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1.1 RABEFMDESE

FEITHEIT, 19 il T —o v B WY N L oo b - I RAHEBEED 7 T
7 AN ORIR T LR L7 Z & Tz F Lz, 1837 4EIT KA > D Albert (3FL1L
DT = — L DY F7IBAT 2 FERER VA E L. Albert (38T = — L D& X £t
FOMER UNRIKTH D LR AN T, BE LI UTEEY T = — VIER S ¥ 572
DIZKEDMFA A Z IS U T OB R BR A Ehn L 7=, RBRFER2 5 Albert [LFAY72
TR L 0 &/ S 2 L) CH 28R 2 & Z sl L7=. Wohler [ZHEL 72
[ i it V9 57 5B & O Tk I Bl O 9% SRR 21T o 7oL & OIR RS R D S-
N HRRIC X 0 R AR e N BB [ RE 7 Z L AR A LT 2.

A5 100 AL _ERTO 20 HALHIEEIC Ewing & Humfley® 23K LIS /) & 52 1T DA EHD
REZBEL, TROFORELILKROFER, WHABHENELDHZ L 2R LY.

%72, Paris-Erdogan 7 SCLART C I3 o7 820 R O & 72 fEm Rk (1.1) ok
N5 X e slEREE da/dN 5 1RRo. L BRE X a O TR T HIEThH o7,

da/dN=f o,,a,etc) (1.1)
ZOHFRTH (12) X OEIHISHTEBRESOREFEREE EDHLONRL.
da/dN=Co,"d" (1.2)
ZIZT, NIFSITOMERLE, C, m, nZMEERTHS.

Z OROFEFETFRGRARILA LT UL A CIlI e, MEHER C, m, n 72 ¥
ISR D D Z LB TR WRIER D 5.

1963 #E1Z Paris > 2E (1.3) X0 L 9 1 CRELOMEREEE, daldN D3 5B 5 &
AK THEHN T X RFPEER A TR TR/ 2 L &R LTz,

daldN=C(AK)" (1.3)
=77 L,

daldN: 92 57 BAURRR IR &

AK: S SR RAR A A

C m: L E

(1.3) 3 Paris Al & PRI, BAETHES MRV T BRGRHEHENL LTS



MTwé.u3)T®PmSWifﬁlf FRAMEFEEZEHT 5 LixTE RN
ZEBRHBIVTWA. Fig. 1.1 I 5 BEURTRE R & IS IR KARE &L & OBtk &~ 7.
(1.3) 327 2 &AL Fig. 1. 1 @ Stage II D% 55 8RN L2 E LR T 5 fHI T
H5.

Constant amplitude loading
Stage | Stage |l Stage Il

' da/dN=C(AK)"

Crack propagation rate: da/dN

AK,, |

Stress intensity factor range: AK

Fig.1.1 Schematic illustration of the relation between da/dN and AK

Fig.1.1 |{Z" 9 & D ICREURIR T da/dN & IS TIHERAREE D 4K O BAFRIT S TR
725 Z & % Frost & 923 R L7=.

B RINIRMRHIIBA O LTV BN TE. LMrLAaRs, bHRE
T4y R U7 5 B EL IR ICIZBI O LTV 5 2 &Y Elber"DBIZFERICI VAL
DT o7, Fig.1.2 121% Blber |2 X 29 7 BALPH DB O\ T O % 7R 9. Fig.
1.2 (a) (R TIR S RENTEEOMEREE T4 U g MM 2 8 R 528, &%
IZBIBROREEE R L, Z Ok Eﬂ?#ﬂl@%iﬁ R S TRAERA I
JEAE DI IS SIS TERRL SV D . (> TRI—fTE B W TR SIIRERE R A L T
R OEREERA (Fig 1.2(b) ) ICHA_THEFAHEOB N EIT/NSL< b, T hbbiEya

OB N &L, BEBRICEVIAENTEHESIREREOREBIZL D /NEL 72D L0k
REN. £z Elber” 13, %W#%Dbfwé% TIXAZRERIC I D8 e bk
WIS 72 20T, (1.4) RITRT L ITETRAORFIEL 52 501X, BHENE
I B U TW 2P 2 B e N IERREEPH 4Ky T D LB 2 T2,



Residual deformation on Y-Y, oy

Envelope of all plastic zones Plastic zone

Fatigue crack Sawcut

(a) Fatigue crack (b) Sawcut (ideal crack)

Fig.1.2 Plastic deformation fields near a crack tip for a fatigue crack and a saw cut crack”.

