEMERRAT 21T O S5, MR O YE(R 129 ) A
5 b, BERFEOIXS S ERRE LoSEAZE, AMBRER & DR S DO
D PNFIEZ BT FRIEOFE AN R R 503 8 5. fRHT I K OFHE O FIE
DIESE L TN D BMEREATIC IS < RIS N IEE BT 5 2 Lnh, — o
ZIRTCTGIRAZ KT 2 M R B 5.

1.3 AARDEMEESR

1.3.1 AFELNEREK S HRED & H

RSCx, KIEERARA T —, @uBEmrs, @iy U — 758l o X
54 JE B E M @ IRE ISR O E R A M R EIC OV TR RS b D TH
5. Flz, 2ZTHE O MEERAMEFEM] (structural integrity assessment) & (3,
i RO MR ERIRTE D RG24 U 5 £ COFmaklids L OGKEHHE &, &k
T CORMIMME T 2% THE T 25H OB, Fri2 & ZRHE1E (crack-like damage)
OFFENERHn S X G OER TN ES < fEFmiHlizE T b0 L 15,

F7o, TBIRFEORIMITH T 5 — M2 MRS 2720, WTh b AIRERESL
& LT2RHilE, 372 BRREEHmIT T U CITAITEREE, RFmMaEmiokt L <
(XFENTHI R FF M A ICBRE L Calgam A D 2. BUR CIIARXRE 2 F & 75K
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Fig. 1 Logical flow-chart of the present thesis
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F2E BEWE/N\TA—F0OME LFEE
£ rVERTIE

2.1 [FLBHIC

ARFETIE, 51 B\ E M SRS s O S e EFHmICfERH S
DB TRDOMIEISE /N T A —Z OB ER EMEZZRE L, AREREZ W
TeRHIEDOBINE 218~ 5. 2O X9 REEIGE /ST A —=212F, RIS, i
HIERERHE IS L OFEMMEIRE Sy (BRIEMEIRE Sy & 7 V) — 7 IR Sy) , MR BIERR S d
F ORI PR S HEZR ENH Y, TN ERRIERRIIEFRIEZETE, & R OMEREE),
TSN DiEFEER KOOI B0 BREEH OFMICE A TTRE L D . ETZ,
ZD DREEISE N T A= TR TIC L DT — 2 RXR=Z LB ARETH D,
MEORE SOMEDO A IO TITHAANAIRETH D Z &2k~ 5.

2.2 BRIEA (reference stress)

7 V) =T OF BB £° A RO NortonHINNZHE © i 27 U — FRIC — & E S
o g, WIHHMEARRRIEEN S (S MBn—E LR D) EW 7 ) —7 1Kk
(steady-state creep condition) (ZHERE T 251 FBLTIEFE T, FEMIC I L L
22 (skeletal point) STE(ES 5 Z L3l < b E STV M.

£ =gl () (2.1)

Oy

[y

ZTe, o, NEIMEIEHTHY, nixz V—TH IS5 ORI %
L, 5%0EwmO L TEETHD Z L BEFIZIS 1S (stress exponent) & I
5. ZOROIGNE, EEZ UV —RETIEINIHKETHL Z L bbnY, 4
MEEY DI T B A2 KT D1 & LT, B ML T (reference stress) o,
LRI D X 9 iS5 7212,
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—75, BMEOT B e® BRI D~ E FIVEOF HANHE 5 BIBNER A5
ZAUX, F—IChiEE, T72bbm=n DHEOREBMIRE L EFH 27 U —7IK
HEIC T DMIRN OIETI53 401X R — (Hoff oY) &72%.

JLT

e =l ()" (2.2)

Oy
ZIZTe, o, MIEIMEEETHD. o 1Te=0.002& 1L, 0.2%if 1, T
RPBBERIMES & 705, mIFEIEITH T 20 FEETm > o (23617 2 At
WA B 2 5 &, ZAUTEMEIR R ORI IS T 0342 T oy 125 LW IBBIE (R o fr i
RIEETHDZENnD, o4 oo, &b, EHZV—TIREIZBT DMLY U —
FERFEDOIENE, ETOHETHIPICHHIT S Z Enb, EEOPICHT o,
IFRATEREINS.

P

Oref = (FL)O-Y (23)
S DITP o, RHHRIR S L B O BIEEH L, b BRI T b B,
Fibb o, (IHEOBIRE 25 L T M EOKE S 2 ET 25N T
B, IR G IR N DIRETE, o4, ZHWT, (EEMEMOET 7

U — T OZENRE,  ATH L ORISR RN 512,

. &
AC: ref Ae (24)

S AE, ARIRTT, MEEPEARERDS E O EERIC [R]—far EL 2 I A T2 K D [F]
—LE - GROEA (BEER) ThHd. 6,132R7 ) —70FHRET, K

ref

ref

21)Dollo,, ZIRALTKREY, & ldoy & E TRLTKEDZSREMHOT
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7> (elastic reference strain) &4 %. K (2.4)1%, #EMIHERTHI5 LUV E2R
KT Do 05, BHEER TRESNDIERE— L7 U —7HAGUE EB LT
52 EMBEBECEECE, B—I5T & o — kRS IIRRASINS 22T 2130
TIXZE DR IR ALD R TE S.

SIS E DRI A R/, EEAIZHET 5720, BHEOT A1 H(2.2)
DREFFHNINE O Re & 2, BEYEIS ) — OF A B3R IZ kO Ramberg-Osgood
A2 RET 5.

6‘=£+80p (i)m (2.5)
E oy

Z DOWE, fE & BN AOBIFRIRIX (8 — ZALARX) 1 X, RO AEL & ARBR A
BEOEHSOFREPFE TS 2 LT, Fig. 2-10 K 9181 —OF BRI & ik L
THIK Z W T&E D,

4 l<m<oo 4 l<m<oo
Gref P
% Oy V4 m—>x o] PL A m — oo
[<B] ©
= =
(7p]
‘e' A 4 > Y A 4 >
O 8ref gref- O Ae- A
strain displacement
(a) Stress-strain curve (b) Load-displacement curve

Fig. 2-1 Similarity between stress-strain and load-displacement curves

FThbbH, mORE SIFFERTERINDIGH —OF AR & H— 2 AL AR oD
AACEERT D Z Lo, W ORIE RN Z2ABEMESE T S, Fig. 2-104H
PR LY, WABELND.
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oA 2.6
E (2.6)

A=

O-ref

OB E <, BIEOTHNEIEOT I Hld 50008 (mrEiRig) <
FZROTH ORI Z G L TkALL TE 5.

A (2.7)

ref

2T ITNQR2DDolo,y ERALTRKRELSRBMEOT LTS,

EH 7V —7RETIE, BRE— MG oH X — IS iaa o2 mis
PEAR LHERIME A BT ZENMBNTWVD Z EnG, ((2.2)EXQR1)ICEE#HZ,
RQNEEAHEE IR L TEEXET ERNQRHIFETD. 20 Loz, ZRIGT
B HOIUE, BB R S DS IR ENL E MR E L D, — DG
TIHEHNTH T D20, BAGREZFHET 5 2 &N TEx 5. £z, XE26)DERD
TR N ] TH o 0BT 7 <, FRRISIS ) — O AR & 24—
o B PSR DN EINED D D & & 2 DN DR ORHAGUCKH LTHEMATE 2.

Z G INE OB E I RONRFAEM OB FITKFET 5. 20k,
7 ) =N A LLANE EIREE TRV TIE, ok s LToFEM Eo
IR T LTV Db FNALZR W AS, Rl DR EHHIEE DR, WEIZICEHRE
PRSI | PR B & 2 7% - & N 0 G T3 1 2 OB Gy, EH 2 U — 7 I
i S REmIEY & L CoMiEixmnEEx bnb.

BIIG T OFHI 21T 5 720121, REINTRAT & MR E 2 ERER D 5 )5
% (BERAEAT) &, 52070 FCHIRAENT & RS 720 D IENC -3 < HER
EZOND. ZHRLAETIVTRGIE SRR IR S TRY, #
S2ETIN G OFIEOWMS 2 Gt Hg & OBE L & b IZk~%
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2.2.1 BIRBITICE ISR

BSE A IBVE IR 2 (ROE U 72 ABBRARHT I, REFHRRETOIC bRiis TR,
BRVERRAT « SIS 1040 — b O—PISTHIIRICE A T rRE L Svd. ASME
B F 1 D IRNTRR G O R E OB IE, #EEW DR % £ 34RO FTE O FR
1, BAEMHTERICOVTREA 2SN TS, 22Tk, Tz 4
U % FEEOIE SRR O FAERTE (GBI DAL D B K ) e & 2
HER A1 9 BB OYEYER L E R B 72 E B E AT OIS D I8 AT Tl e 2e e
BOHRETH D Z &SN, B S L < I3BMEMICAE S ICER TE 5
B L LT, BLEOI TR TIR AW BRI 72 FEREA LA BRI 5D < R AT
HAZRIZESND L0 o7, Tbb, MRMEIL O Ta{EAEN B D)
REOHEY ORREMBEAZIEL TWDAO TN LIEE L TEBL.

SRS EENC RS — WIS AHIRIT, BRARAOICIZRIEIE (R 2 E T 528,
DA LR WIRTED 223X, AL I 5 K 5 I BlG & A IR 55 AT
THET L Z EPREERZ &0 b, BERBMARZSUE LI RSN D
SO SR AVAMER 2R LB, ME — ANRRENE, BMEREED & B
HH 1 £ TOBBREIR TRARIR O LS 0 12 X B A& # O, FERIR I 4 b 25
BINATOND . MBI CIXBEGRIC, A3 5 LARNCIZE R 24 T
PRNT D, BRSEAIBIE IR A O oA BR A E 00 B S I N TR AT A
% . BROMNE SR et AR N iE, WG, BESE MR OV b DM ER
WHEMCEAATRE CTH D Z &, MUNERMNT 2175 & Z E AP STV
%.

HRBRA BRI FRIR R S Il 5. 72, MROME—PEIC L0, MR I,
RRPRARAT 24T 5 BITARE 3~ 2 T BLAR B AR T, e K far BB G OO fof B —
NZE o T—EBNIZEE S.

Bk H %GBS BIo s 1 B MR E 2 F U T — s IR O ARk E
%, WEERICB T AERAMEP I L T TORELNTEIND.
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P< (%) P (2.8)

Z 2T PIERERIR IR S 2% EHIL /758 & (design stress intensity) S D15fF & L7z
BSERIAMEIR 2 OE LT fif AT T DAL D MIRATE T 0, BREHS )R S 13ERE
FIRIR S DB EFRFHERIRE D2B3D 9 H/INSWTEEDHHLNTND Z &b,
X ETFRIRIR S A FRIRIR S & L 72358 ORR B D 2/3LL FITAE M E A HIRR =
N5, BN TIE, SRS ANEEE & HICHW B LT & 7= Trescad R
FMFICESSBUTTIE S, BEMisesD BRGNSV B A HRE R IEIZE
S < MRIRARHT & DIER 2RI 27250, 3(2.8) DA B /2 M3 L HND R,
KEBEITIZZE D X ) REEIZ R STV, RERRIE, HBARET
TEF SN D AAEATE (HEIEM DO FEERO R & 13 —E L7227y, ASMERUEIZE
DETIZIIMES) % EFLo, PAZEZTHWTINZ EE LTINS,

HUEH I &Y S D IR EAF O 7 & > R B Ui c, milk L
OFERERINT 7 0 7T N B TE O I RIRAT R, EHESERT
07T MR T, 1EE A ETR CHEAE DIV, BUROEAER 2 ffhrHil 2
FIOFUR, BRI LS 2 FREE (S ARAT B O BB ITHRAE L 72 W RRBRAEAT A3 7T HE
2o TnbHEEZLND.

REX(28) LK (23) LD, REHHMSEIL, W@ IERRFOME S L TSRR
HINERIRE D23% FED L 9RO TWDHZ &5, Znici(2.6)% 7
30, BREHE ORTEOH|FRIZR DAL DOFIRIZ DR > T\ Ad Z & 23b
N5,

p
A 14 5E Zyns (2.9)
A o, 3

ASMED “fEmlR kL, FERQ2.9) DA N EIEEHRAIC L &Pt @7
bOLEMTHSZ L NDND.
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222 SHHRERICED S EER N ESRBIS O FM%E

FEMTRR R LD < BREHHMS 23R E ST Y IRF I IRBRARAT & v 2 8 b S L3
<, £, Z< OENRMBPEHFEEZ L TWeZ &b, FHRAR DN
S WSRO AT (& o THRERAENT & [R5 223 28 rTRE 72 71k & LT
NEEIDNE N Sz, & 2 TS & Fig. 2-21cM TR Sh A IS ) o,
iiFIc o, & =2 5o (T 5. Thbb o, 3RIEN e 70 D “RITiR
CBTDRET W XTI D, oyldo, 25\ b DO, o 135D
LT 5. o, OBHICHTE > TIE, TRIEEEFig. 2-20 3R EE ST AIC & 72
HhOEIVIERT 2 ITE— A b2 E LTIOLRFZEIN G 9 KO ED
S, HEGrof, of, of TN THRIMEN S, I 2 THRF, jII3>DH A
JERE DT 22T

m 1 cel2
oy =% e/zo-ildx (2.10a)
12x per2 m
oy e ., (T — oy )xax (2.100)
O-ijp =0y — O-iljn — Gi? (210C)
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Actual nonlinear
x/ stress distribution
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Fig. 2-2 Schematic illustration of stress classification of nonlinear stress distribution

S HIZ, DESNTISHRS G, IS, ), ©—=7Iishoznzin
(SR LTEISAZR L, TrescaDfREMICESE, IS G, 6,, 7,
(TR S BREHREEHO SIS HHIRIY, FFRIS I o A\ LTETFD LD
ZihEsns.

Max[&, éﬁmb] <o, (2.11)

Z 2 OB WIS 6 1, BIRALIEEL LTz 6] & of DFADSA7 7 b Rk e K
JETE RS NCHE LT DO Th S, RIS & U TERGEHG IR S B
bID.

AENXQLU)DOED TR END LIS AZ, FHERTH LTSRN — R 5mE
2%, 12, M OBEEITIE 6, D2ANTE L. fifh T 252107 DRI O B
B XREE T IS DS BIRR S DL LIZRHCAE T D Z e d, —kEIRH
Al D2 DR 72 R AE T, AEX(2.10) D50 SR IR S 2 EIEE L 72 B
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ICHAEEZ AU D WA D ENTE D, Fiz, REXQRU)DLEDIZI I
B35 2D & &, & HITRFHBUEE TEMASTFE SN TV HARER(2.11)
ERFEXRBYNFMTHL Z L EBRET DL, AN EIND. T72D5, Ik
NGFEEN OB LD ZORMESTNIZHIE T EFE LW EHR X B, RIS
OFHED—> & L THEATE 5.

o =Maxa,, %c?mb] (2.12)

IS TIPIRIE SIS S SRS TIE, MR 2 2 23, T<HERIRTHN
4L (S MIARE L) FHlETEIC S O8 0 GV IZT 06 T H s
EHBNDT=0, PIZIXTZHAVFEEOMICBNTEDE X TN L HNDL
NTETWAY, 72 L ZoFETIE, FHEEG LA O 455 OIS 5540 o8
TR R T 2 REEXEE OEWEZZE L7202 E NS L, MIRMITICE S F
B LERMFHEZ 525 Z Engn. BlziX, F—fEE5 ) 5300
AR A & A TR A T, RRISABR OIS IR —ThH 57, /5
JAEIZE S S BIRIC T EMIRATEIZE S ZN EIFFE L2505, 3adiTIC
B DWREEIZ4ASHTOZEN LY bEWow, WRENTICES SRS
3T O FMEL 7250, E7, @il FMA TS SEME OB LY,
P OIS N 2 B IARE TE72WEERH 5. S bIZ, IS0 FREIE, Fig.
2220 L ) R 2 BET B HERDH D Z L b, — O ZRITIRICH T 5
W HAMEICREN 5 5 .

2O, ISNNEIEC X 2ZRICHEEDEEMNLOTIEFZRLS, RET
AR D O ITHRIRAENT AE R OISR ST WD Z & THEH LOflfEx mH 5 2
LRETED.

2.2.3 EWELHMEIEZRE (net section stress correction factor)
FRERAEHTIZHe S < BRIG &2 EfE & A 7e L, EWimic 7 E, fiicsen
ICEH U D RS ) 2 R e b L CRITIE, SHESHEO K& SRR L

45



EYOFHICR L THEOMRFFIHATE L Z LT 5. 2D DEEARERT)
& LT, AL L7c S oA 2 AE L CE ) D ElriIs f oy # WS Z &
T, FIZIERAD X 5 ICEBHEIS D ERIEC 28R TEXSH. T Toy Ik
TRIRMEATICIE S BIRIG I TH D . oy ORI S L 890 A 5 I % 7T
Wi (& PR E G T 25EAILFEW) (IUE L CEIAN & RO S
BN T & D28, WYEMRT 2N FTRE R A 1L e O Bt T o A2 &
DT, IENFEEICE S KQRL)OSBIE N EZH WU EREE Y, C X
LI 72 %.

Y

C, =

(2.13)

Gref

b BRI 50 A0 & 70 2 R E RN D SERGRER Fr o4t RBR AT, Wi
BRI EES T & e D PRSI R 2 fOE T AUE, CL =187 5708,

MO R RE I E IS SR BE D Iz %k LC 2/3 (%10, 3a 8T RER ¢
IFAE T OFNICK L TL2UEIC R D 2 e ENE LTINS, —iic
IIHBRRAEATIC CCL 2 RD D Z EBREE L.

2.3 BIRAFNT A —4
ZHANVBEEOBEZNET D37 A—ZOBRFHIEL R ENTE TV D,
AT, Bl - BEHICERA SIS Z & Th<mbi, oRmILOERE
WD ETHERRERNT A—=ZITOWTHIKZER5. 2k, KgXT
VR ISR ORI T EEE T — FHEEICIRE L GEm A ED TN D,

2.3.1 IS HIEKRZEEL (stress intensity factor)

S ZURPEIC R L TR b EA A TV D OIS HIERREK, 1 Th 5. Fig.
2-3ICEFRT D SR A R & T DR A AV, BPER D B pk D AR O
THEEZEZ DN, EEHOIGEITERR E 722 b DD, D LB 7o 2 2L
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UG L (r, 0) TIXABR L 72 0, Jin I DA 43 1L it B G i A5 i 0 55 LRI L)L &
L CRAITHEH ),

o, = K, cosg(l—sin gsin ﬁ) (2-14a)
22 27 2
K . .
o, =—— cosg(1+sm Qsm %) (2-14b)
22 277 2
K .
Ty = cosgsm gcoss—g (2-14c)
27 2 2 2

crack surface

Fig. 2-3 Definition of the polar coordinates in the crack-tip vicinity

Trbb, KILERIEmLE IS & BIBRA H v, IEHMELET O
DN ES DT TIE, FEBRIITKRO b0 S REREE & OFEENR RN &
SRR FRT A =5 L LTR#BEh T\ 5,

—IBRIAR, AT SRRICRT D K 1E, S RAD RGO 21TV,
AT 72 BAFR (2. 140) ~ (2.140) I S & IS 1A bR TE 5 U 11E) .
F T2, BALEIETIYERRE DO BRI S T B A0 OHEET 5 Hik (AL
%), 1%iuk9 2857 LIS TIHERGRB DO BMRICEES < F1E (L FIEE 213
HHYE) RENHY, TOHEBITIRETIIAR,

WS TIERAREN L — AR KD L H 1TFE T 5.

K, =Fovra (2.15)
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CZZiCalFERMNER S, FIIMHERAR &I 0A0 DTIRIC D I MEKAFS % R
TEECT, R ITAbIL TIPERARE (dimensionless stress intensity factor) & FESS.
JSHIERBEBUITHICME CTdo 5723, AIRBERMHTEIZ LV K, 235K b
A=K, F—ISH RO T EA D HEE ISR LT, ME o R & SomiE T
BICE TR —DF NEMATE, BRVFEBIESNTERESE~DEMIZE
WTHRE A L. Eiz, SRR RIS T D Fiday K7y 229003
HEnTHY, HEAFTHELWELRAT LT TARXMICTK, 2Rk 5 2
LINTED. IR TH D728, FRA 7RISR L TRO i 2 HRE D
BT, X0 —BBRIS NI LT, B—alixt5o & LAV Mg 2
ITOTICRHMICE 58 (2D X 9 e FEICE AL (weight function method)
SCAEEA % (influential function method) 238 %) DG & S AMEDMH D T,
ZOEE, FERIBINIS DA T DB L TRICAZ L b s.

2.3.2 H¥MIFES (elastic-plastic J-integral)

SEAEPEIRE 71T, E AR OIS ) — B O T ARG 2 RO T A = R v X
B & U TIRRE SRR MSIRES TH 0, Rice®PDEFRIC LIUTRATH
Inb.

ou
J=| W-Td 2.16
T ZIZ, TIFFig. 2-40 X D ITiEF L7 SR AT Y T HIROSER (B ,
TIIER EORENZ b, WERZENMAZ BV, x i3 & K518 O LR,
ds LR B4 54T 9 BEOMUIMESY. WITKRA TEZ SN S O AT 3L F5H

ETHD. BOoXKMITLZAICBT MY OThe £TETD.

W= ode, (2.17)

S EAT Vv, gl TOT AT Y TH Y, RAD KD i &
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ShTWnod.

o =W (2.18)

KQRA)DEEICHES IIE, HA VRGN TICS) — O ZBR 1K,
BRADMER L22n e EOIRE SNTZRMET T, FOREICEKFE LRV,

integration path

Fig. 2-4 Definition of the path integral for J-integral calculation

BRIA IR Sy D W PR E R — IR AV 72 5o F CREEISZME N o 5 2 &
WERA IREEM DRI & SN TETWDA, Z 2T — 07 ABERIZA(2.5)
?Ramberg-OsgoodHl| K ET 25 &, BT AR HMEOT I Hlid 5 4
SR OIS I L CU T OEREZFHSZ L IcERE L TEL.

o, = (Ji)lf(mﬂ) G,(6, m) (2.19a)
ellr
p m
giJP — g_om (‘]pi)m/(mﬂ) glj (9’ m) (2.19b)
o, & l.r

2T EM ORI D EERITH, 5,(0,m) & £,(0,m) %0k mITEET
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LRI THD. Tihbb, SRS L O B ORLHB IR
SIERBIL, & RSN b ORI HEIT 5. X(2.19), (2.19b)IFFERE4
DI T4 & - T, HRROKEME: (Hutchinson-Rice-Rosengren singularity) 229
ERREITWD. DF D, WIRMIRE L X ZEREE OIS 1546, O3 Asy
i —xt—PBRNR D 5.