AK,; = (O —OWraf =K, —K,, (1.4)
=72 L,

AK o RS IR

Oimax: S YNV

Oop: BB NS

Kinax: B RIS FTHERAREL

Kop: LR O RE S DI IR R ER SR

f BANIE & BHENE TOERE &R

JelmDIS I FFFGG DR ST 2 IRAY 72 R
52 D8, BRI

% ZC, Elber i% (1.5) XN CTEFRSNIAEAFAOLAZMEH LT (1.3) Ko Paris Il &
BIEL, (1.6) RIrnTEyRIMEFEHEXZIRE L.

(O-max - o-op)
U=—mx “o/ 1.5
(Gmax - min) ( )
daldN=C(AK )" = C(UAK)™ (1.6)



F7-, Elber 1Z7 VI =7 A842024-T-3 OBZIBI O UD (1.7) X TEE T, &
SR IS I R DS % M3 2 & iR L= Y.
U=0.5+0.4R, -0.1<R<0.7 (1.7)

& 512, Elber [T\ KIFEIZ L D BIEUSFEOBIER S LB KA EARIC I Y B0
IS LR U AK e ST 5720 THDH E L, K~ 2 BeAS B far 5 B4 0 f S0
FEDIEBL LT AN AT AR L~ LA R TR O & L~ U I kT 5
B A SRS EE E TRV —ERBEAMOGE L VIR T T 570 Thdr a2 Y.
B 7200 1O g B BRI & JE 0 L 7= R A Fig1.3 1239 2. Figl3 » 6, &
IR ETI2 5T daldN & AKey DERIZT—FRIICRBLARETH H Z L B ERTX 5.
LALLM S AKe VT daldN OFED /N S WEIPHIZ 3B TREMRIE D T RRAED
MRS HL, AKer (TIRHPH Tl FIRE TRV Z & DVRIB S 7.

10 "

_ F da/dN = C,{(AK )" ~(AK ) )" 16
[ —11 ' 2
gi 1 C,=1.829%10 :
o 10—7 L m,=2.948
£ 3
‘E' :(AKeﬁ)th= 1.88
S C
S L
= -8 |
g 10 7 F
© L
S r Ac—Const
T 10°F o R=0.05
g : A R=03
) o R=05
fz' 1 0—10 L Ac-Decreasing
[} o R=0.05
g : 2 Ao, Const
10—11 wal Ll Ll

107" 10° 10" 10° 10°
Effective stress intensity factor range: AK 4[M Pa*m0'5]

Fig.1.3 Crack propagation rates plotted against Ak, *

Fig. 1.4 13 Toyosada & 2K 2 1 ¥ 7t (B KA E— /M EE— R R E) 129
Jr BT 235\ 2 BB M 58 & GRS WIS ) AN TH 5.



(A’) Max stress

Applied stress: o

(C) Crack closure stress (D) Min stress (E) Crack opening stress
Fig.1.4 Plastic deformations and the working stress distribution along the crack line in one

loading cycle during the fatigue crack propagation *.

Fig.1.4 (ANCRTHRARMED & TRAREN LTWD. 2054, BARERZITL
TRIBMEI o TR S D.

D% BT L BT OV A N EERHIMEIREEIZ /2 528, BEERIZITA
HEH OIS ENF O T DEMEEMIR DR S G 5. JEREEMEI N BRI A4 Uk
¥ % fuf #(Fig.1.4 (B))IZ RCPG (Re-compressive Plastic zone’s Generated load) fif &8 & FE(X
5. mKRMED D RCPG fif EH E TORRMISME TIE, U A A MR HEMEEET 572
D, EERTOT RIIRIEICENT 5.