F7o, BRI CIIRAD AT D

je K& (2.20)

Z 2T, ENEFEERSJJIREE (plane stress condition) TIZE 12, Yl OT AR HE
(plane strain condition) TILE/A1-v?) (vIZART Y b)) 1I2% LWWMENER T

HD. JUTRIEHEMERICBIT 2 Th Y, PRI (elastic J-integral, =
ZTCIIESICKT DB RS DO Z AR L, WMEAIENE TS 2 bz
PRI U CHMET BN DI EFELWY) LESZ LT 5.
SEYEMEIRE 7 1L~ & e HI 2 (R E T AUIXHRR O R B 12 35 < Bl 22 ) BRATE
k2 FFoNs, —MROMEMFUTK L TIXEWRA R L 225, S HIZ—RAY7R%
RZx U CHORRBEIER AT 28T A =4 L LT, ZXVF OWEE DB & R
EATFNRFHEPOPFREN TS, SR FLXEHEIE, L(2.18)23K
NG D SR CIX I PEIFE 73 & L.
EBEOB BB O L FBNINL T L bR EFHNED/RNA, 2 2 TREF
ANCim a2 RET 5 2 & C, THICAE ARBFEOFIENE ) ND Z LITEHR
T5. 2FED, ANEZT D REFEMEEN EBIEIRBICEN N DR, EF
7 ) — 7 IREE & FERICIG 0 OTRIE, WERR, frEE— R EIS1fEEko
IKAFT 5 L 912720, ROTICHERETIUTRE DB D.

J" =Hagl o, (Pﬁ)m+l (2.21)

L

ZZCTHIMEIR, frEE— F OISR BIRAF L, HEPHEORE &
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IRFE L2 WER T TH Y, BRI {b 2w B IR (dimensionless fully
plastic J-integral) & FE5. JP I AREBEMRERIC I 1T 2IME0 T, BEOT HO
FHERPNZEALETHDZ L n [HMIfES (plastic J-integral) | & M52 &
T 5. 1o T, ARERERETE, HEROTLEXIE, MEOKE
ERXED R X HAVEEICK L THE—OHBMERTE 5. MARIR
(KL TH DT —# _X—=2{b &Y, FIEFFE D &kt 2 F 79 2Rl
LThABRES N TS,

J=J3°+JP (2.22)

Z O kAR A BEMEAEYE (fully plastic solution approach) & FESZ L2 5.

WD TR ZAOE & L CHe MR 2L L7cSa, #BrEIRs &
& L3R DR ANICTOD & DN HLBFIRIME A AN T D2, Z OVEE & —fit
Rk LT b U TRy 2 5 FiE (S RREICKT 250
JGHIE) BIRESNTVDY). K(2.6)DZEAL%E E DCTODIZRT T % HflEA &
FRIBVEIRR 5 & PRI IO B S A R 215 5.

ref
N 2.23
E (2.23)

Uref

ZORUL, I - 3° &2 B/ BERARIREE ) & 2 PR RRE & et 2 5.
— IS0 D RO I NE TIXEN OB Y FITREEMRAF LTy, ERHAD
HEIEOYAX, W, TREABMNZ VT 4 ANVREME L T—ERNICED
bivnd Z L, ME RGO NN TR RoTe LITE X, TRAY
WG D FPMERAT IX E T EHRTIERWZ E B IR< ZIF AL I, BRA O K
WIS IR ST 5.
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233 EFE Y J—TIEH (steady state creep J-integral)

NEFHZGE LI E, EF 7 U — 7K & Am B RaRI B2 &
52 Enb, RQR16)Z I L TEE R, WRAORBEIMNFES C R ED
1% 3031)

\ . ou
C = jr(vv ~T— ds) (2.24)

T, WORR TERENDGZ ) —T R T v b, GIEEAIHEERY |
IWTHD.

- [ o6 (2:25)
S OERTIRHKASHIRE SNTVS

oW

% = e
0g;

(2.26)

7 ) —=7HIZ, K(2.1)D X572~ 3kH| (NortonHl|) Z{RETIUTEMEE 7 U
—ZOMEEEIN S, BIBIEIFESY & FIBRIC LA T OHRRO 5 BN E T 5.

y43§LWM>(am (2.272)
g, = n(c oy )M Z (0, n) (2.27b)
O'Y ol
DX CHTE AT BEDIGNT) & OT HEEOFEIZ T 5.

KEEDIL, B 7 U —REEFZ T T2 <, W ERFEBAGRIE £ OIS ) FHld 73
DI LT, R(2.28) OB 2 L, CT b iz &KL,
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EIEIREY & ATV A, K CIEEE FIEERSY ORI, EF 2 U
— TN T DARNRTG A—=R 2 EHE 7 V—TIFEyC, /I U —IREEE S
e a 7 V—7ImCH) EMESRZ LIZT 5.
EH 7 ) —FREE & AmEIERIEOBELIME (HoffoHRY) 6, BRRIET
AW TCIIRA TRl TE 529,
o

C = x J° (2.28)
o..lE

ref

X(2.21) & FEEZRBIFRIE, CTUCH L THEOLL,

C’ =Hasl o, (Pﬁ)“1 (2.29)

L

LEF L. #(2.28) L K229 EICIE—E L THY, #(2.28) TEE S
% CIIRQR22) DB LA CIIR L T—EDkE LD, Fiz, HITE
TS E R A —ThiE, KQE21)EFR ORI EIEZ HD. Kim
FZOMEAER L, WA —87 2 L 5 PE U 7o MRRR AT B i AR E (limit
load optimization factor) y Z&E AL, P #HXQRI)DPICELTHNSLZ LT
BRIGHIEORE 210 LSBT0 ER), Z 0 H kT H OBEfFE2EST 5 2 Lo
5% O ETCIEARBMEMRE LR U TH L0, SRISNECRLIATL, Z & T
T AVEFRIE N FF O R E RAORMHEZ RO ETHERRL TV 5. Kimix, kit
DHEIPHZ 3= 2 L 5 BITEHRIICREL L Ty 2EDH & LT DR, K
WFFETIFRIBR D & D ICEITERR 2 T D REb 2z LT L bITORN I LD,
MR EEAH IE£% %% (limit load correction factor) EFMESZ &5, F/=, vy &
FAWTERBEA L L 7= SIS 7135 % KimiX"enhanced reference stress method” (Kim
OREEFERTN D [YESRIGIE] EFEATH EW) LFFATND.
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2.3.4 9 )—TJIFES (creep J-integral)

BRI U — TR, (REFBRAGIE % O R ) LS IS, & 2R R O
NBFERL, EWZ V) —=7RELD bRWOTHEE L 2 MEAELD. 2
DWW TIL, 7V =7 ZAEC LN IER L THL 2 &b, N ) —7
PHE (small scale creep condition) & IE5. Riedel & Rice®, 3 kUK 5% %)
1%, BMENorton 7 U — RO /INEIEL 7 U — REE T D & el FHIHRR DR
BMEORSL 2 E LT, WRDRTA—=ZC{H)ZREL TN 5.

K,?
Ca):E(n+Dt (2.30)

F 7o, KOS/ MR RIZ K > TE U TZBHEOT AR O CH) 125 2 55
BHERL TN,

Joch & Ainsworth®(3, S#IEEMEIREED & OEBIIE A HER 7 V) — 7 IREE T
HEEZ RO A RE L TV 5.

oo (2.31)

C(t):(n+1)t

T T, IRFF B AR RIS I T DM 7y & % . F(2.31) DA I 2IH I,
N ) — T IRREN D ER 7 U —REBICERB Lictk, ClClnET 52 L
EEEB LTI TN,

A BIX, CRoCH) N7 U — RISk T 5 — 2 F e e n 2 &b,
BEVAMEIRAE IS 0T 2 M R AVXBE LR LT 7 a—F 0, /MBS U — 0k
RECHRRBEIMSIMEZ RO RT A= 5 5.2 5 Z &%~ L, NortonHIIME S 41U
WOEF 7V —IRIBIZE L2 ZITIEC(@) & —Xf—XkHeT 5 /37 A—FIZ72 5
ZEERLTONDY. 20 & 5 ITRFFBIAAE % OIRREIC SV TR B R 7 a3
BENTWEH0m, ZZTIEXRERINNEHT R L FBEEICESIGE LY
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HLEMD (F@D) NTA—FEGRHT LITERLTEL.

ZOEIICCT &I NI TEAULICEH) TP ATRE L 72 5. ik T 5/ F T
X, MBS U —RRRICHTT 5 2 b OBEER RIS &, Tk TRK(L
SNTETWRUWMEEDIME L 7 U — 7 OO AE DR RIE ) T
D7 ) =TI aHliEZ 91O TIRET 5.

2.4 FEMEBHZREL (elastic follow-up factor)
BRME 7 U — 7RI RIS DMER T 28, 52272 ONF Bl S 14 23 s SE 974
, IEFIEE 6 137 U — 7 OT B O 32 THMEOT A OFEFICE S S
NebDEELTo=-Ee® &0, — D& CIEMIMED R —MEIC &b,
Z 9 LIEFRLRW. ZOX S RIWRISHOWE ERT 2D, ISEMTOH 5
RPN L CIRARE ERT 5.

P (2.32)

ZZTETHMEOT AMETH Y, g, 1% UV —7ITxd 2 HIEBIEREL (elastic
follow-up factor) &9°%. ZHaBRAIZHE< &Fig. 2-6D L 512720, IS JifEm
F OIS —OT A DRI O AELE, -ENg,-1) L7 5.
BEPEB RERRERIE, FROSE Ol FURF R R PN S, Tk, EKiE
W TN b J NS & & bIC, 7T 2 RO RCC-MRY
YL IR A E VR FIEERSYICH IR AR bR T\ 5,
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Holding start point

% A /
v | . .
Sl Creeping path
>
-E/(q.-1) e
\b" ..........
AE 1—
1
O >

Strain

Fig. 2-5 Schematic illustration of the definition of elastic follow-up factor in an

elastic-creeping body

R DOWNE Y U —TIRIZRIG N EIMZ D L, RISIIENbRAIZy ) —
FEIRAMER LTI 2, IS OIRIT—E T < USHFELSY (stress
redistribution) &%), q lFEFEIE & BITEALT D08, FOEO EEF R G
iﬁé\?’&‘“’)miﬁﬁ@ﬁ@t&rﬁfﬁ9: 25 q ZELTWS. £7=, Wy ) —7F
KO OMEHE L LT, BN & BRI b [FER 2 BfR 2 f0E L, SN
(XFS % EB RS g, 2 VT, Fig. 2-600 X 9 IZE#KT 5. Fig. 2-6Tld, q,
DORERIE DK & S ~OERFFEZ TR LT, 80 S EARAIS M U M 20
9 W JIREFR 2R E LT D
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Elastic analysis point

; .

(92]
(n - -
g Elastic-plastic
n analysis point
. Neuber’s hyperbola
O >

Strain

Fig. 2-6 Schematic illustration of the definition of elastic follow-up factor in an

elastic-plastic body

Fig. 2-6 2R L= WHI#R T, /) o & O3 7 & D BfRIZNeuber 2 % (i & L7~
WA DI TTEFELEE (SRL, stress relaxation locus) TH Y, A TREINS.

& (2.33)

Z ONeuber | DAL DV TIE =R, JRHZ BRI IC RS &, ik

IR T D EZR LTINS,

K K, = uK? (2.34)

ZITK,, K ZHBEMREBICR T DI ERREE OF AEPRE, K 35
PRI EFRBTEN TN T TERIND.
(2.35a)

(2.35h)
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K, =0t /ot (2.35¢)
Z U Oy & o [THIPEIRFEIZ B D IR EJE DI KIGS), HKOT H, o, & &,
TIENEF RS2 UE L, S80G9I BIBIE0Ams T & O 7%
MWTERTE 2RSS, REOTHTHL. ZhbIEZuME0RE 250
2 T2 IZMisesDFRY LT, FHYUOFT T Lo THEMELT 2 LRER LW E Sh
5. ot L o ILFE TR ORI T B RIS ) & IS/ TH Y,
PEIRAE & RIERICERT 2. (2.34)I28B1T D EAR S p 1 X BT 420.6~1L 720,
Opax WRELRDIZON T EEICHORT DA R H D & Shvd. =KD
—EOMHTIIN D, K, & K ITEIR & TR 2 RO ISR, WEE— N
ISR TRAET 203, KAZIHKAE L WEA OifE (v A% —H—7) T
HETEDLLIND.

Kasahara & (%, BAEREED & HBMRRE~DOHER 21T 2 B — 7 S5 ) OfE T4
5 2 S R BT (S IO E B L, IR (SRL, stress relaxation locus)
23Neuber I FRELZe th#R 2 1 V), O Zx1ENeuber INIZ S < FRIL W /hEDIC
7B EARRLTND®O. oz b ZKREFERIC, Neuberfll 238l M 72 5o
FTREMTHY, MENDLRIZE > TEORSTIEDORENEED Z & 4R
g 5.

Z O X S ITHMEBIERREL, Neuberfll & 7= 1ZIS IR A W5 Z & TE—
7 GRIAME O eSS IR TN OO JE PR 23 SRR fRAT 2 DHEE T &, JETHE, 7 U —
TGRS S AT OGS .

ANEFRANIAE O T RA D HEE DN ENLHE T A 20T H i, ZRUSAIISHR LT
EFE LM B RER BT AT B MR C— ISR T 2 HE R H 5 Z & 234k
EARENTE Y, PGB R D M EORNE & G HEICERE L2
UVEEINE N TA—FD—D2 L TEZAHRBLED 5.

BT DA/ FTIX, M E A U 2 2SI E B0 LT MB RS
JSTFEENIS CTle o 2R T 2 E 2> Z L2 L, TOEMTIELR
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KI5, £i2, 20X WEEZRMIIUE, FBVERRAT TR O 7B IERR
Bz, W= HEBEZATLEW 7 ) —7RHBECbZOEEEMTELZ LR
REND.

2.5 HxtiEER~T% (relative elastic core size)

BROT B OFHMIC 31T 2 FF A FLUE 3K [E mRd S 52 5 HBLS ASME Section 111
Subsection NH*®| 2R ST Y REMBICH LT, HEFEHTEOTH (BEOF4H)
=0.01, ZF#EAEREEOT A HIFOFHR) =002, REFOTH (B—
OFH) 20058 S5, BBEOEBFHFTHPORT 7 v 2 OmdFG
BT, B2 OPHROBIREZ T TR0,

ZDHHLE—=T7OFTHIZONTIE, MR RIS L TEROEOT HE KD
%2 L TRHMIFIBE CTd 5%, Mid2-0, FrCHIF O A, (3FHMWE T OME
PR EE 2D . - T, I3 8E & [RERIC = IRoTTE IR~ o F P IR
MEES TV, BB D TiE, WIE & ARIE ST MR ARk R
D EUSH ORI L2 RE LIZEE T L (MillerfjX) % VT, OFHoit
ITHEHIEIZ Lo C, mEFEICBIT 2 ERIZROT HAORKIREZRET 5 & 7
LCW5. dEifaas gt s> 48)T HEIKIFIZRTT 5 6 O L [EERRE TV (Bree
B, Fig. 2-7) "V Z MW, RIS E IS D LAVITIE LI OB
EITHOHEEITIZEN TS, ZROOHRKEZ WD -DIZX, E—27 ik
ZRWTE RIS IEEH Z RO DM ERH Y, X0 IS ) L E A O MBI
STV D

Fig. 2-71C317 2 Bl & fedhi 3 — YOG 7136 L OV RIS D #i & 2 102 U R oR
STHRITALL TEE D —RIESI/RT A =2 X &L ZRISSINT A=Y ThD.
BreelZ L 2 M TIX, —EDWE & ARIEST MEE AR O#R U 252 1 2 BARRY) 72
AR 20K A SBHIC, — DB F MBS & ZDLU2E 72 D)5
MG ), 3 K OVE T & dl 5 1a) CF% L R BRI IS ) Ok U %521 5 H5E
EIVESIRE TV DMGE S, £ OO B D RFEZEH)IFig. 2-7 D6 /0 %H S
D Z ERENNTWD. £, Bree DT Tl TrescaD IR S DMEE S 4L7z.
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INOOFEBITENENLLFOET & 725,

E : BMEREE (BMEZE TR0

S1, Sp: V=AU UHEE (WEIOBYS YA 7 VTEMEE AT S8, 2[H
HUARE CI3s M2 A& Ue )

P:¥MEY A 7 VIR (EEIEMEAZ LT 203, OFTHORBTELC W)

Ry, Re: 7F = v MEK CEAROBEHRETNETT D)

SCHROONCIE, TF = v MEEE S SISO L, R ENOEKICH T
LI A 7 NVBHTD OOT B OFHMEXN G2 b Tn 5.

BreeDE T /WZEIT D OTH D BFENE U7/ iE (EfENE, S fElk, SofEik
BELOPHEE) TIXH@mIC, 1941 7 VORAFRO®RIEMEE AL Uiy (5
PERZ (elastic core)) MIFIET D Z LW bho TWD. b LM OIFEIE
OTHORFEER & @ VHER D D LHEE SRS,

— R DTGIRRE S1 5T, Breeds W= HAflAL L 7= 5ok & Tl 5 55 A0
b5, PIZE, ARSI S TR RIS TIDBE S TWD R, &
P fE TIEPASME TR 72 2 HiFE ORISR CIER WIS T ORI K -
TP CTHL LT NN L b OTHORENELHES.

R5/E, BRMEMATICE S K GE THISNBIELZE I W = A 7 X0 HE
E LT, WENEZEERT LM L TOERNRY =A 7 X0 VRAEZEZ 0
SN FPH OB OARRTE=08, 2R LTWAY. kv, LA U
OHE L OTHORBEDICITE WV EBBER S L EEXLND. ZhbD
Zemb, OTHRBRIBICHMT HEEE T KT 2BRICESL, ROR
SR L B HIRIEZ IR T 55,

p.<(50) (2.36)

a

Z 2T p, lEFig. 2-8I1ZR" T X DT, WEW ZEFT DR IR T DA% e
RETHY, o ZRRMS &3 HBE2MMEMITERIC L CEA LSS, %
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72, e ITEMBACEROTHOFRRAT, mllF s & 9k
MEsicx L0028 &b, RER(2.36) I 0 O B BAIC B L T
&, FOTHORHRIZET 2REAMUE LICET A0 bEN L. BN
INXV ISR HFOTAOHIREmE LR 72D, DF 0, Filifk
FALRIOT HOEZ LT L HRDR &S, SBICHITEENRET LV =
JAZBIT DFFEIRA & RS RPN ET ISR R E B2 5D THY,
OT BRI T, o RBEEE D HIR— 7 A T o AU & 12 12—
T5. Fiz, EEPRGHBSEOTERN E Wi E, SEMpIeREod
Fr DI A 2 L CWAUEEE O3 Ao FIBRIT B BIFICIE S b.

E : elastic régime
XY=1 S;, S, : shakedown régimes
R;, R, : ratcheting régimes
P : plastic cycle régime

N

Secondary stress parameter, Y

-

[
»

Primary stress parameter, X

Fig. 2-7 Bree diagram for cumulative strain evaluation
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Linear strain

) / distribution
€a
o,lE
-0, /E
P W
<& W »

Fig. 2-8 Simplified model for evaluating allowable minimum elastic core size for

equivalent linear surface strain limitation

26 BhYI

RETIE, NFEEORMIZLE L 72 D 5ROMEIGE T A — 4 ZHR

FLHVE TR 2 HIEICOWT, BEERFFEOHIME - RUEEA SR L CU T &b

N7z

O =208, SRAVEEOM IR LT WIS T3 D2 &
BT AREEINENRT A= L LTOBRISHZRY B, 2RISEHZED
5 1o D2ODFE, MRBRAENT & S 15 FEN & b ICRRFHABEIC R s,
TR IFERICBWTEANT, LIRS NE2EI ZLERLT.

@ 4471 & DETY BT EES E HEAL U7 WIS ) & UE L CTEDL S 5
R, BRMEFRAT - IS FIRIC S BRUG &2, IR oA 65, X
D IR BRSNS K o THIET 5 2 & TRk LS KN 2 Wi Era e (ST
S EARER) ZIRE L, ZOMREPHEEEICL RV Z &6 A
DA TH LI LR LT.
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©® THAVMHEICHL U, BBIZM bR TWD X IR RRE
Ramberg-OsgoodHl] Z FiffE & L 72 YIRS 70 D IR SUAL BRI RETH 5 Z & &b
~7= |-, Ramberg-Osgoodl] 2 {5 E L 7= HiVBMEMRAT Dk Fe 2 B9~ 2 MRBE faf
B EARBAEANT 2 Z & TERUSTEIC X2 BRI B K OVER 7 U
— 7 I OFHEREE oM LKA D s L &R Lz

@ FHEEPEIRE Sy & ER 7 U — I IR RE THIUT, MRS U —T 2 F
D7 ) —=TIEn O b AIRe & e D Al L 2R L.

® ZWISHTRHMICEE U T, SR RERED SHEIEAE LRV ST A — 2 L
2B, ZIHD/NT A —F REEEIT HIVXHIEREHT O A0 6 T b Mk
RBIZBIT 20T R0 U — 7 OIS IFEMZE Z 5 HICHEE S 2 2 L 287
REIC D AL 2R L.

© O %D RFEEE) O FMEIZ OV TR ER TR EHHMS O BUR 2R <, 5
53 AL & R E S 2 A3 2 O B ORI Bl 2 B S 720 FE e S <)
OB Z T ERE L.

@ ZA S OIEHMERAT N HIRGE TE DBFRO/NT A — 2 REHEIT, Rk
X DEFABAEETH Y, FEHOFIESCWEO K E SRR DHA K
LT, FEMMEMRAT 21T o3I RS G Rl S rTRE & 72 2 fad L &
ALz, iz, I OERITAEEIRE /T A —2 DT — 2 X— 2 {4 i
WHZET, MHEOFREEZED LN B L bR LTz,
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AFETIE, §2BICRARIEEISENRT A—F Db, BRIGHEECIHE
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OB ZFIREL T 2720101F, FriliEm R < B2 TR EHEUEIE
ERFES LIIRSTINERD Z L2 b o TRB LAY LER, TIREKRMIZ
BEMERIPHICE < | Z EIE YIS ABIROEE R HHO—DI105k L TH<.
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322 —RIGEHFIRICK DBELEDHBRER
(1) BE—REZRT55E

BRI 72 SEHEAA L O 51 REABRIZ 3 1T 2 BFRIS T — SO 2Btk &, $HH
IRIEPERLBEN & 72 24154 O B A ATRBR I 6 1T 2 far B2 — 8 i & 3~ T
Fig. 3-1 (27”7, Fig. 3-1 ?D(a) HliRABRIZISIT 2 AFRIG T — AR OT Z R T
1%, 02%DMEOTHEZEL DR TERINLOBRRE 0, ARWEEZAL
HMTCERINDBIEMS oy 2L, (b) HFHAREERERICK T 2 E—
EAIBIfR T, KRMEP,, UAFRICITAEME LA TELIZ ), =
EAldlE (RN FRIEENLD 2 512725 KA RERE & T 5 51E) I2X5
AR P, oy &2 (AT LoD) BRRFRS & L 72ioe s (Fig. 3-1 1o
“elastic, perfectly-plastic body") DOMRFRFTE PR , M WNoy ZERAE LTEHED
PRRATE Ry, OBLERAI R BER AR L TV 5.

Fig. 3-1 ® 2 S OIS MBTITEEINEDR &V, i — AL B O G 7]
— O T ABIRITIE U CTHIRNCZ LT 5. Fig. 3-1 DO) T OMEMD > H, P,
X T<SOR ) R TEMEEAOERE 250 THEIEICE 2 EfEICRBLLZ2VIRY,
EREICRD D 2 EIXTE AN, LoD 3 DT BRI 5 e fifft TRD B 5.
F 72, BB D X DT P & P OBIRITIE S — O T BRI TT 5. P, 13,
P o B R TIER) X 228, —#KIZIL T< ) 2B L7V i fE
FRANT T DW/NER « BIRMATICE SR L0 bW &% <,
P <P. <R &72%.

max —

Fig. 3-1 1%, AiEO [—&ISHOHIBRO B ELLTFO X 5 I2BESIT Hh

5.
O WEEOT = LIC LD TRIKHARBIERTE 725 ORBIE, PP IC

BT HLARNZBMSE T 5.
@ TEN P °P. A THIEBITIEP, [ L .
@ Ry IE, HEIEM D FEERD Py (1T —MRIZ—E L2y, N b & a4
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728, PLEABMZTHOP (\ZETLHETCOREICETIHELZHZ 5.
WoT, PLEBIRWSEHEDOT, PLERIEEL Lz NERZREHEER OB IE )
IZFRETH Y, DX DI NEKRAREMHEET 2480 4, BERgc 13
PERREE ) o TIEMERENT) 3B IS D Z 3D

P & Ps Ry & OBMRITTRSOM B (A R OSEME) ISR TF L,
R 2 Bk LT, —EIES L 72 D EIERBR T TP, =R, ThDHM, Ak
IR 153 A 2 R U % & RREIR & & A3 2 5ABRIR D SEVERE AR 7~ & 1 X FEBR
B P 2(PL+R)I2ERDZEBHBNTND 1O,

A Actual response ge] 1 Elastic slope Actual response
o 8 PU h\ /
% % - F)max
Oy PPL
TES

Elastic, perfectly-plastic body Elastic, perfectly-plastic body

Twice elastic slope
Parallel P

> >

O 0.002

Strain @ Displacement
(a) Typical stress-strain curve in (b) Typical load-displacement curve in
tensile test of a ductile material monotonic loading test of a ductile material

Fig. 3-1 Deformation response in tensile test and monotonic loading structural test for a

typical ductile material

(2 BHEEZRTHBHE

JRF- I sa GBS B B 1T 2 R MR A8 (faulted condition) DRFATDEE %
BRIE, Rl R & T D M EIIBUNETT TIRWED . £, BBk
RIRZ LU T OZEB & G Mkt G & 572, ) — OF A BRI HEFREE N & $2
RO, —MOEEMEMBEIZS T 2ERISETUTO LI ICBLETED.
Z 2T, iam A FRATEOICHE D D T o, THEAMERE A EUZ A D Ramberg-Osgood
Az ET 5.
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g=%+gsgw (3.1)
22T elFROT R, olFST), EITHEMERE, &8 1T RFRIR S oy 12
F DO 7, mITIN TR b 2 KRB DM EER (SR THD. o
% 02%IM 71 & LT-38, &P =0002 &72%.
ZZTCFig.3-2D X5 7M EOEESNTIP (1=12,--\M) Z5T 2PN
EOERIEZEEZD.

Fig. 3-2 Elastic-plastic body subjected to multiple loads

BT — RIX TN O ORTEHAOLRIEKFT 523, HPERER T Fig. 3-3
DX IR EREBAZEAL, ETOMEZLAFAIICHEHSED b D LRE
TR, BE— NE—ET, EBEOREEOLHNAHHITH L2725,
ZORER, MENORETORIZEBT DIEINT AL, OTHKOEMMITAIE IS
L, RELDAHLE LHE HEMAEDORE (Z0%5E1EA) — 26l

BT 2 MR ORI I TAR P72 E B BIR S 5 2 5D .

—J7, MO AT E AT O 2 28 SCBCAY 70 2 i SRR B TS T4
Bem EWEMAOKEICN U T -BICEE 2IS ok (%7 ) —7
WEBICB T D —EISNpMmERULZR) PEALL, ETORDISIT AT
BT DL D272 D. ZORE, E2TORIZBITLOTHALOEMIT LA™
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bH, WHIRICHEORE SZ2XKBATLMRTMEAZEATLHI LT, #
MR R & < PR ME SR 00 W AR S C A ) O A i & g A AL AR & DRI A
PLIZdEZBEAR A b b S D.

AP,

AP,

Fig. 3-3 Definition of loading factor, A
WML O TIETH LB RISTIE NI OWEEFIA L, HEE

L AZ R THEMT 5.

A: gref (3 2)
A o lE

T DT AR R % B (TR R 0 25 TR ISRE LIRS, oy 1
WTEEDBIES), g (LU — OFTHME (22 THEREL) LT
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\ZHE DA, EE 2 U — T IRRE & A BIERAE O RICHEEIE (Hoff el ")

WAELDZ Ens, HBEERMEICHEATRETSH .
AR DMK RIZ I 1 DN L AT E ORI S, A(B3) L —MHIIZIK
LTINS
A

O, =—0,
ref Y
ﬂ“L

(3.4)

ZTIT, A VIRV E I 2RI GREHMWE S L) B b
FEOMEYR (P, P, -+ Py) ZEH &, REMTEICBWTXA=1L251%
FAERNZH R S TEE 2 R OTOMIRAE & 35, A(3.3)& A (3.4)0 5,
PEZEAL CTHIE L U 72 BREB TN A A TTEM TR ORT BT — RNIZ &L &Ikt
Tl En s 819,

A g 2 -

—=1+ (

S 3.5
A° oy lE A (3.5)

A(3.5) DR Z, 2EDOFFEIZ K L THEIANIRKBLT 5 L Fig. 3-4D X 5 1T7%
L. bbb, AlA OFEHRIIHREE TE X 2 #i#k (limit load curve) % 4H
PUTHER « M/ Lz & Rpd 2 N TE, REHIBEIZGE 2 b 55
R % B AR PR ART B AR & PRBIAO IS PR - #E/ D S 7o st 2 [ O
BRF &F U, Al 13THLMELL FICHIR S, —ISIOFIRO B, [
RIREWMEETE ORI NIEBIND.
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Limit load curve

L/
4 P

Contours of normalized
displacement

Fig. 3-4 Schematic illustration of relationship between contours of normalized total

displacement and limit load curves for multiple loading

AREHRBIE TG E Z 2V, ERMELZMBBMED L/ Z LLFIZH
[RLTWBZ s, B EORERIRIZKD Al A OFHIREEMTHD Z &
Winz B9,

A4 m-1
—<1 3.6
A° awE%) (3.6)

Z 13 VAR EsRIc@E < | Z ENRO LN A HHAIRE A KO BIZH L
TZ=3/2Thv > FEXB.6)N 5%, MMART IR ORE (%
KO%E, m>3) 1T LTAIALDPNEIMAOND Z ENHERTE 5.

U bEnS, BEOMENFRRIERT 2561, ZORMEOHEE DWW A
IR 5T, FHEIT REMEIRE (A=1DREE) 25 WAIMIC W E 2 B K X
ETHONOIMRAELZIEE S LT, MEOFAELHET LI NI &I
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5. ZOXD BRI, MR HRBINED 52 BB AT L — R O
— RIS ST, BN H kS IR & 40T 2 sk B V5 (elastic compensation
method) 0L #&E4 5. Fiz, FVEZSALSTVEZNL & O HIZ B W TUTELIE
(C— KR &, —RISAFIRO BRO—2Th 5 [HEEY & RIRHIZ
PRI 2 &) BNERSNS. 2ok, BONEK Wik, WIRET R
DRI B NI L BIAICAT 5 ~N&E Z e BB E N TV D.

¥, ST REMER ORI 3w BB OKFMEN 72 <, WEOHEK
DEEIZAELDHETH, TORBBEEZEHRTHZ L2, EBRICAELHMWE
DRIE I & HRIZT 2R D & O i 247 21X kv, ik 222,
B SE RV IR D AR IBIZ 31T DS I3 AR ITME—ICE £ 5 Z L FEH ST
W5,

ZOmlE, M I BB IOER 2 U —7 I B0l LToR
FUGNEICK L CHRRTH Y, SRS ORI AV D IRIRA I, FERS
DOREMMEAT 2O E R R TRDEZ LD LT HMERSH S 19,

3.2.3 BIT— RIS HHIBRD LR
BRI S & oy &3 D MIEEMER ORRIRAT H P 254l FTRE /e iy, BEAFIE ) A 4n
ARFHBUHHE > IC B 2 —WIE IR D K 512 Sh T 5.

P<R/Z (3.7)

Z TSN —OFHRERARGBICHE D EL, BRISHE P EEHTH
iE, REXGENEXEBHICLY, Z2=112BIF A2 REXB.7)D%E S RFIZIT
WD RSL L TN 5.

A =1+ 2

— S 3.8
A° oy | E (38)

ZoZ iiE, NELZME L IR IC 3T T — 2K T, IR
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R EOER (elasticslope) &, R &R EA (P=P ) LxB5EM (&
Do ME ) FC#R, reduced elastic slope) D AELD LAY, miZ L 59— E,
14(Eel lo,) T# % = L %7F (Fig. 3-5).

Load, P
0?o
Py
D
o
[
O
D
o

™ Elastic slope

v

A° 4
Displacement, A

Fig. 3-5 Approximation of limit load by an elastic-plastic FEA with power law

plasticity

K ER AR RS O T 2R T <, REROMEHEEEIZ T IS )
O B BER 2 Tt 247 o 7o 58, “AEABLE TIRIE S 2 i H P (Fig.
3-12H) % EFROP ITRATHNTEIWE &S, i, HEMELRE S
PEZET L RIS DM EAREE LT, MEOHFAMEEZHETHHLOT,
BB 2 —RIEDHIRO HRICHE > b DO L 52 508, ML
— N OMRRAENT & OFEGPEIZ OV TIIBIZ S TV iwn., 2o X 91z, #
BHRFPMEIZ X ST —HIc T4 Tidiel, T+ (EBelloy)fE) ETH6DTH
A, PRI OBWRAHAFREIC 2 S E, —HRISHEDO L O IZZ R
JEINEDFEIEE R E WS R TIE, WEIXR O RMEL 5252 &I
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7% B KR TIIZ 0N EE TSR (reduced elastic slope
method) | &FESZ LI2T 5.

WRRRFAEATIZ D < Gh, AREEMEATICHME e o U E T 5 2 & THlMEAREN
AETD. LLRns, MEWITLT L HEaErE R0 BIERRE & Fl—o
FREE— RZ2 L ORWEERH L. flzE, BETVR—2METhzinz
TG, WESMMHEARTHIVUIITIC L - THRET 228, EEOM Tk
T, TAR=DHOTRICHIERTHRESTS. 20X 5254, Lotk
RIFREZ X D RRATE O PRIE, MIRATIC KDLV b R&E< D
D5, BPEAERANE X FEBROMAERRENNZE L b D TH L), Zhvadfi
ETDHZEiFneEEZLND. £, RE@8)ITITIGHFEERDIKRFMEN 2L,
B AR EI IR KD TICEATE 5 ¢E 2 6N 5.

3.2.4 BIEREMB (RIELEDZE =T 5HFEAR)

AREINCRB T S (EAMEORHR ik & O AR ) D%
M BRI R T 72, JEEAR & L Cidx b NS AN NE 22
2 - 13 DT 24T 5 . A IREHEAHTIZIIMSC.MARC? (/13— 2 1-2005R2)
i LAY
(1) BHRAXEROMAK, & HHEEFE

FRHT R GEFig. 3-61 R TINERAR,, WEN WD, WIE p 251 5 FiH
fAE L, #AICOWTIRNEICL > TAL2EHEZERSE554, hz
MMA NG G, WIEA S 2 fOodtm TR S ® 72356 03 0 2 Bl o .
MEVEEIIM=5t m—>oo (FHEREIEIK) D280 & Lz, 2o OIS
% F & TTable 3-112779".
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(=7pR%, -7pRL, 0)
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smooth cylinder
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: QOO 0
S W ®
|p::: > 7
T A
7

: 7

R T

7 n rigid body

Fig. 3-6 Geometry and loading conditions of the smooth cylinder subjected to internal

pressure and axial loading

Table 3-1 Dimensions and material properties of the smooth cylinder subjected to

internal pressure and axial loading

Wall thickness, w 10 mm
Inner radius, R ip 100 mm
Yield strength, oy 200 MPa
Plastic strain

0.002

coefficient, gP

Stress exponent
for plasticity, m

5 or positive infinity (elastic, perfectly plastic)

Elastic modulus, E

200 GPa

Poisson’s ratio, v

0.3

Axial load, P

7pR2,-7pR,20r0

Internal pressure, p

0 to 40 MPa
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(2) fRATHER

B SE AR IR IR 2 RE U 7 MRRARAT D FE RAF 7o far AR #hi#R 2 Fig. 3-71C
AT ZOBITIE, BIENOIGHBEIEE) 772, MR EBEE A
C D HAADI/NE V.

JR I8 A & L TAT o T EBYERRAT Cf D L o B AL AR A, B2 Bl
WAETHWDER L e L CFig. 3-812737. THENOEMR L L D52
RINDIGF DRI E p, OHEEME 2, MRIRAEATRS Rds KX OFRMMEAT (25D
ISTIPFEIED B HEE S D MR E & Fik L CTable 3-212773. 240503
WY OFEIC I TRl L2 MRRA EIX DT O ESRMETH K< —L,
RIEOHIMENHER TEDH. ZEBED =R LTZASMED (S ARNEIC X A iR
BRAar B O HEE AL, MBERAEAT 2 5020% 1Bl > 7o, A5 A B 2 e A Ed s 1%
2D LT, ZOESOREEIINRVEEIND Z ENHERTED.

Table 3-21Z7R L72IG J1 43 FEIE I, THEVER IREIRVEIC K D Mhod ik &%
GEEX D720, AN T 5 Tresca T7e < MisesD EF (2 X D FH Y&
77 (PRI 92 k) &2 vz,

&= {(0,-0,) +(0, ~0,) +(0,~5,)* + 62} (3.9)

V2
70, EBIEIC S HRRATHIIRATRO 7.

Max[&, , &, /1.5]

m-+b

PL (3.10)

DTG, &, THALIE )3 KOS T B W & 5 2 T R AR Y IS S, A
L+ RS T B

Fig. 3-0I71%, 7(3.2) CIEEL & 4L % BAMZE AL RV TEAL L 72 BB A (12
WC, @)D I L A IRIEHRIEC LB L & el L O, s
T, BRI B R E A IR E D23 FITINE B = & %
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ROTEY, TR LETEOL I, WEELFAICH K S TR
MR R AL & 92 2 & T, MEAFCE O TIC AT, ML
PEZAL L IZIXF U v-r (Fig. 3-90 i T0.67LL FDE ) IZHIZ HAL TV
HIZEDDND.

25

208 S SR S S

g
15 b é- mmmmmmnee - B -a mmmmmmmen -- mmmmmmmm oy

N —O— Tensile axial load
10 Q&S .
1

- == - Compressive axial load

Pressure (MPa)

=/~ No axial load

| |
0.1 0.2 0.3 0.4 0.5
Displacement (mm)

Fig. 3-7 Load-displacement curves in limit analyses of the smooth cylinder subjected to

internal pressure and axial loading
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30

—O— Tensile axial load
- == - Compressive axial load [
-=A= No axial load
— RES for TAL
----- RES for CAL
-—-— RES for NAL

Pressure (MPa)

\ ‘ i i i
0 0.1 0.2 0.3 0.4 0.5 0.6
Displacement (mm)

Fig. 3-8 Load-displacement curves in elastic-plastic analyses of the smooth cylinder

subjected to internal pressure and axial loading compared with reduced elastic slopes

25
&
| ‘ | &
O  FEM solutions (tensile axial load) >
20 H /\  FEM solutions (compressive axial load) | ... __ @ ,,,,,, |
(> FEM solutions (no axial load) )
Simpilfied estimates by reference stress method §

15

10

Elastic-plastic displacement
normalized by elastic displacement

0 % ‘ ; |
0 0.5 1 15 2
Internal pressure normalized by limit load

Fig. 3-9 Comparison between FEM solutions and simplified estimates by the reference

stress method for the smooth cylinder subjected to internal pressure and axial loading
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Table 3-2 Estimates of limit pressures of the smooth cylinder subjected to internal

pressure and axial loading

(Unit: MPa)
Axial load Tensile Compressive No
Iflrr_nt pressure e_stlma’lted from the 9902 15.22 19.50
limit analysis with H* =0
Limit pressure estimated by the reduced 22.69 14.91 19.50
elastic slope method withm =5 (+3.05%) | (-2.00%) (-0.03%)
Limit pressure estimated by the twice 19.09 1251 16.38
elastic slope method withm =5 (-13.3%) (-17.8%) (-16.0%)
Equivalent membrane stress due to
unit pressure estimated by the stress 9.073 13.54 10.24
classification
2/3 of equivalent membrane plus
bending stress due to unit pressure 6.058 9.013 6.982
estimated by the stress classification
Limit pressure estimated by the stress 22.04 15.21 19.53
classification (+0.09%) | (+0.07%) | (+0.15%)

Errors (%) from the limit loads by limit analyses are in the parentheses

3.2.5 BUEMRFH (NELEMNERITHAO—IRIEE)

BHEILTER OBABEIRHTH & U CNIE &l 2521 5~ m— XA A B -
o, BRI O LETIEEME B2 LIS DI 508, RN, ASME®D —f54)
kI K OARGR SCHE R O ML AR A L O M CRIAM EIC AR EZE L 558

AT 5. HIREEMATIZIZIMSC.MARC? (/X—0 3 L 2005R2) % Fu 7-.