RCPG fafEH 6 & HIZERAGAEIT T 5 & BRSO EME B IEIRIIRE T 2 03, JEHEE
PRI TS O 7= DB OB ORI BITKE < 72570, URNCAIIRICED AT 7%
HEIEATERE OB L0 NN LI 5. ZOA O EN R O W E

(Fig.14 (C)) Th Y, EMEEMEE-ETe &5,
BAANMEND S DIZERMONETT 5 L AHMANEESRET 5. I RKMWMENH A



WP DA ERICE D PR TITARITERICHD L TV 2o BRE CIIffE 2%
FECrng, AR nsERo R ir%ﬁﬁi%x RO ENTED. LIEN-T,
BAPANMED O R/FEE TOBR CITARME b H 2 5% 1 Fo 72 O EMEBE MR O
A RH X RCPG i L AR N EREICEL WL Y BB 22D, £ LT, HK/IMfE

(Fig.1.4 (D)) @& X|21%, AMEHRE CITRAmIC S EMBEMEEAER SN 556
bdH 5.

B/ B 2 R L2 ICARIRRRIC A o o BEARITREMA RIS KO T A v M aERR
FOEMEIREEICA D, 2oL &, BAEMANGEITIISNERIEE LTERT 2729, BN
LR <Y, Affe & bICRRMDEN/ NS <Y, BEmICRIIIZERCHD L

(Fig.1.4 (E)), BZIEIIZF O IEBPEIRN TR S VG 5. Z O%6 OffEIL RPG fif
& (Re-tensile Plastic zone’s Generated load) & #rEi15.

SIZAM Uik KW E (Fig.1.4 (A%) ICFE 5 & B CHIRBMIE o 23 Bli, (A)~A)
DA 7 V% H0 KT

DA EERE U 7o SRS 7 O B MR BT B 9~ 5 BRI O &, O IO A
RNXDEBMPRTIUTE T BRIIEHEL RN NI BRI ZREBL, ZOB I L

7o RSN O MR 2 B L o Sy A RUERER] ((1.10) ) ZHRF L.

ARy = (G — O W f (1.8)

O — O, K__—-K
U — _max RPG — max RPG
g = = (1.9)

max min max min

7272 L
ORPG: RPG > /)
Urrc: YRR AR B L
E EIELREL
daldN=C " (AKrpc)" =C " (UrpAK)"” (1.10)
7272 L
AKRrpG: RPG iz ) FHEDH NI IPERFeH (B
SEEmC S IREMIR A A U T WA RO, faf
EEC TN S RRAVNVAL TN S € D)
C”,m” MOBFESL

Fig.1.571%, #255aBRIC CEHAI & 7z RPG I 5 (1.8) K& AW THBIIG DL R4
BiAKrpg ZROEEBRT — X 2 BB LR THDH. T—F20IE5 22083470 <, AKreg
OEIMEEEL CRUEN RN TR WZ EDBMERTE D, £72, AKreg & daldN O BRIX



B 77 B ZURFRH LRI b & O Tk 7 7 7 ECHEM E 72 D . TS IR KR 5 i
FHETRGEABR O L O ITR KIS N2 —E L L, /NS Wi S e 72546, AREARKET
BPERE) LR X 7e < e DIREBIZIE -3 < 728, RPG IS NEEHRKRIG T, B2 OIS )X
B/NSINZHET 572 TH 5D, DF Y, RPG IS ERKRISITHRET 5 Z LI3A RS
J1EPH (AoRpG=Omax-0rpG) 73 0 IZHTS 5 2 &, @A OIS /NGNS 5 2
ENFARNE 1% (Aorpc=0max-0res) MIEDEICHNA T 5 2 & 2 BT 5.

107 ¢
E da/dN = C(AKgpg)”
[ C=4505%x10"

1077 F m=2.948
2 C
3
=
% 10‘8 3 Aoc—Const
o E o R=0.05
IS 3 s R=03
® I @ R=05
g 10°F :
g 3 Ao—Decreasing
g- o R=0.05
X A Ao, Const
& , -10
510°F

-1 Lol Lol Lol L
10
107" 10° 10" 10? 10°

Effective stress intensity factor range
based on RPG criterion: AKyp

Fig.1.5 Crack propagation rates plotted AKX, ¥

1.2 WhippingEDEEIGCHIRRIZDOLNT

ATETE T IREESEM O LIC DWW TIRATZ A, Z DO FEOKRZHUT—E G S1 R
TR DRI E > TV 5. IS NERESEET 5 MBI OV T HIFE LV TS
OGN DS, Ml UGS 1B IEA B — D JH B FIoB I 2 BB E-> TV 5.
—J7, Bl OT 4 —EABEE A Ny T U, il E, 4 -y, SRR,
fEFRHEE RN D 2 < OREEMIZB W T, BEE Ry 263 2 BEBISIBMERT 2 2
ENHER SN TN,