(1) FRITRROMIR, TiE, #HHEEFE

FRATRI G DOTEIRIL Fig. 3-10 1 R$0Y TH Y, L& BRERIL SN D b
D ERET S, WL, ATEIOBMES] & FERIZ, WEICK>TAEL 87 &
ZORRAE, BN Wr—2AD 3 r—A%H#gd 5. HEB IO

FrBHZ Table 3-31Z7~ 9718 VD T v, I MAE R LATER O BUEMATFI & [F T,
i F1¥e% % 5 & 9% Ramberg-Osgood HIj & L 7-.
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g Bellows-shaped structure
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I\ =
R, Ffff ftf f 11
l o P N\ §
Z Rigid body

Fig. 3-10 Geometry and loading conditions of the bellows-shaped structure subjected to

(C)C)()

internal pressure and axial loading

Table 3-3 Dimensions and material properties of the bellows subjected to internal

pressure and axial loading

Wall thickness, w 2 mm
Inner radius, R i, 100 mm
Bending radius, R y 10 mm
Height, h 47 mm
Yield strength, oy 200 MPa
Plastic strain at 0.002
o, &F

Stress exponent

for plasticity, m 5 or positive infinity (elastic, perfectly plastic)

Elastic modulus, E 200 GPa
Poisson’s ratio, v 0.3

Axial load, P 7pR2 ,-7pRZ,0
Internal pressure, p 0 to 2 MPa
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(2) BRITHR

KA TlL, #hAN20nGE, b LAISIIROG G, RIEHZEN AL~
72— X &g IS IE T A IS AET L0, MR EMROSEIE, Ne—X
EEOTEICHED B NCRAET D, £z, BHAATICB T D RIS I,
M) 72 Uds X ORI O8GRI LR e s ER BT iR, FEAERN ) D355 1 XA
Wi (2R AT 5. ZAUSFEME & i oSS 2 Epra2 & <, Fig. 3-11
D 4 & T IS D FRIRIC BT DI IR & Lz,

#01

w2/

S0\ \ #04

Fig. 3-11 Locations of stress evaluation lines in the bellows-shaped structure subjected

to internal pressure and axial loading

AT DG RAT DT ARRATE A Table 3-4 (2% & O TR, IS0 IEIC X
AT, YIS R & 72 D WL, B 230 % 7 — A2 TIZILOTER
i, TNLATITRIER L 72 D

JENIE DRI FEHE OGN TREE T L., Zhix, B
PTG ET IO TSRy U, SRR 056 L1382 DA0E IR
EREREEL DD EZEZOND. BMEARBAIEIZ K D MR B OHEE
IR RAENT & & < —B L7z, “fEARIEE, BB EICIE~D LK
WETHY, WM IREZ 20%95 TRl 7. JSASEIEL, S bIZzeMl
D 0%, HRWFFAMEL 5 Db D Lol T 2T, FENENT T4
U5 ZENDMTISNZ —RIGHBN L TWDR, BESSTREEZ £ C DT
e TIEHMITIS N 2 ZRISHBNT 2560805, £O X5 BdknE Lz
ald, 37— & BISH R BIENRIRAT &V & 5~27%FEE 2L 4 D
Al 2 52 5.
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Table 3-4 Estimates of limit pressures of the bellows-shaped structure subjected to

internal pressure and axial loading

(Unit: MPa)
Axial load Tensile Compressive No
Limit pressure estimated from the 0.2354 0.7590 0.6445
limit analysis with H’ = ' ' '
Limit pressure estimated by the 0.2376 0.7686 0.6481
reduced elastic slope method with m ( +('J 03%) | ( 41 26%) | ( +(') 5606)
=5 (error from limit analysis) ' ' '
Limit pressure estimated by the twice 0.1910 06131 05184
elastic slope method with m =5 (error (-18.86%) | (-19.21%) (-19.57%)
from limit analysis)
Maximum equivalent membrane stress 735.9 2498 243.19
due to unit pressure estimated by the (#01) (#01) (#01)
stress classification (evaluation line)
Maximum 2/3 of equivalent membrane
plus bending stress due to unit pressure 1214 474.9 493.5
estimated by the stress classification (+#04) (#01) (#04)
(evaluation line)
Limit pressure estimated by the stress 0.1647 0.4212 0.4053
classification (error from limit analysis) (-30.04%) | (-44.51%) (-37.11%)

FRFRAEHT 15 O L7 faf B — AL BEFR % Fig. 3-12 (9. ZOBITIE, #hif
JEINT K> TRARFIR IR X IR > T 7o, BRZICLIES S A%
1 OTREEDFE NN TV DD, e RATEIZIIMEICBIIL TV 4. Fig. 3-13 (213,
JETIFEEDS 5 ORREAVEREMT & DM AR A HRTHWC b O T, farESff
(& & o THRERAT B 3280 2 D L 8) L CHR PR O BB L TV 5.
723, Fig. 3-12 3 LU Fig. 3-13 T, M/ O%H OHMD r— A L AL
DFENBRIRDN, T CTR/FFERD IR

Fig. 3-14 (21X, MRIRATE CHUE(L L7-frE &, MIEENL CRME(L L=
DOEfFRERLTWD. 2O X, FiEHEOH & FRERZ, HEAELRD 5
TR E AT O RE G2 D2 L, MEDOELR S TMIT THELN
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TR RAT B 2 AP L OOFRERE & 3725 2 & T, frEFMATIRITEKZE L 20 OF
THEENIIIKATFT D) BIBVEAAL ML DFFAR RIS EH T 5 .

F7z, MRAEATIZ S < RRRATE CHFE 2 BRI U, FEHEo &9
IRHRIIR & N a— XD IS MR & &, [R]— D BRI A A E AR 0D
YA —=H—7 L THHEFRETH D T LAVRS I, XNV D FREEFRIE &
LTHIS LWZ EDVREESND. iz, MR &13E—80d 2 s A Al s
DEEE, FIRRICTREEFEIE L R 0152 Z L A ERE T 7. BB CER &
N TV DS FRIER A AIBLIENS, B RARAT-C MM AR 15 L0 b A
(SRR G2 05 E N DD Z ENRES NI

1.0
0.8 b —— — A — .
. W-o-o O = mOmmm OO
< YA Sy e =y =
O e e e I— N
\E/ ’O ! ; ; ;
> il | ‘
a % | —O— Tensile axial load
g 0.4 7<'A rrrrrrrrrrrrrrrrrrr - === Compressive axial load f------oooooooee -
E Z : =/~— No axial load
g ; : 1
i

i i
4.0 6.0 8.0 10.0
Displacement (mm)

Fig. 3-12 Load-displacement curves in limit analyses of the bellows-shaped structure

subjected to internal pressure and axial loading
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Fig. 3-13 Load-displacement curves in the elastic-plastic analyses of the

bellows-shaped structure subjected to internal pressure and the reduced elastic slopes

25

(O  FEM solutions (tensile axial load) VAN
20 H /\  FEM solutions (compressive axial load) | ... ] % |
<> FEM solutions (no axial load)

Simpilfied estimates by reference stress method <A

Elastic-plastic displacement
normalized by elastic displacement

0 — i i
0.0 0.5 1.0 15 2.0
Internal pressure normalized by limit load

Fig. 3-14 Comparison between FEM solutions and simplified estimates by the reference
stress method for the bellows-shaped structure subjected to internal pressure and axial
loading
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3.3 HEBHIFES - ¥ ) — TIEH O 5 EHEE
3.3.1 BERIEICE T HEHEFTEDOIRIEKL
AT T L7 X 912, BN & Ifm & Otz S &, FEMMEZ
AL & WYL & DA RIS 2 FIETH DB IG kA S RHBEICEA L,
BERPEIRE O 2 U — I O S RIS Z & S TE Y. R
BT DEBEOBE ML, Z 2 THREEBRIZKNLT A Z LB T2 A
5.

Jo_fre_ge (3.11)
O-ref / E
cro_fr e (3.12)
o E
A
-4 3.13
O ret 2 Oy ( )

22T, XISy, CHURER 2 U — T IRy, BHRIET) o (37 EAR
BAZK L TERTIIE, oy ZRIRIRS & 2MIEMEAR (FIREFEETRD
DA T HE PR CRA) BE—HROMEL 5 2 25 A ICEN T
THMEOM BRI A NCK L TERT DY, o, (THBIEIS O 2RO BT
Ot [CHIET DBIROT A, 5137 UV —T RO EToy ITkHIET 2 5
7Y —=TOTHEETHY, ZDBEFETIINE FANZATHRE L TR0,

3.3.2 BRFAEMERBZAVEERL

HX(3.11) & (3.12) DB RIS INEITERRIE Tdo D728, & OREEEIIHRERASTE
WICHEAET 5. 207, Kim R4 2 MIRAT B ER y 2 2(3.13)IC
WAL TRAET S,
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A
Oret = 7 Oy (3.14)
L

232 THHAI L7 X 91T, o) — O3 ZBfRI122((3.1) ®Ramberg-OsgoodHl|
EARGE Lz h, A(3.11) T b 2 SIBIEIRE Sy OIT IR & IRy CER S
D BB TR AR L, PR O A S D MR T~ E DRI
WK%, £72, 7 UV —7O0FZANZNortonHI| 2 E L2 HAIC 20T, I
THEE N —THIUEZ DRRFE Uy IIRETDH. Lz > T, EmErik
REEZITER 7V —7IRIEICIB T 2 y 13T LIS B O IMEAF L, (B D
RE SOBEOHEIRAT LiaW 2,y OBMEMIIZTF AR S 5.

3.3.3 /IMRIEY 1) —THREO KL

EH7 V=TI CIL, ML ER 7 ) —7 L OB ESE, BH Y
U—7REBICR L TERIND D, FEERICIIMERFFORRERIZ, I&HHF
BlorZ2 72 LR OIS I3 R LT UREE, J b b/ 7 U —70R
ENFET 5. EBEORIRESRTIL, ISHPRENME 22 K oskFENn D
7o, EBREFMLY SIS OEMPELS, EH7 V—7IRELD b &R 5%
S E D 7 ) — T OFT HEE DR SN ) — R EER R e Bind b
5.

T, BEEMHAMICHED D20, MR RITEAEGL) O
Ramberg-OsgoodHl| %, 7 U — 7 fEp=UZ Xk XD NortonHI| & K ET 5.

£ =gl () (3.15)

Oy

SiPE 7 ) —TIROYE, REFRIE R O S Rl T OHRRDFFFEMED
AL AR E LT, D27 U —FIFE55 C(t) DFFM AN E ) T 52729,
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Js
(n+1t (3.16)

C(t) =

T AT IS IR B AREE ORI Th B . BIEMER OB A1, (REFBARE O
BB SY ), CREE A ThnE &b, £7-, KoL s, 7 U —
T BARLARNC & 2RI O T AR E L TR Y, Zhns U —707F
Bt B UOIFE LTB A E RIS 2R T ST R H D 2 L1 b,
K BN 70 6 > TRAERET 5.

%o (3.17)

‘O et

Z 2Tt IO RIS KL 5 7 U — T D Je T (advance time due to initial
plasticity) &9 %. ZoOHE, 7V —7BBOBMOCH)ITHIREC, &720

WD X HITET .

J
C, = umcay—m+nt (3.18)

— 7, sEEMERE R 2 2(3.1) ® Ramberg-Osgood Il i i E4 2 &, t=0I28
F B SIDSARE, A DOHRRD RSN 5¢ 5 .

_( OGY )l/(m+1) 5, (6, m) (3.19)
st 5 Conr °pTYr>m""”“ &/(6, m) (3.19b)

r & 913 E RS & R LT D MR I 1T D R & AT, 6,(0, m) & &;(0, m)
130 & m IR T DR ITEL, | 1 Em ORI T 2 MR eE CTd 5. (3.19a)
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B E L, YIS SG, HYBIEOT AP ITHEZHR, WLO
" & D ERAERS.

ﬁiéwﬁmaam) (3.20)

m

ocel =

6(0,m) & £(6, m) 1T IEAKILHL S, (0, m) & &;(0, m) & Z L FMisesDAR X ),
ML OTHORIRA L THELNLI TR T THDH. & L e’ OMIciX
TEOMFE (KEBLODOAEDFEZE) BNboH-n, kXE55.

— ( ko )1/(m+1){ o, m)a‘(@ m)}l/(m+1) (3.21)

LY, KBNS G EMN Y U =T OTHEE £ ORI LTk L 72
5.

sec= b ( oO-Y )(n+1)/(m+1){o_(9 m)Z (6, m)}"v/m (3.22)

FiR 6D THRIDEFE] 23 B8 U 72505 T, I I OFEFN O 82N LS 5 1F &/
XL, Oor NS WEEIR TIE, 7Y — 1% DHRRDREEMEA AL L
B 5 ERETIUE, CH)ITaet il EEZ N, RANENPND.

_ % ( oO-Y =0Y )0l G (m n, ) (3.23)

G(m,n,0)IEm & n & OITHAFT DR TEE T, 1, 5(0,m), £(0,m), &(0,n),
£(0,n) Zaie.
H L2 Z CHRROBFEM KN L TWA D THIUE, FEME2ET /3T 2
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— 2L EREEHEE Tr L0 IFHKFETH L MENH HH, H(3.23)TILC, 28
EFEDHEHr iTKF LTS, L2 AT, WMEHMRFFSNZEMET T, MY
IS DIRERRUTRAE LIRUWMZE S FAIEL, £ 2 TOMYIEIEB IG5
LWeans™ ZofiEr=r 2B\ TIE, MHY4IETEENS 7 U —F~
DT THRETHH20, —BEIICC,BNEDHND.

ZOMRE LB E N HLRANELND.

- J,o," e
P (n+)J,0," rel) VMG (m, n)

(3.24)

ZZIZG/(mn) iEm & n KT D R OLEC TR T IR B 72, G/(myn) 1
HRROFF MBI T 2 MR ez & 7, fRNTRZR RBUIR S TRV,
SRR EA L LTm=n ZIRETIUTKRIZES.

1
t = -
P (n+D)(el &)

(3.25)

R(@B.25)1E, KELIBENzm=nDHFE Dt ORIC—ET 5. LRI
TR O AE DRI T D G'(m,n) ITTHINCE DN TE 67, BUERIICHR
AT RE LD/ DA, A (3.25)DEHERICK T DIENALT 5D Thi
X, G'(mn) IIHEORKE SOMIEOHEIZITIFKTF L 70 5.

BN H¥NE, 7V —TRT U v VN ERARERSML T TR U — 7 IS
E—E L, DOAREORERAIIK U THBZRREINL/NT A —& % FNT,
TRFFBRLGIER D /X T A — X OFREMFE 2 FAEIZELZ L TS, £ T,
KEBLO) N FE O DRI NT A= 5 H 25 Z ENRIFLTWVDN, KI5
TiX, ~ERAZAMRE T2 2 & CTRIAREE & 72 5 @i 55 HilivE 2 FIRICE W
TWnnZ &, EBLNZESTIE, EAL DT A—% 0 b2 G EHn & 72
HZEND, EROFEEZRSZ LICT 5.
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LEHWZX, DR V=70 R 7 U — T~ {3 5 RE X
R, N U — Ik A EHME R E R 2 ) — Ik A CTE ORI
iz VX NEAR 7 ) —REN S ER 7 U — 7R £ TR ERAIC 7 N —
End. FREREZICESX, TR EHWAZ L LTS,

J .

C(t) :m+c (326)

TS SIARE R r A IEREICR D D 2 LIRS TR WS, Ct) A E IR RE
IR Bz, ERERD LN OFHERKEIZS E 0 &< 220, 4
ZAX T IS, JENAZERLGE TITHEMIRE S E L, SRS & IR
S L J DR RIS DI 0 & B 2 U, IrwinD BB HED O
IR EE D E IRADNE DD .

1 K,
L=——(—"
ﬂ-ﬂ p Gref

)? (3.27)

Z 2T AT FEISIIRAE T2, I OTHIRETEL RO ERTH 5.

3.3.4 BIEMRHH (—#BIRENEZZITHIRAARMESHAY HEDOEE IR
)

BYEMEIRR S O 21T 9 Z &2k 0, Tk ToiEin (EEWEORY &
VY, FRFRATEA EAREUC K DGR F) oM A REET S L & biT, yD A
RADRI T 2R 9. A TRERZMHTICTIZMSC.MARC? (/X—30 5 2 2005R2) %
F-.

(1) BITROMAR, ~TiE, HHEE

FERTXIZRIZIE, —kRAlRENEZ T H2NmICE &R e fT 2 ME %2

Y B 7. =7 VOBEREMER X OG5 OER L Fig. 3-15127~7. ssAMERE
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a T, R(3-1) ©Ramberg-OsgoodHll D fth, FE{RTR S % o, , I TR LFRERE
H' =E/10 &9 2 “EATEL A A=, ~TER X O B X Table 3-512 % &
OHEBY EL, REIL, ISNER, NEOFEEZ T A—2 L L.

G

O
1t TMT ¢+ ¢+ Circumferentially
1> cracked cylinder

« P(=0, 1/4cy,)

'R, W
I -l

A
A 4

A 4 <«

a

A
A 4

>  Crack tip
Rigid body

Fig. 3-15 Geometry and loading conditions of the circumferentially cracked cylinder

subjected to tensile stress and external pressure
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Table 3-5 Dimensions and material properties of the circumferentially cracked cylinder

subjected to tensile stress and external pressure

Wall thickness, w 10 mm
Inner radius, R jn 100 mm
Half cylinder length, L 100 mm
dD(;S:re]’nZl/(\)Arlwless crack 1/4 or 1/2
External pressure, p Oorl/d oy
Elastic modulus, E 200 GPa
Poisson’s ratio, v 0.3
Yield strength, oy 200 MPa

(1) Power law (Ramberg-Osgood law)
Plastic strain at oy, &°= 0.002
Stress exponent, m=5or 10
(2) Bi-linear law
Yield strength, o
Strain hardening coefficient, H' =E/10
(3) Elastic, perfectly-plastic body
Strain hardening coefficient, H' =0

Plastic constitutive law

(2) FEITHER
XEBL)DOFTHWA IR 30 1%, WA EH W TS IIERERE K, 7 Bt
HTE5.

(3.28)

Z IS B E S TR R TIEMEB AR B E L <, PO AR08 T
E/Q-v?) (WIZART YV Ubh) I LWMEHEER TH 5. ARFEHTE] T IXfhx #r
MEZHE > Z LMD E =EIl-Vv?) & LTz,

KR XL 912, Wk EMEET— FOMRTEE 725 F TEKT{ET
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5.

F@ Py- K (3.29)

w oy, oyN7ra

T CIEBEAMERRAT IS OB B T & S L, F Z Table 3-60 £ D 123K
DTz, K, I1%, MSC.MARCIZ{i zx bl fA & &Lk (2 Z TiEShihb D
) 12k o TRDEIT B R(B.28) 2 AV TLEH L7, Table 3-60 & 9 (2,
R TEALIG L RARER F 1T, SMNEDFEEZ T b o7,

WSERMER A RE L, WALIRIEAMNE L Z AR R S TRo -
MRERATE o, ZTable 3-61Z7~9". M[RATEIXFEARZEE) & BE DI b D729,
SMVEDVENC X 2 MR B AR T IRk E 0.

M X G T DI I RIE L RIRRIS, ERA D AEEISKE LT b MR
W SIS Sk A U, (KRBT & B> <) MR E O EIAE 5
N5, THOFHETIE, SHAVBROISHIEFT OWNEE S0, H7L80
B kD, RV UBIRIC#E I LIz Y A L M OIS S5 2 4BE LT
RN AW S S A RV S LAY 4 W S/ SR S W RN 43 1 1| A
LTI, BIRNC K DRI E RO L > THRShD Z &, SMEICE
5 (FHOFEIC L > THRESARY) EROEF R 2 BETRE 2L
Mo, OIS 2 BT 5 2 & THIAIE, U A MO YIET) oy D
SRl s L CRAB B2 HND.

N

W R +w/2
oy=(—2)oy +(—"—)p (3.30)
w-a w

ZIIZTplo, BHHIEREL, oyPo, \ZET IO, ZMRWEe, &7
Erwnwz s, kXEz55.

98



Oy

o, =

. (3.31)

)+ (Pt
-a o, w 2

@+
w

K(B3IF2T b D —HRIE S &2 T HEITERICERT I8 &2 ffiFE L L T
BoNLEHATHY, IRIC K DMADIRSC, IS0 mORSEZ L0 §F
M ST & 2 A BREAMBIRAENT LV bRERE D & R oh, RADEWIH
JENFFIEAREL C 23 5.

(GY/CL)
)+ (Pt
oy W 2

o, =

. (3.32)

W-—a

@+

Table 3-611%, MMM CFbNT- o, L A(B3)L A B L THELNEC &
ALTWSD., 20X, $I0EWERN G655 U K 5 MRFR AT E
1%, EEFESLEMISTIORELE G LTINS LOD, &7 — A TR L
7o T, BREBYEIRE 43 (MR B O (M +1) I ELFI3 5 Z &, BffiliZC, =1
ET D ETBEIZ RS & IR DN D 5.
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Table 3-6 Results of limit analyses and elastic analyses of the circumferentially cracked

cylinder subjected to tensile stress and external pressure

Dimensionless crack depth, a/w 1/4 1/2

External pressure, p No 1/4 oy No 1/4 oy
Limit load, o , estimated by the 185.4 59.97 130.8 59.31
limit analysis (MPa) ' ' ' '

Limit load, o , estimated by
assuming simplified net section stress | 150.0 50.52 | 100.0 | 43.24
distribution (eq. (3-31) ) (MPa)

Net section stress correction factor, G | 1.236 1.187 1.308 1.372

Dimensionless stress intensity factor,
K /Um\/_ 1.320 1.320 1.801 1.801

Limit load correction m=5 0.8846 1.020 | 0.9968 | 0.9373
factor, ¥ m=10 0.9177 1.003 1.028 | 0.9500

Ramberg-Osgood HIl 5 X TN B #R B I 2 A 7o SR ME R AT C15 & L 7o R
PIFE Sy &, MR A B CHEER ik L7 B IS X LT, Fig. 3-16(1)~Fig.
3-16(A)ITRT. ZD LI, THMEANEDR RN —Z (Fig. 3-16(1)),
HPESHER S D — A (Fig. 3-16(4)) 72 & THRIRISINEOREME T LT
W5,

Fo, MNERD DT —A %3O T, ZRISTEIZED < BEEPEIFE 7 1T
PEfRAT & HHRE —H L TWDH Z &b, SHUSINETHW MR E %,
B DR A —ETHERF L T2t TR D 2 FIED N ER TE 2.

SIS TIEIT 1 2 IR IRE 53 00 I (LU 2 OB PERRAT I & 2 Bl <l - 7=
bz, R4 E CRIEL L 7o BT LT, Fig. 3-17(1)~Fig. 3-17(4)I27<7.
ZD LI, NEFAERE LTSE O RISEIC L 5 HBEIR X, o
IRPEARATIC X DB & FeT—E D IR 2 A SR TE 5.
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Fig. 3-16(1) Comparisons between elastic-plastic J-integral estimated by the reference

stress method and the detailed FEM (a/w=1/4, no external pressure) for the

circumferentially cracked cylinder subjected to tensile stress and external pressure
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Fig. 3-16(2) Comparisons between elastic-plastic J-integral estimated by the reference

stress method and the detailed FEM (a/w=1/4, with external pressure) for the

circumferentially cracked cylinder subjected to tensile stress and external pressure
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Fig. 3-16(3) Comparisons between elastic-plastic J-integral estimated by the reference
stress method and the detailed FEM (a/w=1/2, no external pressure) for the

circumferentially cracked cylinder subjected to tensile stress and external pressure
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Fig. 3-16(4) Comparisons between elastic-plastic J-integral estimated by the reference
stress method and the detailed FEM (a/w=1/2, with external pressure) for

circumferentially the cracked cylinder subjected to tensile stress and external pressure
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Fig. 3-17(1) Ratio of elastic-plastic J-integral estimated by the reference stress method
to the detailed FEM (a/w=1/4, no external pressure, without limit load correction) for

the circumferentially cracked cylinder subjected to tensile stress and external pressure
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Fig. 3-17(2) Ratio of elastic-plastic J-integral estimated by the reference stress method
to the detailed FEM (a/w=1/4, with external pressure, without limit load correction) for

the circumferentially cracked cylinder subjected to tensile stress and external pressure
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Fig. 3-17(3) Ratio of elastic-plastic J-integral estimated by the reference stress method
to the FEM (a/w=1/2, no external pressure, without limit load correction) for the

circumferentially cracked cylinder subjected to tensile stress and external pressure
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Fig. 3-17(4) Ratio of elastic-plastic J-integral estimated by the reference stress method
to the detailed FEM (a/w=1/2, with external pressure, without limit load correction) for

the circumferentially cracked cylinder subjected to tensile stress and external pressure
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Fig. 3-17(1)~Fig. 3-17()IZH\T 5, ML TEIZ K 5 NI 77 O PUE
& HIBIERRATIC X 2 s e BB AR & o L OISR &2 A L C, MRBR A B IEAR
ByrmEdd Il &nTEDL. XREFAZHWSE, 2EEHEKETCOSRIR
INEORDRY SEHLNHIRA L2 D,

y =MD (3.33)

ZIZTINEI Iy, OIWEZEC LIHAOIHRE (I, 132 RIGIEIC X

2 BIBPEIRESY, gy [ FABRESRIEIC K 2 WMD), T70bb,

- ‘]ref
J =lim (3.34)

P> ] FEM

Th 5. A(3.33) 2 T, AREEMATENZ T L TR 72 y Z Table 3-612 7~
DX DIy OITIE ISR L, ERHITG Cley DiEERD T
BT, WAL & FERIC, SRS R 72 OB IRE 73 O i 5 RFEAT A3 AT RE & 72
L. LU D, ZOFETIEIRRBHMELRC T NEET L2 LD,
T2 CIEEARIEE LT, Jg [ ey Dy OmM=1FIZHHBITHZ LD, m
PRENGEOBERT2EETDHLEEZERLT, 22T [KEDOIS
IR L TED Ty 2RI LS FITHERA L TEW] b0 eT 5,

ZOE T U TRD, HHEMIFES DL, I /Iy ZFig. 3-18(1)~Fig.
18MITART . y ZHWARWGEEITREDN > 7o — X TITFRZ, FEEEN S
EENTWDZ ENDMN5.
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Fig. 3-18(1) Ratio of elastic-plastic J-integral estimated by the reference stress method
to the detailed FEM (a/w=1/4, no external pressure, with limit load correction) for the

circumferentially cracked cylinder subjected to tensile stress and external pressure
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Fig. 3-18(2) Ratio of elastic-plastic J-integral estimated by the reference stress method
to the detailed FEM (a/w=1/4, with external pressure, with limit load correction) for the

circumferentially cracked cylinder subjected to tensile stress and external pressure
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Fig. 3-18(3) Ratio of elastic-plastic J-integral estimated by the reference stress method
to the detailed FEM (a/w=1/2, no external pressure, with limit load correction) for the

circumferentially cracked cylinder subjected to tensile stress and external pressure
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Fig. 3-18(4) Ratio of elastic-plastic J-integral estimated by the reference stress method
to the detailed FEM (a/w=1/2, with external pressure, with limit load correction) for the

circumferentially cracked cylinder subjected to tensile stress and external pressure
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3.3.5 HIEAEMH (—HBIRZZTHIAARAETRHAYEBEDY ) —TIES
RTTE & AR R A A E HA D IO 7 V=Tt 2475 Z Lok, #i
PEEAT CED Ty ZER 7 ) — 7 IS+ 2 FEO RS2 R T 5 &
BT, REINCRTH/NEES )V —7ICBT 2 ET 2 MGEd 5. AIRERER
HriZ1ZBritish EnergyBA%E DILH 7 = 75 LBERSAFE® Z M7=, £7-, 7V
— AU T D — M A RS D72, R Z U — 7 IZFE 29 % Norton
Rl &, —k2 V) —7 %KL L4155 Blackburnfll & 2 H M -,
(1) BRRORIK, Tk, MRHFHSE
FERT X S DO TR IXRTE O AP AENT & Rl CTH Y, Fig. 3-1512/R 3 I JE
FmEREATLMEE Uz, L, —kRg[iRO A E LINEIZBE L7220,
Flo, N U —IRED R <t BLFEMITIRWIS 1 £ 725 X9, oy, =98 MPa
TR L7, 2B O~TER KO ESFILTable 3-7127 3 & B0 & L7z,

Table 3-7 Dimensions and loading conditions of the circumferentially cracked cylinder

subjected to constant tensile stress

Wall thickness, w 10 mm
Inner radius, R i, 100 mm
Half cylinder length, L 100 mm
(I;)E:rr)\:ﬁ'nzllcxless crack 1/4 or 1/2
zfggg’t(egtznsile 98 MPa (constant)

FPEHRFEIZ 13 SUS3048 (D550°C LT 36 1T % Rtk 2 BRI, R a a7 8t
VD r ) —=FOFTHRE LIS - O TR E =2 L L, ARE
FfEfTIiT b oXEZOEEMG, FELIZIEZZ b ORERZ X
FHTHEM L TEDTZMENESZ W2, & 2 TS — 07 HBEfRIZ%R A
OLudwikH| TREL STV 5D
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g, o<o0,
E
= (3.35)
O  (O—0p\um
()

K , O>0p

Z 2 op REBIRRIS T, KIS IO EFFOMELER Th H. AV o)
OEAIE S — OFTHBRRT, R D IS EPH & O A #60H O B
FRIZK L TREN TV DD, 22 TE7 U —7HORRIS ) % N AR
D728, ISP & OF A o2 £ D121 %F L THA(3.35) D EH & E D
Tz, 7 ) =7 I O G EHIICE 115t OFEIZH T - TiZRamberg-Osgood
HIZSATTE & STV AD 72, R(3.35) %l T 5 L9 XBLHDOEHEED T,
g =1357x10"°, ©,=200 MPa& L7z. ZiL5H DML — O3 AR £
& ¥ TTable 3-8127~7.

Table 3-8 Elastic-plastic properties of SUS304 at 550°C employed in the creep analysis
and simplified estimates of the circumferentially cracked cylinder subjected to constant

tensile stress

FEA Simplified Estimates
Elasticity Elastic modulus, E = 154 GPa same as FEA and
Poisson's ratio, v=0.3 E'=E/(1-v )2
Ludwik law: Ramberg-Osgood law:
O, O'SO'F, gP:gP(i)m
i e"=1 o-0 m* Y
Plasticity ()™ o>0p | g -1357x10°
op=91.99 MPa m=3.133
K*=2031 MPa oy = 200 MPa
m* =0.4267

7 V) —TRERAUZOWT S [AEERIZ, ARERAOCNEGBL2) 0SB ) —7
OF B E O AL B O E AV D Z L nTE, KO0
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Blackburnio 7 V) — 7 O3 B & H U 7=,
e (o,t) =C{l—exp(-rt)}+C,{I—exp(-rt)}+ &t (3.36)

ZZiZr, r, C, ClI—%&Z U—7 (primary creep) (ZBI3 D4 BHES Thx
ING ) =T OT B S (minimum creep rate) & 7 U — g lrRERE t,  (creep
rupture time) ORI%E L TH 2 b5 Z & TIREREMER LU EEN
@END. SUS304HDE50°CITHIT 5 26 DA EHES Z % & 8 TTable 3-9
(T ks, 7V =TT O A LAl 2 E L, #(3.36) & i S DA
bzt o MBICEM T 2B, SRFAE TOREY UV —7079 % & Bl R
TODIST & DB H(3.36) i\ TR B 4L 2 F IR H] 2 2U(3.36) DB Rf %t & L
T, 7V —=7UOFTHKEE (o,t) ZRDT.

—WR7 V=T HEBRET LDHE, e ) =T UOTHIEE & OBGRDEFH]
ELBITEDD D, t OFHlIICH Tz > TIt=0 DR R TORMITHE )
Nbs., Z0i=d, K(B36)Tt=0L LEEHEDIRNIE T V=T OTHFHED
Bf% 2 NortonH CLL F > X S 1Zirfl L7=.

(0,0 =5 (Z)" (3.37)

Oy

SUS304#, 550°C D& 2% LT o, =200MPa & F Ui, & =2.879x10™*,

N"=7599 L72%. ZibDERSTable3-9IZ/R LTV S.
—RIGETIE, #asFEmh T—IR7 U —7 OB % T 5 B 23 FExt
MIZEWSEERHY, 05 EEN7 ) —7EE (723 Rk7 )=
(secondary creep)) (ZEED <RIl CTHIZA 9. Z 2 TiX D728, Table 3-9
DI/ U — 7L &8 % 2(3.15) ONorton Il TITEL L 7= A& pk & 72 T

Fh L7=. NortonBl O EHEE I Table 3-912 73 L0 & L=,
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Table 3-9 Creep strain equations of SUS304 at 550°C employed in the creep analysis

and simplified estimates of the circumferentially cracked cylinder subjected to constant

tensile stress

(Unit: stress in MPa, time in hr)

FEA

Simplified Estimates

Blackburn law:
£(0,t) = C{L-exp(-5)}
+C,{l—exp(-nrt)}+ &t
£°(o,t) = ,C, exp(-nt)
+1,C,exp(-nt) + &,

same as FEA and
-c ctr O \n"
&(0,0)=¢, (—)

Primary plus | log,,t, =14.345 Oy
zfgggdary —7.416(log,, & —0.9915) n" =7.599
-0.516(log,, o —0.9915)° e =2.879x107
£y, =0.16001-t, % o = 200 MPa
r =103.37 _tR—0.72607 Y
r, =17.255-1, %"
C 1 2692 c074491 / r
C — 0 48449 c081155 / r
Norton law:
Secondary & =gt ()" o, = 200 MPa
creep only Oy
N 9873 ¢ =1.070x10°°

power law approximation of the above &,

= O 5 E TR o, 5O,
BOBEARHT O/ D =M% L,

A 2 RS IRE 5y 3, 13
7 U — 7 WG HIlE ORI I AE B L

To. M U7o S TEREEIRE ST A —F ZTable 3-1012 % & TR,
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Table 3-10 Structural response parameters related to elastic-plastic response used in the
simplified creep J-integral estimates of the circumferentially cracked cylinder subjected

to constant tensile stress

Dimensionless crack depth, a/w 1/4 1/2
Limit load, o, (MPa)*1 185.4 130.8
Dimensionless stress intensity

'I:actorl F *2 1.320 1.801
Elastic-plastic J-integral due o _3
to initial loading, J, (MN/m)*3 9.147x10 4.321x10

Limit load correction factor, y*4 0.9177 1.028

*1: Results of the limit analysis in Table 3-6 with yield strength of 200 MPa
*2 . Results of the elastic analysis in Table 3-6

=3 . Results of the elastic-plastic analysis with plastic constitutive law
in Table 3-8 for SUS304 at 550°C

*4 . Results of the elastic-plastic analysis for m=10 in Table 3-6

(2) FEHER
AT DFERAT B AT C(t) DFEFIZEE) % Fig. 3-19(1)~Fig. 3-19(4) 2”7, i
5DTIE, AT 04> 5 A b L7-.

FIEA VP FAOBRIEINE (y=1) Ic&5C ({(3.12)

JiEB: EREOFHFIEAT, m=1072 2 AT (Table 3-6) TR L7z y &
ffi [l (enhanced reference stress method)

FIEC: /NEREY ) — 712t 4 5 (3.17) T(3.24) DA THEM &2 B 8 L 72\

(t,=0)

JED: EREGIACT, X (B.24)D AT B E L (1,>0), C ORI
m =10 72 % WIEMEfEAT (Table 3-6) TR Oy M L TINE GU
(3.26))
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INHDRD X 5T, AKFeSCRAHID THRET 2 J71EDIE, A, &R S,
MM 72 EDIEWN K B PIS, BEFFIEOREZUET 5 2 L 23S
T&Ez. F£72, t, OFHMlC &7z > TERGTTHOZ B2 BA L TWD2, 4
D BAEAEAT ] O FEPH TIEHFF IS RIE 2GR TIOR3 b 2ol 7 U —
7 E S RIE T C(t) ORFHME T IC BBl 5720, RFEFERF-ORE
D DFEEEMEDR SAUTWAUE, W1 C(t) DOREAMFE B D223 & L 2 EE e ik
ICTE D7D, ZOREOL FHlORE THEM LITZE L 20 il L
H5.

E
10 ‘
(O FEM solution (a/w=1/4, without primary creep)
-2 — — Method A Reference stress method (original)
10 [ -=-= Method B Reference stress method (enhanced)
'\\ --—— Method C Small scale creep (original)

Method D RSM (enhanced) plus SSC (including initial plasticity)

Creep J-integral, C(t) (MN/m hr)

Time (hr)
Fig. 3-19(1) Comparison between estimated creep J-integral by the simplified methods
and the detailed FEA (a/w=1/4, without primary creep) for the circumferentially
cracked cylinder subjected to constant tensile stress
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10" ; 1 !

) N O FEM solution (a/w=1/2, without primary creep)
-2 N — — Method A Reference stress method (original)
10 -=-= Method B Reference stress method (enhanced)

--—— Method C Small scale creep (original)
Method D RSM (enhanced) plus SSC (including initial plasticity)

Creep J-integral, C(t) (MN/m hr)

10" 10° 10 10° 10° 10*
Time (hr)

Fig. 3-19(2) Comparison between estimated creep J-integral by the simplified methods
and the detailed FEA (a/w=1/2, without primary creep) for the circumferentially

cracked cylinder subjected to constant tensile stress

-1
10 O FEM solution (a/w=1/4, with primary creep)

— — Method A Reference stress method (original)
-=-= Method B Reference stress method (enhanced)
10-2 --—=— Method C Small scale creep (original)

< Method D RSM (enhanced) plus SSC (including initial plasticity)

Creep J-integral, C(t) (MN/m hr)

Time (hr)
Fig. 3-19(3) Comparison between estimated creep J-integral by the simplified methods
and the detailed FEA (a/w=1/4, primary plus secondary creep) for the circumferentially

cracked cylinder subjected to constant tensile stress
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10° ‘ 1

O FEM solution (a/w=1/2, with primary creep)
-1 — — Method A Reference stress method (original)
-=-= Method B Reference stress method (enhanced)
--—— Method C Small scale creep (original)

Method D RSM (enhanced) plus SSC (including initial plasticity)

[
o
I

Creep J-integral, C(t) (MN/m hr)

Time (hr)
Fig. 3-19(4) Comparison between estimated creep J-integral by the simplified methods
and the detailed FEA (a/w=1/2, primary plus secondary creep) for the circumferentially

cracked cylinder subjected to constant tensile stress
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XY DI NERE & UIERMEIFES TlE

4.1 [FLBHIC

ARFETIE, BB L —YOE X0 BFRIC R E D ZRISHRED 5 b,
SR K o TS &4 T 5 AR IS N6 206 714 ds K OvE 8k
BEORMEZIWL 5. Zo%RG, WEKAZHAE LTI S 2 & T,
IR & R 7R RS FTRE & 72 273, FEMMEZETEAZ K 2 IKIIREFN D Tl A3
LD Z N DATEMEE L 0 #S N Em . 2o, AT T2
DIFRE A ED R LG 2 BB IR V2 AT 5 2 L CEORER 5.
Z T, ISR IR 2 R TR OIS I A — RIS TN D EE
U —7 KB L FERL, IS OTGIRP AL & 72 D08 (MEER 7 U — 7Kk
(quasi steady-state creep condition)) ZiE L, EH 7 U — 7 REES A MR
HE & FIERICS U NE TRV S Z L AR L, T OWEERIRRE CILEMB1E
FRELD IR JIHEEL & TR B L O EE — NICIKFT 2 —EEIC R A2 HEE 25 <.
Z LT, ZoOMEZEAL, MIBEREICHFAE S D 2 & 2T
F7, ISP RIS 5 Neuber I B4 2 BEERF R 2 2R L C, 57D
FHAC 0 AR DS 1 RE RS 23 Neuber IR OB #i72~ & _EEL OBAMEBIERRE TE
FINDEMROPIFWOTT D 2 L 2R~ D. Fiz, 7V —7 Lo
PE (HoffORERL) 05, BEBMEREHT 2> 5 8 0 12 S R 2 FV COIR &
JEDOE =27 0T HIZT TR 7 V=7 D=7 5T OFEFZFE) O T #7173 AT g
(e 2 &, BRI A D ORT

T RRBERIEIZ DWW TR, BT ) b g B & FIARIZ E 2 rTRE /2 2 IR
IS EHNT, ZRISTHENERFREL 2D Z L2k ~%. 7z, 2RI
R AN ZEE S B TERE CER SN D EAR O 272 &5 b D LUE L, B
PEIBRECRELDN LN T & VT RRAT 22 DMK IES 7 U — 7 O E T D
HENFRETH D Z L ART. T 2 TREL 2 2 M BIEREDS BT (2
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BT 5 E2HEEMREETOINFHEE LT —BEMICERTET, 29 LTHRELT-
MBI EBIIMEORE SIZEOTIC—EME LTHEHA L T & 2 5E
fENT B CTHIO TRT.

4.2 ZHEHET TORAENES
4.2.1 EEEY ) —TREIZE T 5EMEEBRES
1) ZERFZZ ST HEMEBFETILICE TSI )—T
SIS B RE B ORI IT Fig. 4-1 (R$AERREET T M & <
SNb. ZOETINTIE, HEIEL A K> TE LIS R ZENETO
EALDICIN IS L TR 7 V=T OTHAEELEL L Z b T
TS BDOBDHEE S L b RERT Y —TOTHHEESL ZETCHED.
OWE %, BHEEEERK g VTR TET L3519,

§=-= (4.1)

Stepped-two-bar
7

i>A

aA
L AL

>
l

A 4
A
A 4

Rigid body

Fig. 4-1 Stepped-two-bar model for investigating elastic follow-up behavior in an

elastic, power-law creeping body

RKlloKrmfEls LORSZ A, L, #ivillZ oA, BL (0<a<l, >0)
LT 5 &, whfEEEn (n>1) &9 % Norton H,
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& =t ()" (4.2)

Oy

(HE D B2 U — FIRIC BT B BB AR R g 13T I R TE £ B 2.
I BL Vo, IMEEHTHS.

a+p (4.3)

T 7o LEPEBTERENE n ISR OB B MECHES KO E O K & SITKAF
L7V . Fig. 4-1 OFITIE, ISHEFRR E &bk lL, —ETIERWVHD
D, 2 WNLDIS DR —EDTD, SRS ECRVIRIEE X 5 2
ERTE, ZOX I RRRE GEANAAOIRDS —RIECHT 28w 7 U —
TIRIELF CICRDRAE) 2HER 7 ) —TRIELIERZ LT 5. 2B,
REPPIREE & B 7 ) — 7R L TISHFRED R —0%E, [F—ois)i5y
fii & 72 HME (Hoff OFEELY) 23, AAnDHmIZA T 58546 Thikar
T5Z LIS IS STV O

X(4.3) % AW TR 72 <115, IS e E W25 6 O 9, 2 5HE L7oRER
%, Figd-2 lImd. AETILOHE, qEInBREVEEREL, BIVIE
W, DE VRSN REWZEREWVHAZRFOZ LD D. £, aBd
INEWEES (Fig. 4-2 Tl a <05 OFEIK) 1%, g, O n ~DEFMET/ NS W
ERDND. 2O EE, MEENRREWT =BT, BRICK 5%
B AT OBENDE BT O TREN NS RDLTLEEERTS.
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Fig. 4-2 Elastic follow-up factor for the elastic-creeping stepped-two-bar model

subjected to constant displacement
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ERIRT 5.

(2) ZURBEZTLEERKDRICE TIEEEI )T
FRRQ)OFEEEZEE 2, EWimEED X o eIk TiER, o —K
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X Fig. 4-3 D X 5 ALETIROWNE Y U — FIRINEN. ADIRFFZ 2T 256
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G
Fig. 4-3 Arbitrary shaped elastic-creeping body subjected to a fixed displacement

7 U —TPHEITT HITOIVT PITRERNT 27238, +40IC RV R L 71412
(TSRS ET L, PICR AWM ERFFEZZIT 256 LR USaMm (EEHE
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7V =T OFTHDOFEA (7 ) =70 LICFROEIICHHETE L T2 L,
ZEAOHE A BIRERIC FRED L O IToBE L CRBITX 5.

A=A+ A (4.4)
A=A+ A° (4.5)

A OT R L D, AF V=T OT I L D EAORETH
D, BARFFTFTINLOEFHE0 L7225,
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E AT, MEPICKTDER 7 V—7IREBIZET 5 A 1ZBRISHEIZ L 5T
HATHPTE 2.
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AC = O_r—ef/E Ae (46)

ref

Loy 1IBRISHTH WV IRATEZ BN,

o =(PlyR)o, 4.7

72, P lio, ZMRIRE L DHEEEEOBIRMECHY, 7 IIH3ETHEAL
7= Kim? N2 ko TIRE SRR EM IR Th 5. S 518, @)D &, 1%
7 ) =7 oy ZRALTEE DS U —T OB, E TR
Ths. NA6)TEHR 7 V—7IREIZBIT 2EM0EE & RotAIc—H L TEY,
ZENZED D Z & T ) — 7 EBAORE Ot Z 52 5.

—J7 A & A VL, WIS SR OSIRE S L, Z2EDIUL, IO X

INIRBLTE S,
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A= (o, |E)L (4.8)
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—RICIE, BMEBREAE L D 2 L TS T T HAMIS ) O¥EINO AT RE
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9, BURE R CIER-EG L 72,

AR SCME T HHME Y U — TR IS J1FEF %8 2 #0012 Fig. 4-4 120K
T TR BIRIEEFELER (SRL, stress relaxation locus) (%, /I FELH (V)
BL 7 ) —7°, SRRV T/ NRBRRRICRS) Tl p TR SN DRE
DZERILH HIZLTH, Neuber AL O A M v, #EEH 7V —7" (HHH
PERTE T amEERBIOGIS) T, IFEBIZIS Ul —E OB TEAR K
TREL SN D EFBR OIS I REFHEE 2l 2R REICHEE 5. Fig. 4-4 Do, & &,
X, IS ) =T DR 7 ) — T BT ARRA RO E 0T R L
T5.