Y2 WUAT S DARROSOE AR S ) ClE, Fig. 1.6 IZHIRT 5 X 912, #EKFP ofedhiF s
INZIZ T, WIRETERT 20571, S 51T whipping X2 springing %5 |2 ALK 3 2 &



B OFMERE 2 ENEE LIS HEESMEA L TVWD ZEBNR<AmbNATWD. £z
RAFCHEERE &Y C4E U % whipping <° springing (LR Of%E & & HITHET 5729
AR I oy A A9 2 BRI SR EE S sl B R o O — S IX I B W T D HAE LT
W5,

ZDOFEFIO L DT, HEEY ORI IEEUR B & B D A B IS ) B R
FUZHBLL TWD Z DR —RITH D720, 2o DIERISIIBRE T %W G R
A OREEE ) UL, ASE MR O L R EOHR DI DICHERETH S,

Low frequency

\/

({7 Superimposed wave
A

High frequency

Fig.1.6 Schematic illustration of superimposed wave.

1.3 ZEECHBEETICE T 55558 E T

MR Ul & 52 1 DAEE O S IR, — EIREISIERE N TE L SN iR
IZESNWTITOND 2 ER—EHTH S.

WEMIIER T DI NIERE IR 2 TH D720, #EM OBE T IZA U 2 L85 ) B
TOWEFFMIL, ERSNEEZ T, &5\ IR LS DB ST T Co9hE L 7=k
FRBAE RIS TIME S D Z ERBENTH S, L LD bk 1A BB L
BUTHFIEL 9 D78, —MRANIZIT—ERIRIC 3Bk TRk 7z S-N dhifg & RIS T8

&8 LT Miner HIICREFE SN DBIERABEENZ AT SN D 2 &R — KT
&)é 10)

MR ER] & 2 OSBIZOW Tl IR T 5.

FB)S I JEIEIC Rain flow 1% V72 E OIS B O BRI K 0 RO TS iR (F



TS H) B AR AT D IS #IPFAR D & Ao, (=1, 2, + + +), TOBE (Y
AN Fom, Ao WEAMT TR RS Lz & %(Drﬁ% ZNET D, Ao B milal
MK ST & DR FHEL D % (n/N) & E nil/N; DTS 1 &7 o7- & &K
FIENA T 5 &9 2 0ORIERBERENS 50 Palmgren-Miner DIFEEMFIND.
WG D R E L 702 I IRELL T OIS D#EPHR I K > T H S BIEIET
THZERHD Y. ZOFRITEFBEENKE R AN ERE L, JEIRE
LFOIR D& E CRRERICEELHEZ DML HHEIND. LEN- T,
Palmgren-Miner O 5{EIZfEEMIOFEA & 72> T L E 5 a[REMENH 5. AR EAM L, B
(ZAERT 28 HEEITE FRELL T THD 5N TS Z & 2HAE LT 50, ik
BHEEREY 72 & OO KR EY L EERRADFL L TnD 22 b d Y, IS OIEH
RO O RAMEEM LR TH D L EZEZ HLD.

ZDX D RIEHRELLFDAG B L= Tk & LT, EIE Miner HI X Haibach'Y®
TENRH S, fEE Miner H] P TIX, Fig.1.6 (T8 T L D ITHEFTRELLFD S-N ghiff 4 B
Ffnfloo S-N R Z EARAME LT (1.11) RICEHAT 52 LTk VEHIFHFMmERD D,

D=ZD,.=Z%=1 (1.11)

Haibach'Y® Fik1T FHIRELL LD S-N #ifOE X 23-1/m TH 2 b GEI1TK ST
RELLTOME Z2-1/2m-1) L L, AciiZkT25 NEaRODDHEDTHD.

A" N=B, (1.12)
A" IN=B, (113)
=721

Ao INVAF |

N: W%

m, B1, B BrEE, TERICRT 2 B4

%72, Corten-Dolan"1% Fig. 1.7 (27" X S ICEBEW EF ORGSO R 2 HKHEL LT,
HEGTIRLL E DI I T D S-N i O & 2 EIET 2 HiEaZ R L.