V=275 & B — 7 OF HIIREREITRAET 223, Neuber HINIZACK, #ERL
RICHEAFTH L. MEANE - DB T TO/NE - =K S OFIPEME
FRT 1OTIE, p ST OREURTFE DR BTV B8, P okt
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a Stress relaxation locus
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o by constant elastic
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Small scale yielding | Fully plastic
Stress re-distribution| Quasi steady-state creep
O &y
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Fig. 4-4 Schematic illustration of stress redistribution behavior from elastic initial
loading to quasi-steady state creep following Neuber’s hyperbola and constant

elastic follow-up factor

4.2.3 BUEMREHH (EFRFE2(T5 3BREHEHEDY )—)
SIS N TRV T COBMBIER B 2 Rt 27w, AW
VRO T ) — T HENT 24T 5 . BHR O X 912 2 B DA I MNT IR T BE
Ieted, T2 TR 3B O E A BT B . A BRE AT ICIZ MSC.MARC™®
(/3= 3 > 2005R2) % V7=,
(1) BRITRROMIK, TiE, MEEHE
FEMT 1T Fig. 4-5 (2”3 3 e AWt & L7z, ~1E1T Table 4-1 127 &
B, TEL7V—TEEAICBT SRR E AT A2 L L. 7 —
TRERUTIE(4.2) D Norton Al & V=, ~HERRZR D r—2 L LTI, K
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Stepped-three-bar

Fig. 4-5 Geometry and loading conditions of the stepped-three-bar subjected to
constant displacement

Table 4-1 Dimensions and material properties of the stepped-three-bar subjected to

constant displacement

R, 5
Bar radius (mm) | Ro 4
R, 3
L, 10 20
Bar length (mm) L, 10
Ls 10
Notch radius, p (mm) 1
Elastic modulus, E (MPa) 200,000
Poisson’'s ratio, v 0.3
Forced displacement, 0.03
A (mm)
Norton law: £¢=¢°¢ (o/c)"
Creep law 0,=200MPa, £, =1.0 x 10 1/hr
n=5 n =10 n=5 n=10

(2) FRATHER

FEAT OFERAT SIS DREFI S E % Fig. 4-6 (I2F & O CTRT . AEHTHIT
TIE & A CHBIEIIRRED 728, Fig. 4-6 F OIS E T 2T z ks T
R LUTe. 2 BAEKrE AR X OMERETRIRIRIC R T DT B 0@ Y , it/
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Fig. 4-6 Stress relaxation behavior of the stepped-three-bar subjected to constant

displacement
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FRAT IR DTZIRIL Fig. 4-7T IR TERIRTIR S P& b LT,
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Fig. 4-7 Geometry and loading conditions of the circumferentially notched bar

subjected to constant displacement

RN R G D~FiER K OMEHEE % Table 4-2 (2 F & O TRT. IS IFREUTN
TA=HZ L LT
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Table 4-2 Dimensions and material properties of the circumferentially notched bar

subjected to constant displacement

Notch depth, a (mm) 18

Bar radius, b (mm) 50
Half bar length, L (mm) 100
Notch radius, p (mm) 5
Elastic modulus, E (MPa) 200,000
Poisson's ratio, v 0.3

Forced displacement, 0.1

A (mm)

Norton law:  £°= g (oloy)"
Creep law oy =200MPa, £,°=1.0 X 108 1/hr
n =5 n =10

(2) MRHTHER

AT DFRERAT DN TABY ©— 7 I ) OFfRF 28 % Fig. 4-8 [Z7R 3. FHYMIG
71, FEEOT L TREO Mises DO ERIZHE -T2, Y OTHDOERIZH 2
ST, KEE BRI DI B TO DY IO A & | U RIS
BOTHERAL, HEL ML TRRDRT Y U HEW1T 2 75T
<, 7V =TOFTHEBCDOBIEY 7 V=T OFTHOXE W, HEOT
Ik DR Z & AR FEE L2 2o X5 BRI L v, sk
BB &2 27 U — 7R RE O Wi C s |2 B S ) — OV BBk & kb L,
Z OMITEHAIHTEIND.

& =%{(az 6+ (o, —0,) + (0, — 0, ) + 67,7 (4.23)
__G N2 o . vl 3 o
g—E 3{(5 )V + (e —&)) + (g5 —b) +2]/ Y (4.24)
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HEEIC L 5T @.2)Ic BT u=1 L L MiIc—8 L, 57
D3RR L 72 #% O YEE FIRRE TIL, ATEO W & FERIZIS IR L
TZEARZIN D Fig. 4-4 O TR EB Y OFERE 5 27, £, IEHEENPKE
WM ETE FORRBIC 36 1T 2 BMEHBIERR B R 2 W 2N BLAIL TV D

IO &N, EER S V- REBIZEET S F TS RN 2 U —
THERADRFEN BN N2 L2 Bk L, HBMERMEICE S AL, &
72/ N RARBE 12 381T % ©— 27 OVF BB 5 7= > THMEBREZEE O
UK A BT D MNESEN S RN &2 med 5.
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Fig. 4-8 Relaxation behavior of peak equivalent stress in the circumferentially notched

bar subjected to constant displacement
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fRHTRI G213 Fig. 4-7 \RTBRIREIR & 2 AT 2 I T, SBMERERUTIK
D Ramberg-Osgood HIl & L7=. 46 OfENTSA %2 £ & T Table 4-3 (127~
7.

e=Z e ()" (4.25)
E oy

Z 2l IIBWRBER S oy IZBIT HMEOT 2, mITn L b4 KRBT 2
MEHESR (E1HEED) ThD. oy & 0.2%I0M ) & T HuX, &0 =0.002 &7 %.
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Table 4-3 Dimensions and material properties of the circumferentially notched bar

subjected to displacement controlled loading

Notch depth, a (mm) 18
Bar radius, b (mm) 50
Half bar length, L (mm) 100
Notch radius, p (mm) 5
Elastic modulus, E (MPa) 200,000
Poisson's ratio, v 0.3
Forced displacement, 0 to collapse
A (mm)
Elastic-plastic e=Z+e’ ()" o, =200 MPa &’ =0.002
constitutive equations E Oy
(Remberg-Osgood law) m=5 m=10

(2) FEHER
BIMERENT O3, BAIA K E < T B, 5RO BB L
M5 55140, KATED HALD AT ORMEEIERE q, 1 E I IR

TLHEEZADND.

q=1-=--C (4.26)

Z 226 L GIXFig. 49 ETENENR BN Z G 2 1285 O T &
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Fig. 4-9 Schematic illustration for the saturating trend of elastic follow-up factor in an
elastic-plastic body subjected to displacement-controlled loading
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Fig. 4-10 Saturation of elastic follow-up factor in fully plastic condition of the

circumferentially notched bar subjected to displacement-controlled loading
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Fig. 4-11 Comparison between peak equivalent strain estimated by the simplified
method based on Neuber's hyperbola and straight line following elastic follow-up
factor, and the detailed elastic-plastic FEA for the circumferentially notched bar

subjected to displacement-controlled loading
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Fig. 4-12 Comparison between relaxation behavior of peak equivalent stress
estimated by the simplified method based on Neuber’s hyperbola and elastic
follow-up factor, and the detailed FEA for the circumferentially notched bar

subjected to constant displacement
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Fig. 4-13 Schematic illustration of elastic follow-up behavior of reference stress in a

creeping body subjected to constant displacement
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Fig. 4-14 Geometry and loading conditions of single-edge cracked plate subjected to

displacement-controlled loading
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Table 4-4 Cases of analysis of the single-edge cracked plate subjected to
displacement-controlled loading, and dimensionless structural response parameters

determined from the elastic-plastic FEA

Case No. 1 2 3 4 5 6

Ramberg-Osgood law: = olE+gP(ol o)™

Elastic-plastic law | . o-0 002, =200 MPa, E=200 GPa, 1=0.3

Loading Tension mg%g‘““t
Plane Plane Plane | Plane Plane | Plane
Element stress | stress | strain | stress | strain | stress
Gauge length, L (mm) 10 100 20 100
Plate width, w (mm) 10
Dimensionless
crack depth, a/w 172 3/4 172
Dimensionless stress

Fully plastic | M3 | 1378| 1.498 | 1447 | 3003 | 1611 | 2.877
%?%:f\:,up m=5 | 1.557| 1.881 | 1.642 | 3.639 | 1.791 | 3.430
factor, g, m=10| 1.826| 2.354 | 1.921 | 3.550 | 1.988 | 3.702
Limit load m=3 | 0.967 | 1.137 | 1.039 | 0.794 | 1.087 | 1.119

correction m=5 0991 | 1.118 | 1.035 | 0.904 | 1.042 | 1.090
factor, y

m=10| 1.014| 1.066 | 1.029 | 1.033 | 1.027 | 1.056

Net section stress
correction factor,c, | 1-029| 1.040| 1236 | 1.030 | 1.703 | 1.105

(2) fRATHER
1) 1BRRARMTICE D  EMTEG DM ERK

TRIRMEHT CTHF &N T 2T 5 COMER ) 2 MIRE P, & L, Hjl
LRI N D S MRFRATE ORI L g9 2 2 & T, FHEWrmic /)
FIEAREC, Z2UE Lie. FEWrmis 1o El=ix, V7 Ay MfTo—k
HBS 2RE L, BIRICe L Tidkae L.
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R =(oy/C)(w-a) (4.32)
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— (JY /CL)(W_a)2

P
- 4L

(4.33)
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B BRI, o X EAN Y SERCA R T A 7 & CIIRE 3
BN EDRH B TWD DS, i O ZARAERC3 R i T o B T 1Pk
SFRURHIC D7 M DA &2 FFo 2 & SR TE 7. REBMEIRIE TOM
VR OE R 7 U — T IR E, MWRATEO (S /1fEH+1) I
TEHIEMD, DT RC OEWZL>THabESNSBEERFNIIAE

WZ EIZHEEEET .

2) #|ERTTALIS DL KIBRE
SN0 YRR D> B R STAV IS SIIE KRR I F Z3RkD, Table 4-4127R
L7z, 22 CFoOEFRIE, kAL L7

KI

o,N7a

F= (4.34)

I To AN THY, BAfH 5 S OMER TP &2 AW, 5IED
eI e L.

o = (4.35)
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T D6 b RARICHE S SIS B R e L.

o, = (4.36)

3) 1BRRTT EMHIERE

Ramberg-Osgood Il Z & L 7= fi# AT T & L7 IR 7> &, RIS
TEIZ X DB MEIRE S O UE & 2 i 2 2 & T, K(4.7) O FRRRAT Al
EfREy ZEDT.

55172 y O Z Table 4-412 7R3,y DAEIIZTEIRAK VS O BATE 72 1
MR B AL,

4) £EBMHIREEICH (T DB FRE

Table 4-4DFGRRRATEM EHRERE AV, WMEKXDICE > TERIND S
FUG S G(4.7) T3 2 BB EARER D AT R IR BB I 36 1 2 IURUAE
ZTable 4-412, UKL & Fig. 4-15(1)~(6)I1Z/~"9". KIS Tl iant
I DOFHME N R LB R D ZENHD DD, B HREE DI DL
KHPHEST L7210, MBI R I 2R L, — @I
WD Z DRI

7o, WHBRERBOINAMEIL ERZHPENMT L, ISR RE VI
E, S —VEIPEWVIZERE LS R EAPHRO b,

Fig. 4-15ClX, 52 BN EALIT X DG T] % 8 & S5 AFRS 11 TR
BLL, BERIES THEAITE L TRBAZ R LT\ 5. M X R ATRIE )
X, SIROSGS, —HRRMOEIE LT,

g _E4 (4.37)

THY, FOHAEIE, FHREFHELZZIT D HMIEHTIY ObiO
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Fig. 4-15(1) Saturating trend in elastic follow-up factor in the single-edge cracked

plate subjected to displacement-controlled loading (Case 1)
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Fig. 4-15(2) Saturating trend in elastic follow-up factor in the single-edge cracked

plate subjected to displacement-controlled loading (Case 2)
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Fig. 4-15(3) Saturating trend in elastic follow-up factor in the single-edge cracked

plate subjected to displacement-controlled loading (Case 3)
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Fig. 4-15(4) Saturating trend in elastic follow-up factor in the single-edge cracked

plate subjected to displacement-controlled loading (Case 4)
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Fig. 4-15(5) Saturating trend in elastic follow-up factor in the single-edge cracked

plate subjected to displacement-controlled loading (Case 5)
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Fig. 4-15(6) Saturating trend in elastic follow-up factor in the single-edge cracked

plate subjected to displacement-controlled loading (Case 6)
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Fig. 4-16(1) Comparison between elastic-plastic J-integral in the single-edge
cracked plate subjected to displacement-controlled loading by the reference stress
method and detailed FEA (Case 1)
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Fig. 4-16(2) Comparison between elastic-plastic J-integral in the single-edge
cracked plate subjected to displacement-controlled loading by the reference stress
method and detailed FEA (Case 2)
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Fig. 4-16(3) Comparison between elastic-plastic J-integral in the single-edge
cracked plate subjected to displacement-controlled loading by the reference stress
method and detailed FEA (Case 3)

155



0.200

O  FEA solution (m=3) T

0.050 S S — A— — 1

~
< FEA solution (m=5) L
A FEA solution (m=10) 73
Reference stress method (m=3, enhanced) | 7
’g ----- Reference stress method (m=5, enhanced) P
= -—-— Reference stress method (m=10, enhanced)
£ 0.150 - : : : Mliasslt S — .
= ; Ly
] : 7
— ; 5
c | N
D ; ; A ;
2 | | G0 |
S 0.200 |- sl — .
! ! : L : !
Law : Qf /i : :
© : % s
= : .
(2] | s
(_U /'
9‘ <§§,/
IS} .
=
(%]
c
(]

i i i i
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Normalized elastic stress, Sn/a-Y

Fig. 4-16(4) Comparison between elastic-plastic J-integral in the single-edge
cracked plate subjected to displacement-controlled loading by the reference stress
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Fig. 4-16(5) Comparison between elastic-plastic J-integral in the single-edge
cracked plate subjected to displacement-controlled loading by the reference stress
method and detailed FEA (Case 5)
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Fig. 4-16(6) Comparison between elastic-plastic J-integral in the single-edge
cracked plate subjected to displacement-controlled loading by the reference stress
method and detailed FEA (Case 6)
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Fig. 5-1 Schematic illustration of the simplified estimation method of peak strain range

using elastic stress analysis with an elastic follow-up factor
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(1) Bt ROBIR, ~Ti& SRS
fENT T B ITIIR & Fig. 5-2 12, ~H% % Table 5-1 (2~ 4R O 98 & T,

BRIEIT NI AT A 52 % A Fig. 5-3 IR X 5 2, 2kE
TR 3MBAEITHE D & L, AR 2 MERF Lo RIREZET, & BT, #F
FeMElL Table 5-1 12”3 & B0 T, w¥MAERITRE D Ramberg-Osgood HIj
& LTz, MEHRFYEDIRFERAFEIEI LR L7z,
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Table 5-1 Dimensions and material properties for the smooth cylinder subjected to

through-wall temperature distribution

Wall thickness, w 10 mm
Inner radius, R j, 100 mm
Yield strength, oy 200 MPa
Plastic strain

0.002

coefficient, &P

Stress exponent

3 or positive infinity (elastic, perfectly-

for plasticity, m plastic)

Elastic modulus, E 200 GPa
Thermal expansion 20% 105 /K
coefficient, o '

Poisson’s ratio, v 0.3

Temperature
distribution

linear, quadratic or cubic
maximum temperature; up to 1000°C

G

Temperat/ure distribution
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rigid body

Fig. 5-2 Geometry and boundary conditions of the smooth cylinder subjected to

through-wall temperature distribution
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(b) Quadratic fn*

Fig. 5-3 Temperature distribution patterns applied to the smooth cylinder subjected to

through-wall temperature distribution
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z:%?{(e —ePV + (P —gd) + () -l ) +2w’2}“2 (5.14)

FRHT Ol RAT S N T B E ORI X 2 BB IER RO IR & Fig. 5-412
AT PORBEIIEIR & 283 2 ZRMHBOSG LR TH 508, K
W T HIZIE BN LTV D, Fiz, BBIREAR DS — A Tldi
PEBTERE DR AURFEN T & A E R DN, FERIBIREE 534 D 7 —
ATIHIEEE R RE NI R bEFRE.

Fig. 5-4D BRI VT2 AFREEMEIS ) S, 1%, BEMERS D fRAT o0 #6 B ) 43 8
e L TR+ T Is ) 6, EOE, R TER L.
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m+b21/2
zr }

SIIT™, M, oM M RS F) A A\ SR L
L, Bohidbi (GIREE AE OB A NEIR RSN 2 E U575, FE
FARE AR OG- INm B R KRIC I 2D 2 6 ZRICHEDE TN D)
CHTBIEND (E—2 fey %5 <) FEUETH 5. Table 5-210 BMEE AR
DILHE & 77T

2.0 O  gp (linear temp. dist., m=3)
@ ap (linear temp. dist., EPP)
<&  qgp (quadratic temp. dist., m=3)
€ op (quadratic temp. dist., EPP)
1.8 L [ ap (cubic temp. dist, m=3) | ¢+ i
a ’ M ap (cubic temp. dist., EPP)
o ‘ :
2 pE EEEEEEEER
E 16 STt e e e teeeee
S %DDDDDEDDD‘DDDD
< I LR I I R I R BRI
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g | | |
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Normalized elastic stress, Sn/cyY

Fig. 5-4 Saturating trend in elastic follow-up factors for the smooth cylinder subjected

to through wall temperature distribution
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Table 5-2 Elastic follow-up factors in fully plastic situation for the smooth cylinder

subjected through-wall temperature distribution

Temperature Stress Elastic follow-up factor in
distribution pattern| exponent, m | fully plastic situation, gy,
. 3 1.394
Linear
0o 1.389
_ 3 1.501
Quadratic
o 1.584
3 1.541
Cubic
o 1.653

Table 5-2D BB TEAREL D IUHE Z BT E O K & ST X & FITHWT, i
PERBE T O B — 2 OF Z 2 BMEAE M5 715> & [ 5 5 M L 725 3R % Fig. 5-5(1)~
Fig. 5-5(3)1Z/Rd™. 2 2T, SIS HT 5 q, BEEM O E & e 4
PAPERICH T 5 q, OHBMBERIT, ThZIS IR L o FICEM Lcha &
P L TH D, Fio, ISRERMIINI SR A B EAE L, MR OHE
SIABE L2 o 7z, T OMGEIC X 2 B2 EEAR TIERR D H ALy, 5T
EYIPERIT T D q, & b AR B 72 5 RIS Ll L2 458 O R
TIEEEMTHY, BRI ERE AT L b, BTFEeMER s
0, WO TR/ E—7 O T HORMANRFRETH 722 LR DD,
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Fig. 5-5(1) Comparison between peak strain estimated by the simplified method and

detailed FEA in the smooth cylinder subjected to through-wall temperature distribution
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Fig. 5-5(2) Comparison between peak strain estimated by the simplified method and

detailed FEA in the smooth cylinder subjected to through-wall temperature distribution

(quadratic temperature distribution)
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Fig. 5-5(3) Comparison between peak strain estimated by the simplified method and
detailed FEA in the smooth cylinder subjected to through-wall temperature distribution

(cubic temperature distribution)
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Fig. 5-6 Geometry and boundary conditions of the tapered cylinder subjected to axial

temperature distribution
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Fig. 5-7 Temperature distribution pattern applied to the tapered cylinder subjected to

axial temperature distribution

YR T ) — OV B BRI 13 28(5.12) D Ramberg-Osgood Hl) & i & L, #EHE
B IETable 5-412 7”796 DO & A=, MMM O IR BRI TR L7,

181



Table 5-3 Dimensions of the tapered cylinder subjected to axial temperature distribution

Thin cylinder thickness, w; 40 mm
Thick cylinder thickness, w, 200 mm
Inner radius, R;, 200 mm
Thin cylinder length, L, 300 mm
Tapered part length, L, 277 mm
Thick cylinder length, L, 800 mm
Notch radius, p 4 mm

Table 5-4 Materials properties employed in stress analysis of the tapered cylinder

subjected to axial temperature distribution

Elastic modulus, E 200 GPa
Poisson’s ratio, v 0.3
Therr_na}l expansion 20 x 10 /K
coefficient, o

Yield strength, oy 200 MPa
Plastic strain coefficient, ,° 0.002

Stress exponent for plasticity, | 3 10 or positive infinity (elastic,
m perfectly-plastic)

(2) @EiTHER

FRHT DFERAT B AT 7 — S AR S W i C OS5 s g & JE
S 7)) D43AT & Fig. 5-812R7. 2 ORICIE, ML 6 ARERE S
OW2E L 725, T, 1600 CIZEE L 72 R il TOBMEMATRE R Z R LTV 5.
PRI WG E O AWIS T, #lE B N T/h S Wz hR L
TR, BT AR T] & A IS S DM EIE W E TR S 28 2 T
Wb, ZDOX IR — AT, BUS T X2 2WHEREAECDEERH Y,
BRME B IEAR S SIS IN T 2 FIRetE R & 5. Fio, HFKmE CRIBIEEUS /)
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T =600°CIZ 1T £ (5.15) TEFE S D APRFMIS /) S, 1%, 437.0 MPaT &
0, o, P219% & 7e oz, T OIRIEE B AR OFFRRFUZ T (BB IZIX B,
A FRITIS ISR L TR SN D T2 RM S O2f51cx LT (Fi3n %
WRIZHHFEZT) BRHRETHLHN, ZIZTHEFEORMEZHNE LT,
HIHBATHEZ LT A 7 VOB A 7V EHBIR L TWNDHTZH DL HIZEZT
LI AN ETe, BIEEUE T2 MY IS IS E R U I ARG ISk 5
T — R IESRER O Y B — 7 R Db, b HER ISR D SIS S
FREK 13123 Th - 7=

400 I I i ®)
O Axial stress 3
® Hoop stress

Axial stress (linear approximation @)
200 L ( P > |

----- Hoop stress (linear approximation)

Elastically calculated stress (MPa)
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Fig. 5-8 Elastic stress distributions across highly stressed portion of the tapered

cylinder subjected to axial temperature distribution (Tma=600°C)
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AT O HRE S5 TANREE AL & 52 0T 2 R I e~ TR 15 6 7o B fE
REONREFME LT, T =600CDOEEOE % Table 5-5(27%7.

2.0
&
| 0000000000

18 i O e
o & <> O Ramberg-Osgood law (m=3)
5' & ® Ramberg-Osgood law (m=10)
o & O Elastic, perfectly plastic body
8B 16 f b R
=3 3 : :
7 i 1 ; ' X
3 botO"?""'i"
k= o 0®® | |
o 14 R oo e -
o ‘ ‘ :
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E H \ |
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Normalized elastic stress, Sn/csY

Fig. 5-9 Saturating trend in elastic follow-up factors for the tapered cylinder subjected

to axial temperature distribution (up to Tmax=5000°C)

Table 5-5 Elastic follow-up factors for the tapered cylinder subjected to axial

temperature distribution (Tmax=600°C)

Stress exponent, | Elastic follow-up factor, g, for a

m specified upper limit of thermal load
3 1.114
10 1.429
0o 1.651

Table 5-5D FHMBIELRE A BT B DO K & ST K & FUTHWT, BPEMATRS R
26 8 G5l U 72 A0Y v — 2 OV A %, BRI PEARAT 75 S & bb#k L CFig. 5-10(1)
3 L OFig. 5-10QUZ R 3. BEIMERRAT & W] UM R A k3 2 BB 1R 3k &
W 55 ClE, HIEBIERE D EATE MRV NS < R DI 20
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AR B — 7 O O 5 a3 S Az,
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O FEA solution (m=3)
simplified method using gp for m=3 : ’
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Normalized elastic stress, Sn/csY

Fig. 5-10(1) Comparison between peak elastic-plastic strains estimated by the detailed
FEA and the simplified method in the tapered cylinder subjected to axial temperature
distribution (m=3)
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Fig. 5-10(2) Comparison between peak elastic-plastic strains estimated by the detailed
FEA and the simplified method in the tapered cylinder subjected to axial temperature
distribution (m=10)
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T L nFZZ V=TT OMEIER TH Y, BRIERIRE o, IXRTEHD
BYRAMEMENT & [F]— (Table 5-4&%H8) & L7-.

EN\af B VXA TE CIENE L 72 B REATIC 1 B T =600°C DR AE F TR
(5%, TOREOWRE M2 —EIRFF L TERT.

Table 5-6 Materials properties employed in elastic-creep analysis of the tapered

cylinder subjected to axial temperature distribution

Elastic modulus, E 200 GPa
Poisson’s ratio, v 0.3
Thermal expansion 5
coefficient, o 2.0x10°/K
Reference yield strength, o, 200 MPa
Creep strain coefficient, ¢,° 1.0x 108 /hr
Stress index for plasticity, n 30r10
Thermal loading, T, 600°C (100,000 hr hold)

(2) FRITHER

FIRAT DG FASF: D T2 S OFEFI 268 A Fig. 5-11(1) (n=3) ¥ X UFig. 5-11(2)
(n=10) \Z/R 3. KT, ATFEO BT TR D 723D DL B R
ZHWTT > -G PR R & it L TR LTV D,

SR & 72 > TiE, ROMIEBIRE O ER A 22 L K(5.16) & % X
TEINZHW T O Y v — 7 s N2 Bia R (WG 7)) & L Te ) & fEmn
SH7.

§=— (5.17)

I TENTHWMEOTADOEE, L1337 ) —TOTHME, 7V —T7Tx3
% W AR 5 g, AR DRV ARET T 572 Table 5-500, [ — s /14
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Fig. 5-11(1) Comparison between FEA solution and the simplified estimate of
relaxation of peak equivalent stress in the tapered cylinder subjected to axial
temperature distribution (n=3)
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Fig. 5-11(2) Comparison between FEA solution and the simplified estimate of
relaxation of peak equivalent stress in the tapered cylinder subjected to axial

temperature distribution (n=10)
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5.4.1 BRIEHEDRIS AREEA~DERZE
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HEIC S S USRS /1 & BIS ) & OS5 EZFI T E, Bus hicxt1 5

ZIUET o 13, BIZAITRED L D ITERTE 5.

o, =Max[c,,, §5m+b] (5.18)

ZZICE IS ST, XU A MEEIICEBWT, 1D RS DR
JEV-15) % MisesBL O AR YIS NI AL L TS B s . MY+ BT IS ) &, 1345
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O ={%+,/5m2 +(%)2}/CL (5.20)

BHOERYANEIRTIE, WEZ I KIS & o, 1T S o, 12T
T 572, BRG] S, 2R ST ENT T 5 7 (5.19) D4 1 DY IR fE
Lo, DHEMND ZLETRAD LI ICC BRETE D,
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Z I CEME A ISR S5 ik E LT, IREA IR S
%, MEPELRER F 7o (T IRAR B A LI R S § 2 kR EnB 2 b
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Z 2 THWS p i3 fer SO 8 & [F45% 12 Ramberg-OsgoodHl & i & L 72
BRYBMERENTIC X - C, TIBMEMRNTIC X 2 HMEIRE 7 L 2 NEIC L 5 E N
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TLHLZRISTINE L FRRICER 5 Z &3 TE, MEBHIEDI LERZ U —7)

Z

oy ClIA TP TE .

gref e
== m J (O) (523)

C* — ‘é:ef (t)

o (O)/E Je(t) (5.24)

Z 22 0, (O) 1T PRFFBHAGES sUC 1T D2 B RIS TSI T, BT DR 5N 5 oy,
(ot U TR TR BUC RS i G EZEM L TIRETE 5. 7 V=7
WIS o, ) To, Q) ZHFEEE L, 7 U —FIox4 DB aRE s 7 Y
— A L A KEICHWT, tOHE LTkbonsd., £z, H(5.23)
& A(5.24) I BT 2 ISy 35 () 1X, SRS DI (BYS T DLE AR
17254 77) \ZxE9 2 et 235 M L, 2016 & RIRICIRAD LS IZED D,

1) {2 Wy e (5.25)
. _K*
3= (5.26)

TN o (W) I TEBMRIRRE L 72137 U — T OZ RIS T T, BB LR E A ]
WCHERE LIS 2 UREZNC 3T 52U & T 5. FIBRMEIRE S 35 1okt 4 5
K (5.26) DAL DFEITIERFRE K, & o8, ITITPRFFBIAAR RS AU X9~ 5 B fEAT

(ZHESL b WD
ZD XD, ISR LIRS O SEAMPE IS B TIE,  BUST I
LTh, AL & FERIS, RIS LTRSS RIS EE, €

192



DAV TFNDEZ T ERICFERL, BUSHICERATRETH D Z &N pn
BH. 1212 L, RFPIETISIGEEICIS L Z EBRIRITHHT 2 — etk 3%
B L7200,

5.4.2 #IBMIFES 5 ETEE & L TDNeuberik
(1) BHIEKFRHDOTEICE D < EBHIFES DL

SR MEAR R 2003 R(5.12) O Ramberg-Osgood HI 12 5E 5 336y, HRROD 7 4:2420)
Mo, TR O iZBT 5, IFEOMMYIET e LAY OT e 1Tk
HUZHED .

& = (22 yum F (9 m) (5.27a)
ellLr
p m .
£ =2 (20 ) 59, m) (5.27b)
o, &l

Z 2T I m OBIHRAFT B MR TR, 6(0,m) & E(O, m) L% & mITHAT
THER M THD. ZZTET AR INIZAY U F /L OHRREG D
ZMises® DFE Y ST, FHY OT A3t L TER LTS, K (5.27a) & F(5.27b)
LD, e lZITHBIT DL LD,

2T, &z BNeuberdI® PN S LARET D E, WIS T T ORI
PEFE & BBMERE & TIRIZSE U< 20, SRR BB BT R R
RADENND.

2
J:%% (5.28)

Z 2T K R —BV B & 52 2 PRI D IS DIEREREL, BN B TEREH
MARECT, s IIREETIZE =E, FEHOTARETITE =E/Q-v?) & 72
%. (5.28) TiE, HRREFENEIZIIT 25 RIS U R GTH DEN &

193



JELTWZeWAS, /NBUREERIRIED & O N MR SN D Z L 2 EH L,
FORBEEEL TV D. T SE, BN & 52 58k F RIS
2 FRIAVEEAT 7 ©E((5.28) 2%, FHMEIBTENBAZE TRV T T RAF 72 VR M)
BOOEREE525 2 La2R LTS, O TYH, BUS ) kg2 k&
KHAHGEIZAG28)PEEMN R AP EZF > LB R TNnD. =
DIFEITmMD THHETH D Z L n, TP (pure elastic method) | & I
Ao TR EAB AT 1] & D et |l i3 %

N(5.28) 3 ALY D, WEBMIRE D ITHMEEUS ) D23+ 5 L D12
%, LInL7en 6, 43NN LI BUEMAT B I, HEBMEIRE 0 | XS

(Z OLGEILIRBN AN ELB]) /N S ORI R AR IR VET 28T 6
OO, RENHEZ D &SR L CEBMICE KT 2HmE R, 2
X, AmBEERERIZ I T,  BREBPEIRE S5 (3RS AL 0O (m+1)/m3e |2 He il
L7120, MPREWVGEIITZTLAT L LR bDTHL. DL
ZEYCEICE M9 5 &, BRI BT S 3 5 AFRG ) &R
FIZEALITHR S 4 B A OFT R ORI HBINIC /2 5~ & L& 2 Hh, Budden?
PRRE LT DU LTk E i .

J:¢Eg§- (5.29)

T TATKY I E BAE RO TGS B WIEEAITIC & > TR DRSS
A3 DI IHERAREL T, K IR RRRIC M & 2485E O HBMEMITIC K - T
5N D O IS — O BBk 2 LT b 28 225 7
AR DI TIERARE L 55, ¢ IFHRROKERNMEIZE £ 5 BR TTHE D
(E7y, —RDOETHANVEETIZEHDOFEMEIL LY, Do T4 L 5 HMEE
PETKRTT DMEN T END. R6IZHEA], BuddenS i A W72 B TEIC
A E AR SHEIC L > T AFH L TV =2, %I Takahashi¥ s “E T
LR 2 RN T R fR AT & OFEE N DRE L RNUTEEL TV 5.

194



¢ _ \[ aeff aeff (530)

a
ag =a+ 1ﬁ(i—')2 (5.31a)
p p
2, —a+—(ry (5.31b)
T O

p p

T ZAT B, FEIrwin O EERH TS B 4R80T, SFEISRE T2, FE O
PHARRETOITE LU, af & al 1F, FEXAES aloterRamzzbo
T, TNEN2DDIEHIEIRARENH L TROTEANERES LR TE 5.
(5.30)(F, Irwin®D AR 1E D A 2D DS ST HERERENT 53 1T TR 2 %
Lol b DT, INBEFERIRIETIZA Y U F A Dlwind A2 —E 9 5. Sk
1%, Takahashin® vy 72 BRI LRI C 72 < & ATV Ludwik Al & )
ELTZBYS N %3200 2 S R0 [REOEBYEMRITIZIWN T, BnfEAKE
I CTH(5.29)D ¢ NN —EEITE DA Z RS> Z L 2R L T\ b, 2,
2(5.29) N R X FHNIAE O R PEHRAE CIRITTHIIZHEIZ R D206 TH 5.

5.4.3 BIERHH (BISHZZITHEAAMETRAY AFEOHEMRIFES)

EL ) T COMBMIEIFE ST 5 BRi2iE UL BRI S S SRS T)
s & A X ZUEA O AP ARAT 12 53 < Neuberik) O M2 G 5729
BUs hua= b s FmEHADHGELERY EF 5. ARERMTIZIX
ABAQUS (Version 6.6) ¥4 V>, SEAMEIFE S O B HIZ13 kD Shihd J77£3
Ze FH R 5o AR N A iR L 7.

00,
24

wal.)aqw(aT oy 20 aasF, ')1}dA

1=[ ey
(5.32)

T o, d
_.[r*+r’ iaql I

195



o i IENT Vv, uBENT Y, x T E R 2 L D
EASPERE, WIZOT BT R LF—, & 1ZKroneckerD 7 /L2 TinD. qli &
Fedm CTLE 2D K O ED-EHARBRET, BRI OIDEASNTZ LD THS.
o VIRRIEZARIREL, ap 0, 1XENONT Z, FAXHALRRE S 72 0 ORFES), TI3EHE
NTh 5. BisyHEEIIFg. 5-1212R7 3 X 518, MEENTE A oy & & Rk b
DR L I TEREIND. (KR &R B LOBOT HBHEE LIRS
EFCIERiCeNEFR LAY U ADIFES & —BT 5.

Fig. 5-12 Definition of area and path integral for J-integral calculation
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Table 5-7 Dimensions and material properties of the circumferentially cracked cylinder

subjected to linear temperature distribution

Case No.

Case 1W

Case 2W

Case 3W

Case 1X

Case 2X

Case 3X

Dimensionless
crack depth, a/w

1/4

1/2

3/4

1/4

1/2

3/4

Upper limit of
thermal loading, T,

200°C (linear through-wall
temperature distribution)

600°C (linear axial
temperature distribution)

Wall thickness, w 10 mm
Half cylinder length, L 100 mm
Inner radius, R;, 100 mm
Elastic modulus, E 200 GPa
Poisson’s ratio, v 0.3
Thermal expansion 2.0x%105 /K
coefficient, oy

Reference yield 200 MPa
strength, oy

Plastic strain 0.002
coefficient, &P '
Stress exponent for

plasticity, m 3,50r10

(2) FRHTIER

1) EBEG NDHERE

BERTR S % o, & DB RN A UE L7ofiTic B W CTREART, , &
BAR S, BEBMEMATORBRGONDE W) AL N OISHIARITHT 5
X(5.20) 12 K3 < BRSSO AR (Fig. 5-14(1)~(2)) 75, (5.2

X EWTEIE R EARHK C, % R 7

CIHAE E LTS B 72 C Dff A Table 5-8

27”97, Fig. 5-14(1)~Q2)D X 912, WIS I EREIZIT BT EO R E S
(T DURMEN D D7D —BERNIRE TE, ISR BIEN SO TREK
TEER LS5, 228, Fig. 5-14(1)~(2)T, FEOFEIEAFRE S, (2%,
&SRB O MR AEAT RS R ICNGLYO AW ZwH L TED IS D& VTV
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Table 5-8 Saturated values of the structural response parameters for simplified

elastic-plastic J-integral estimates of the circumferentially cracked cylinder subjected to

linear temperature distribution

Case No. Case 1W | Case 2W| Case 3W/| Case 1X| Case 2X | Case 3X
Dimensionless
1/4 1/2 3/4 1/4 1/2 3/4
crack depth, a/w
Net section stress
correction factor, C, 1.056 1.128 1.189 1.032 0.9705 | 1.047
Elastic J-integral, J¢
(kN/m) D 11.99 20.31 19.94 8.686 16.37 17.28
Elastic reference
stress, o (MPa) *1) 434.1 769.0 | 1185. 463.9 620.4 | 894.8
without corrections
Limit load m=3 0.9765 | 0.8197 | 0.7066 | 0.9374 | 1.063 0.9479
correction m=5 | 0.9899 | 0.9583 | 0.8418 | 0.9395 | 1.057 0.9876
factor, y =2 -
m=10 | 1.006 0.9779 | 0.9291 | 0.9500 | 1.050 0.9997
) m=3 1.591 2.423 2.081 2.078 2.449 2.073
Elastic follow-
up factor, g, m=3 | 1.961 3.650 3.156 2.855 3.178 2.646
m=10| 3.183 7.862 8.037 4,042 3.808 3.783

*1) values at the specified upper limit temperature
*2) values using the net section stress correction factor
*3) values using the net section stress correction factor and limit load correction factor
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Fig. 5-14(1) Saturating trend in net section stress correction factor for the
circumferentially cracked cylinder subjected to linear temperature distribution

(through-wall temperature distribution)
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Fig. 5-14(1) Saturating trend in net section stress correction factor for the
circumferentially cracked cylinder subjected to linear temperature distribution (axial

temperature distribution)
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Fig. 5-15(1) Saturating trend in limit load correction factor for circumferentially

cracked cylinder subjected to linear through-wall temperature distribution (a/w=1/4)
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Fig. 5-15(2) Saturating trend in limit load correction factor for circumferentially

cracked cylinder subjected to linear through-wall temperature distribution (a/w=1/2)
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Fig. 5-15(3) Saturating trend in limit load correction factor for circumferentially

cracked cylinder subjected to linear through-wall temperature distribution (a/w=3/4)
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Fig. 5-15(4) Saturating trend in limit load correction factor for circumferentially

cracked cylinder subjected to linear axial temperature distribution (a/w=1/4)
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Fig. 5-15(5) Saturating trend in limit load correction factor for circumferentially

cracked cylinder subjected to linear axial temperature distribution (a/w=1/2)
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Fig. 5-15(6) Saturating trend in limit load correction factor for circumferentially

cracked cylinder subjected to linear axial temperature distribution (a/w=3/4)
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Fig. 5-16(1) Saturating trend in elastic follow-up factor for the circumferentially

cracked cylinder subjected to linear through-wall temperature distribution (a/w=1/4)
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Fig. 5-16(2) Saturating trend in elastic follow-up factor for the circumferentially

cracked cylinder subjected to linear through-wall temperature distribution (a/w=1/2)
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Fig. 5-16(3) Saturating trend in elastic follow-up factor for the circumferentially

cracked cylinder subjected to linear through-wall temperature distribution (a/w=3/4)
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Fig. 5-16(4) Saturating trend in elastic follow-up factor for the circumferentially

cracked cylinder subjected to linear through-wall temperature distribution (a/w=1/4)

206



6.0

5.0 7 77777777777777777 O Case2Xm=3 | 777777777777777777 |
: ® Case2X m=5 |
o A Case2Xm=10|
S 40 S A — S 1
3] | 3 3 §
8 : : :
a
g 3.0 e oo AA rrrrrrrrrrrrrrrrr .
; i : [
S L
2 00 o
S 20 .5@,%0090@9 ,,,,, e i
g L9t |
© o e L
W o L ® i _
AN
A B i
0.0 i i I i
0.0 1.0 2.0 3.0 4.0 5.0

Fig. 5-16(5) Saturating trend in elastic follow-up factor for the circumferentially

cracked cylinder subjected to linear through-wall temperature distribution (a/w=1/2)

Normalized elastic stress, Sn /csY

5.0 : :
O Case3Xm=3
@ Case3X m=5
40 A Case3X m=10
I s B —
: IR
8 B0 L PRVRPY 5o S — 1
s Al ;
: ¢ so0 000 @0 *
S ¢® 1 ;
z 20 66'@'@'00’000"@'0 """ P O 7
o : ; : :
g s
© ®
W L0 b i
N
0.0 i i i i
0.0 1.0 2.0 3.0 4.0 5.0

Fig. 5-16(6) Saturating trend in elastic follow-up factor for the circumferentially

cracked cylinder subjected to linear through-wall temperature distribution (a/w=3/4)

Normalized elastic stress, Sn /O'Y

4) SHILEIC K DEEBMHITES DOE 5 5T
Table 5-81Z 7~ L 7= S W it JJ A IE AR %, MR A (E AR 20 dS L OV B 1R
BONFHEEMEOKRE SICLIOTIC—BEICHWS Z & T, RIS IEICE

207



< PRI Sy O 18 5 Il FTREIC 72 5

SRS TET X 2 SR VEIRE 53 0 i 5 REA RS R 2 A7 PREEFRMRAT S e & Foii
L CFig. 5-17Q)~6)Ic~T. TN OO TIHBENRICIGEMELE 2D L9 B,
HIPROEPHN T OM LRI E R LT D . MR A AR08 L OB AE
REDIHE & — AN D HIEE, 85 R E AR O 7 — A TETOAREE
BaRAELEDN, RIEMICBBTe AR RMBNIRES OERE 52 TnD . F
=, ThODBERTEZRAE -,y —ATh, SmBEHEREITESICoNT
HENEED.

72, IRHORICIEER B REWVIGIEE (m=10) %AW TH Lo
BRAar A E AR S & OV B RER B DR IE &, IS 45 A 5 & — AT
RABNZEH L TE S Lo B IRE sy O S s liss A i L Th 5. 20
K9 RAW LR & o TG, ZRMOTEBEYEIRE S O AE b D 2 &
NERTE 5.

20.0 ‘ ‘
O FEA Solution (m=3)
< FEA solution (m=5)
/A FEA solution (m=10)
Reference stress method (m=3, enhanced)
----- Reference stress method (m=5, enhanced)
15.0 |-| "~~~ Reference stress method (m=10, enhanced) [ _ ../ |
Reference stress method (m=3, data for m=10 used)
----- Reference stress method (m=5, data for m=10 used)
10.0

o
o

Elastic-plastic J-integral, J (KN/m)

Normalized elastic stress, Sn/o-Y

Fig. 5-17(1) Comparison between elastic-plastic J-integrals estimated by the reference
stress method and detailed FEA for the circumferentially cracked cylinder subjected to

linear through-wall temperature distribution (a/w=1/4)
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Fig. 5-17(2) Comparison between elastic-plastic J-integrals estimated by the reference
stress method and detailed FEA for the circumferentially cracked cylinder subjected to

linear through-wall temperature distribution (a/w=1/2)
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Fig. 5-17(3) Comparison between elastic-plastic J-integrals estimated by the reference
stress method and detailed FEA for the circumferentially cracked cylinder subjected to

linear through-wall temperature distribution (a/w=3/4)
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Fig. 5-17(4) Comparison between elastic-plastic J-integrals estimated by the reference
stress method and detailed FEA for the circumferentially cracked cylinder subjected to

linear axial temperature distribution (a/w=1/4)
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Fig. 5-17(5) Comparison between elastic-plastic J-integrals estimated by the reference
stress method and detailed FEA for the circumferentially cracked cylinder subjected to

linear axial temperature distribution (a/w=1/2)
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20.0 O FEA Solution (m=3)

<& FEA solution (m=5)

/A FEA solution (m=10)

Reference stress method (m=3, enhanced)

----- Reference stress method (m=5, enhanced)

==== Reference stress method (m=10, enhanced)

15.0 |- Reference stress method (m=3, data for m=10 used)
A Reference stress method (m=5, data for m=10 used)

10.0

5.0

Elastic-plastic J-integral, J (kN/m)

P i i i
0.0 0.5 1.0 15 2.0 2.5
Normalized elastic stress, Sn/crY

Fig. 5-17(6) Comparison between elastic-plastic J-integrals estimated by the reference
stress method and detailed FEA for the circumferentially cracked cylinder subjected to

linear axial temperature distribution (a/w=3/4)
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20.0 : :

O  FEA Solution (m=3)

< FEA Solution (m=5)

/A FEA Solution (m=10)

Neuber's rule based method (m=3)
15.0 |7 " Neuber's rule based method (m=5)
==== Neuber's rule based method (m=10)
Pure elastic method

10.0

5.0

Elastic-plastic J-integral, J (kN/m)

ey i i i
0.0 0.5 1.0 1.5 2.0 25
Normalized elastic stress, Sn/crY

Fig. 5-18(1) Comparison between elastic-plastic J-integrals estimated by the Neuber's
rule based and the pure elastic methods, and detailed FEA for the circumferentially
cracked cylinder subjected to linear through-wall temperature distribution (a/w=1/4)
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30.0 ‘ ‘

O  FEA Solution (m=3)
<> FEA Solution (m=5)
A FEA Solution (m=10)

Neuber's rule based method (m=3)

----- Neuber's rule based method (m=5)

==== Neuber's rule based method (m=10)
20.0 - Pure elastic method

N

o

o
I

15.0 e E Y

10.0 5.

Elastic-plastic J-integral, J (KN/m)

5.0 ,,,,,,,,,,,,,,,,,,, 3-

P L il i i
0.0 0.5 1.0 15 2.0 25

Normalized elastic stress, Sn/a-Y

Fig. 5-18(2) Comparison between elastic-plastic J-integrals estimated by the Neuber's
rule based and the pure elastic methods, and detailed FEA for the circumferentially

cracked cylinder subjected to linear through-wall temperature distribution (a/w=1/2)

30.0 ‘ ‘
O FEA Solution (m=3)
<& FEA Solution (m=5)
250 L A FEASoluton (m=10) | /S i

Neuber's rule based method (m=3)
----- Neuber's rule based method (m=5)
==== Neuber's rule based method (m=10)
20.0 - Puré elastic method ‘

15.0

10.0 | T A g

Elastic-plastic J-integral, J (KN/m)

5.0

AT A A, i i
0.0 0.5 1.0 1.5 2.0 25
Normalized elastic stress, Sn/crY

Fig. 5-18(3) Comparison between elastic-plastic J-integrals estimated by the Neuber's
rule based and the pure elastic methods, and detailed FEA for the circumferentially
cracked cylinder subjected to linear through-wall temperature distribution (a/w=3/4)
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15.0 ‘

O FEA Solution (m=3)

<> FEA Solution (m=5)

A FEA Solution (m=10)

Neuber's rule based method (m=3)
----- Neuber's rule based method (m=5)
==== Neuber's rule based method (m=10)
10.0 I Pure elastic method

5.0

Elastic-plastic J-integral, J (kN/m)

P, i i i
0.0 0.5 1.0 15 2.0 2.5

Normalized elastic stress, Sn/a'Y

Fig. 5-18(4) Comparison between elastic-plastic J-integrals estimated by the Neuber's
rule based and the pure elastic methods, and detailed FEA for the circumferentially

cracked cylinder subjected to linear axial temperature distribution (a/w=1/4)

20.0 ‘ ‘

O FEA Solution (m=3)
<> FEA Solution (m=5)
/A FEA Solution (m=10)

Neuber's rule based method (m=3)
15.0 {7 Neuber's rule based method (m=5)
===-= Neuber's rule based method (m=10)
Pure elastic method

10.0 A

50 """"""""""" """"""" o -- """"""""""

Elastic-plastic J-integral, J (KN/m)

PNl o i | i
0.0 0.5 1.0 1.5 2.0 25
Normalized elastic stress, Sn/a-Y

Fig. 5-18(5) Comparison between elastic-plastic J-integrals estimated by the Neuber's
rule based and the pure elastic methods, and detailed FEA for the circumferentially

cracked cylinder subjected to linear axial temperature distribution (a/w=1/2)
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20.0 ‘ ‘

O FEA Solution (m=3)
< FEA Solution (m=5)
/A FEA Solution (m=10)

Neuber's rule based method (m=3)
15.0 k""" Neuber's rule based method (m=5)
==«= Neuber's rule based method (m=10)
Pure elastic method

10.0

5.0

Elastic-plastic J-integral, J (kN/m)

N> A, i | i
0.0 0.5 1.0 15 2.0 2.5
Normalized elastic stress, Sn/o-Y

Fig. 5-18(6) Comparison between elastic-plastic J-integrals estimated by the Neuber's
rule based and the pure elastic methods, and detailed FEA for the circumferentially

cracked cylinder subjected to linear axial temperature distribution (a/w=3/4)
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Table 5-92)(Z/~7. F7z, MBS L7 UV — 7Rk o5EH X Table
5-104 & U'Table 5-11iIc F N F R .

Table 5-9(1) Dimensions and material properties of the circumferentially cracked

cylinder subjected to creep due to linear through-wall temperature distribution

Case No.

CaselWB

Case2WB

Case3WB

CaselWN | Case2WN | Case3WN

Dimensionless
crack depth, a/w

1/4

1/2

3/4

1/4 172 3/4

Thermal loading
producing creep, T, .,

200°C (linear through-wall temperature distribution)

Wall thickness, w 10 mm
Half cylinder length, L 100 mm
Inner radius, R;, 100 mm

Elastic-plastic
constitutive equations

Ludwik law for approximating cyclic stress-strain curve
of SUS304 at 550°C (Table 5-10)

Creep constitutive
equations

Primary plus secondary creep by

Blackburn law for approximating

creep strain curve of SUS304 at
550°C (Table 5-11)

Secondary creep by Norton law
for approximating minimum
creep strain rate of SUS304 at
550°C (Table 5-11)
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Table 5-9(2) Dimensions and material properties of the circumferentially cracked

cylinder subjected to creep due to linear axial temperature distribution

Case No. CaselXB | Case2XB | Case3XB [CaselXN [Case2XN | Case3XN
Dimensionless
1/4 1/2 3/4 1/4 1/2 3/4
crack depth, a/w

Thermal loading

producing creep, T, .,

600°C (linear axial temperat

ure distribution)

Wall thickness, w 10 mm
Half cylinder length, L 100 mm
Inner radius, R;, 100 mm

Elastic-plastic

constitutive equations

Ludwik law for approximating

cyclic stress-strain curve

of SUS304 at 550°C (Table 5-10)

Creep constitutive
equations

Primary plus secondary creep by
Blackburn law for approximating
creep strain curve of SUS304 at
550°C (Table 5-11)

Secondary creep by Norton law
for approximating minimum
creep strain rate of SUS304 at
550°C (Table 5-11)

Table 5-10 Elastic-plastic properties of SUS304 in JIS at 550°C employed in simplified

estimates and detailed FEA of the circumferentially cracked cylinder subjected to linear

temperature distribution

FEA Simplified Estimates
Elastic modulus, E = 154 GPa same as FEA and
Elasticity .
Poisson's ratio, v=0.3 E'=E/(1-v?)
Ludwik law: Ramberg-Osgood law:
0, o<o
o _ s P* gngop(i)m
o (—*P)llm , O_>O'P O-Y
Plasticity K gl =1.357x10"°
op=91.99 MPa m=3.133
K*=2031 MPa o, = 200 MPa
m* = 0.4267
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Table 5-11 Creep strain equations of SUS304 in JIS at 550C employed in simplified
estimates and detailed FEA of the circumferentially cracked cylinder subjected to linear

temperature distribution

(Unit: stress in MPa, time in hr)

FEA Simplified estimates

Blackburn law:
&°(o,t) =C{l-exp(-rt)}
+C,{l—exp(-nrt)}+ &t

log,, t, =14.345

same as FEA and

£(0,0) = & ()"
Oy

Primary plus —7.416(log,, o - 0.9915)2 n =7.599
secondary —0.516(log,, o - 0.9915) e =2.879x107
creep £ = 0.16001-t, 1% 200 M
O- =
[ =103.37 1, " " 8
[, =17.255.1, 0877
Cl :12692 .¢;0.74491 / ri_
C, =0.48449- 508 [,
Norton law:
Secondary £ =&, (Gi)n o, = 200 MPa
creep only 1=0.873 £8 =1.070x10°8

Norton law approximation of the above &,

(2) BAHERSIUBZY ) —JIEH @
1) SRIENE

54453 L USA5HITR LI G d A D 5> bR RICTHEIZE S &, HE
W7 U—7HEHGC BLOY U =TI Ct) DR A T -7, SRS THED
W&o > THE L 70 DR FFBRIA I U2 38 1T 2 M1 ME F6 JL OV M IFE
5338, J,, MIHBESERIET) o8, 78 b ONT B DEREI T BB AR AT T3
5 7-Table 5-12(1)~Q)DfiEi % v iz, 7 U —7 O BREARER g, X m =10
(X9 % q, TRA L.
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Table 5-12(1) Structural response parameters used for the simplified estimates by the
reference stress method of creep J-integral in the circumferentially cracked cylinder

subjected to linear through-wall temperature distribution

Case No. CaselWB/CaselWN |Case2WB/Case2WN |Case3WB/Case3WN

Initial elastic-plastic
J-integral, 3, kN/m™D 6.172 12.48 9.384
Initial elastic J-

integral, J.¢ kN/m*2 15.57 26.38 25.84
Initial elastic reference

stress, o-_¢ MPa™D 434.1 769.0 1193
Initial reference stress,

o MPa"D 202.2 299.6 348.3
Net sec_tion stress ) 1.056 1128 1.189
correction factor, C,_ ™

pirmit load correction 1.006 0.9680 0.9291
actor, y

Elastic follow-up - | 3.183 7.862 8.037
factor for creep, q,

*1) values from elastic-plastic FEA with Ludwik law for SUS304 at 550°C at T,,,,=200°C
*2) values from elastic FEA with E=154 GPa at T,,,,=200°C

*3) values from elastic, perfectly-plastic FEA in fully plastic situation

*4) values from elastic-plastic FEA with m=10 in fully plastic situation
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Table 5-12(2) Structural response parameters used for the simplified estimates by the
reference stress method of creep J-integral in the circumferentially cracked cylinder

subjected to linear axial temperature distribution

Case No. CaselXB/CaselXN |Case2XB/Case2XN |Case3XB/Case3XN
Initial elastic-plastic
J-integral, 3, kN/m*D 5.645 10.70 8.761
Initial elastic J-
integral, Joe kN/m *2) 1128 2125 2251
Initial elastic reference
stress, o, MPa™D 463.9 620.4 875.4
Initial reference stress,
G MPa"D 101.1 128.5 163.5
Net section stress
correction factor, C_ ™ 1.032 0.9705 1.047
Limit load correction
factor, 79 0.9500 1.050 0.9997
Elastic follow-up 4.042 3.808 3783
factor for creep, q, ™ ' ' '

*1) values from elastic-plastic FEA with Ludwik law for SUS304 at 550°C at T,,,,=600°C
*2) values from elastic FEA with E=154 GPa at T,,,,=600°C

*3) values from elastic, perfectly-plastic FEA in fully plastic situation

*4) values from elastic-plastic FEA with m=10 in fully plastic situation

S FHEIC X > THONZC B LUC() 2 A IRERMAT O R & b LT
Fig. 5-19(1)~(12)iZ7 7. TN HDOXIZIEL, LLTFDO3I>DHECL D7 U —7]
Az LTHD.

(HIEA) SRRISINEIC L A CT (MRRAT EAH EAREL A (1)
(FIEB) I IfEFN I L OVEATRF 2 B L2V VNS 7 U — 7 R oo C(t) (G
(5.36) DAEUHEIHD Z 2 VY, t, =0 &2 K51k)
(HIEC) IS IFEfF L OVE TR 2 B8 % ik ((5.37))
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I I
AN 4 O FEA solution
Method A (steady state C* by enhanced reference stress method)

Creep J-integral, C(t) (kN/m hr)

10° 10?2 10 10° 100 10° 10° 10°
Hold time, t (hr)

Fig. 5-19(1) Comparison between creep J-integrals estimated by the reference stress
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(CaselWB)
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10° : 1

O FEA solution
Method A (steady state C* by enhanced reference stress method)
----- Method B (small scale creep solution for constant loading)

101 L Method C(C* plus modified small scale creep solution)
: S T T ; T

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-19(2) Comparison between creep J-integrals estimated by the reference stress
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(Case1lWN)

10° (O FEAsolution
Method A (steady state C* by enhanced reference stress method)
----- Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

10® 10 10* 10° 100 10° 10® 10°
Hold time, t (hr)

Fig. 5-19(3) Comparison between creep J-integrals estimated by the reference stress
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(Case2WB)

226



Fig. 5-19(4) Comparison between creep J-integrals estimated by the reference stress
method plus modified small scale creep solution, and the detailed FEA for the

circumferentially cracked cylinder subjected to linear temperature distribution

Creep J-integral, C(t) (KN/m hr)

Fig. 5-19(5) Comparison between creep J-integrals estimated by the reference stress
method plus modified small scale creep solution, and the detailed FEA for the

circumferentially cracked cylinder subjected to linear temperature distribution

Creep J-integral, C(t) (kN/m hr)

O FEA solution
Method A (steady state C* by enhanced reference stress method)
----- Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Hold time, t (hr)

(Case2WN)

O FEA solution
Method A (steady state C* by enhanced reference stress method)
----- Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Hold time, t (hr)

(Case3WB)
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3
10 N I I I
h (O FEA solution
Method A (steady state C* by enhanced reference stress method)

----- Method B (small scale creep solution for constant loading)
Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-19(6) Comparison between creep J-integrals estimated by the reference stress
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(Case3WN)

3
10 (O FEA solution
N Method A (steady state C* by enhanced reference stress method)
N I Method B (small scale creep solution for constant loading)
Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)
Fig. 5-19(7) Comparison between creep J-integrals estimated by the reference stress
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution
(CaselXB)
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O

FEA solution

Method A (steady state C* by enhanced reference stress method)
Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

10°
Hold time, t (hr)

Fig. 5-19(8) Comparison between creep J-integrals estimated by the reference stress

method plus modified small scale creep solution, and the detailed FEA for the

circumferentially cracked cylinder subjected to linear temperature distribution

:]_03 (O FEA solution
Method B (small scale creep solution for constant loading)
————— Method A (steady state C* by enhanced reference stress method)
— Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-19(9) Comparison between creep J-integrals estimated by the reference stress
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(Case2XB)
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O FEA solution
Method A (steady state C* by enhanced reference stress method)
[ I Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)
Fig. 5-19(10) Comparison between creep J-integrals estimated by the reference stress

method plus modified small scale creep solution, and the detailed FEA for the

circumferentially cracked cylinder subjected to linear temperature distribution

(Case2XN)
10° (O FEA solution
i Method A (steady state C* by enhanced reference stress method)
S ----- Method B (small scale creep solution for constant loading)
e Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

10° 10% 10" 10° 100 10° 10° 10*
Hold time, t (hr)

Fig. 5-19(11) Comparison between creep J-integrals estimated by the reference stress
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(Case3XB)
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10 (O FEAsolution
S Method A (steady state C* by enhanced reference stress method)

y----- Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

10° 100 10° 10® 10*
Hold time, t (hr)

Fig. 5-19(12) Comparison between creep J-integrals estimated by the reference stress
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(Case3XN)
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10° (O FEA solution
A Method A (steady state C* by Neuber's rule type method)

Sy Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-20(1) Comparison between creep J-integrals estimated by the Neuber’s rule type
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(Case1WB)

103 O FEA solution
~ Method A (steady state C* by Neuber's rule type method)

Sof----- Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

10® 10?2 10 10° 100 10° 10° 10°
Hold time, t (hr)

Fig. 5-20(2) Comparison between creep J-integrals estimated by the Neuber’s rule type
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(CaselWN)
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10° (O FEA solution
s : Method A (steady state C* by Neuber's rule type method)

Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-20(3) Comparison between creep J-integrals estimated by the Neuber’s rule type
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(Case2WB)

3
10 N (O FEAsolution
s Method A (steady state C* by Neuber's rule type method)

----- Method B (small scale creep solution for constant loading)
Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-20(4) Comparison between creep J-integrals estimated by the Neuber’s rule type
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(Case2WN)
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10° (O FEA solution
: Method A (steady state C* by Neuber's rule type method)

----- Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-20(5) Comparison between creep J-integrals estimated by the Neuber’s rule type
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(Case3WB)

10° (O FEA solution
: Method A (steady state C* by Neuber's rule type method)

Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-20(6) Comparison between creep J-integrals estimated by the Neuber’s rule type
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(Case3WN)
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103 (O FEA solution
~ : Method A (steady state C* by Neuber's rule type method)

----- Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (KN/m hr)

Hold time, t (hr)

Fig. 5-20(7) Comparison between creep J-integrals estimated by the Neuber’s rule type
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(CaselXB)

10° (O FEA solution
; Method A (steady state C* by Neuber's rule type method)

----- Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-20(8) Comparison between creep J-integrals estimated by the Neuber’s rule type
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(CaselXN)
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10 N O FEA solution
AN Method A (steady state C* by Neuber's rule type method)

Method B (small scale creep solution for constant loading)

Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-20(9) Comparison between creep J-integrals estimated by the Neuber’s rule type
method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution

(Case2XB)

103 O FEA solution
Method A (steady state C* by Neuber's rule type method)

S~ R . Method B (small scale creep solution for constant loading)

y Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-20(10) Comparison between creep J-integrals estimated by the Neuber’s rule
type method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution
(Case2XN)
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3
107 (O FEA solution

AN Method A (steady state C* by Neuber's rule type method)
[ R Method B (small scale creep solution for constant loading)
Method C(C plus modified small scale creep solution)

fQo@ fffffffffff A R -

LSO

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-20(11) Comparison between creep J-integrals estimated by the Neuber’s rule
type method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution
(Case3XB)

10 (O FEA solution
Ss Method A (steady state C* by Neuber's rule type method)

NN Method B (small scale creep solution for constant loading)

; Method C(C* plus modified small scale creep solution)

Creep J-integral, C(t) (kN/m hr)

Hold time, t (hr)

Fig. 5-20(12) Comparison between creep J-integrals estimated by the Neuber’s rule
type method plus modified small scale creep solution, and the detailed FEA for the
circumferentially cracked cylinder subjected to linear temperature distribution
(Case3XN)
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X: coordinate in the hoop direction
y: coordinate in the axial direction
w: plate height and width

Fig. 5-21 Bi-axial stress model of an ideally thin tube employed by Bree

Fig. 5-22ClX, OTADORFEELHT7F =~ b (Ratchet) K (R, Ry,
SEPEREDH I & & F D e (Elastic) fHIS (B), #1319 7 /L CHIME 2 4 U7z 4%,
PRV LIC72 D > = A 7 # 7> (Shakedown) I (S;, Sp) 3L OEMHIUT
5 CITEMEZ A Ul iT 2 & OO OT B0 BFRITAE TRV E¥ 7 )L (Plastic
cyling) I (P) IZX4y &5, BreeDBOBRFVTILT F = v Mz &5
(ZBREIRIC Sy L, ZALEAUCK LTI A 7 BTz ) OO FH 0 B R O fi
G B2 5T D.

ZIT, ETF =y MEK (B, S, S:BLUP) T, 1Y A 7 LDEUGT
2T DI TR 2 B8R L 22Vl 72 HiER% (elastic core) % il
HICFFO Z LI B 5.
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1 E : elastic régime

XY=1 S;, S, : shakedown régimes
R;, R, : ratcheting régimes
P : plastic cycle régime

N

Secondary stress parameter, Y

[y

v

Primary stress parameter, X

Fig. 5-22 Bree diagram for cumulative strain evaluation
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Fig. 5-23 Simplified model for evaluating the allowable minimum elastic core size for

equivalent linear surface strain distribution
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Fig. 5-24 Geometry and boundary conditions of smooth cylinder subjected to constant

internal pressure and cyclic thermal loading

AT D - — Z1IBreeD#M =T, —RIGS/NT A —=F L LT, X=1/3
(Case A), X =0.455 (CaseB) L X =2/3 (CaseC) & L7=. Case AlZ—X
JEFIME L, PREIE SIS WGEICARY L, Case BIZPREIE Y /N & W54, Case C
IZ—PICSTHIR TR SN DR ANOWNIEIZHEY L, PRI A # T ICSHEED BR
TIZHER T 058 ICH . —IRISTIINT A =2 DOREIZET 5 H(5.44)D
p (21X, [A—MRM @I *T LT, 3.2.45 TR b 7o R #122.02MPa% F v 72

S DN — A DO—% & Table 5-1312, ~1¥EE X OMER L 7= s kEHE &
L HICRT. NI SR AT T L % UV C, ABAQUS (Version 6.6)
EHERA L. £, B A 7 M3 — AT A4 7 VETH X T,

245



Table 5-13 Dimensions and material properties of the smooth cylinder subjected to

constant internal pressure and cyclic thermal loading

Case No. Case A Case B Case C
Primary stress
parameter, X 1/3 0.455 2/3
Secondary stress 2.88 2.11 1.28
parameter, Y to 3.60 to 2.64 to 1.60
Wall thickness, w 10 mm
Inner radius, R, 100 mm
Yield strength, oy 200 MPa
Work hardening . .
0 MPa (elastic, perfectly-plastic bod
coefficient, H' ( P y-p )
Elastic modulus, E 200 GPa
Thermal expansion
coefficient, o 2.0x10°/K
Poisson’s ratio, v 0.3

(2) FEMTHER

1) TOTHDES
OTHOBBEORELHERT LEERT, OFTHOIYA 2 Vbl ) OLELE
RHEIL7Z. 22T, 195209 A 7 4 £ TCOREFE EO0PH, Fifh
OTHOH Sy EE LV, 2RINTINT A—4 L OBAfRD - TFig. 25(1)~3)IZ7~
T EEBEOD, SCRPPRET RS \EOTHROR SRS ik LT
b5,
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Fig. 5-25(1) Incremental principal strains and equivalent plastic strain per cycle in the

smooth cylinder subjected to constant pressure and cyclic thermal loading (Case A)
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Secondary stress parameter, Y

Fig. 5-25(2) Incremental principal strains and equivalent plastic strain per cycle in the

smooth cylinder subjected to constant pressure and cyclic thermal loading (Case B)
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Fig. 5-25(3) Incremental principal strains and equivalent plastic strain per cycle in the

smooth cylinder subjected to constant pressure and cyclic thermal loading (Case C)
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Fig. 5-26(1) Relative elastic core size in the smooth cylinder subjected to constant
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