B A R & DR BT BT S, 1974 4R A ASIHEE )
LS REHRS (R) O TIRETE Miner OF 2, MEOMHRZEFILHE (BS5400) 1T
I Haibach ) T AR SN TG, N SHBEYIE (& DR R FHES 9 C1E Haibach
DRI AR OITE) ) A% % L RS HMFME1T O = L AHESR TS



LosU7e e, Ao EIEE F CldmERBEINIE S HFMIC S RAPEE 5252 L5
— AT SN TE Y, SN Hhi#R & SE R R ER] ’Jté%':{iif I EBREOR L=
BT R\, HIZ Figl.7 125731 X 9572 SN EHM?ODfIkIE%ﬁmﬁ‘K TR, I
T DICHE e LR EEBR LT, METHERZIMT 2 2 EBANETHD.

Miner's law

Stress range: Ao

AN ,
7N\ Do N gy
Corten-Dolan's modiﬁcation\ ‘ %,

AN =B

Number of cycle to failure: N;

Fig.1.7 Schematic illustration of the modifications of the S-N curve.

Whipping %5 O & JE R IREN R K3 2 IS S0 A T D 5B O MRS DI 57 50 B R
T%, Rain flow VEIZ K DS ZEB OB G S-N Hi#2 O #E R ERNC LV &
RENDEHTWEELIBEL T DL NN TH D, HlZ1E, Fircke b "%, +57
H R TF 2 AW CRAIR 22 BB ) B IRE 2 1 5 U 7o 57l & 520 L, # 0% R
EANC KD HREFMMOZLMEZ R LTS, Lo LR s, HEEEEENR S 267

% 2@ SR N2 38\ T Rain flow 4 & SUERBEBEG R 28 H T 51203, EEETTRK
DS DL BET DI2DIEELROEADRLETH D & O VaEET
AUZ, Fircke & OWEIL, 623 73R Z Kl L 72 S NBRICIRES NS DO TH
D, BB BRI DIEEMEICOW T, BMRtoRnEISn-b0EE2 LN
5.

ﬁfLﬁ*@MZI—W‘SH@éﬁfbéﬁ%ﬁﬁ%ﬁﬁﬂiéﬁﬁ)@@qj@*%B“C“F'Eﬁﬁté’ﬂilmfﬁ LTk

, IS ARE D @ BB AR A ICEE L TWAH b T iiﬁb YoORKIR S AT EEIS ) B
7f<14:T BT DI NEBOBEEFENE & U CRJEAC I X 205 1R KD 5 D 7

10



Z7Hii§ % enlargement &/ 7 MEZEREZ L, ZiLEEIE Miner Bl Z K EEIG S
JBIEDER S 2 moN Tt v MEEERETFICw H L5 B 2 #EE L TV 5. enlargement £

OFEFNEZLLFIORT . Fz, DUN TR B 8 4 5 U 7 AR B A — IR
&S,

I EBPK - /N o 7o & X ORI & BICHT 2 E8k 2Bk 5.

IL AR - B/ MET — & 2 — R T s B L, BN —RE 1A 7 1e
E2D.

L BRI A 7 L H O R KAE O fie R O maxisy & AR/ IME D fe /IMEB O ini 2 T
T 5.

IV. @) — &I A 7 LD peak-to-peak &iFHAGENL:)E AGENLG= Omax(iy- Ominti) & R EAT 3~
L. 7, WEIHEREX, IRIE Acenwe, AW T OIS EIEAZEE L CEHE LT

Wa., ZZT,
Tir: — WP (EJEEATE) OS],
Cmax(i) i 7% B JE o e KAnf B8
Cmin(i) i 7% B JE o e/ e B

ZOFEEZMOCTHRERICS ORI HFmA2HET 2 L mEICZRR O & 72 555
Aﬁ&)é &z, YA 7 VEGHIE L LT Rain flow JERJAS FIHILTND Z &
, BUROEEISNIERE NI AR A 7 VEGHAE & LT Rain flow 5038
%éhfw
Matsuda & Gotoh |Z & 2 SEATHISE *Clx, EEICIEETIZH Pig Eaimi )
PEZEENCER L, B ’%ﬁfcéﬂéﬁ?ﬁﬁ‘iﬁ?ﬂ“@ﬂ%%éhéﬁﬁiL LM A
R0 BMESHE TR L2 B & L, IR BRUERICH ST 2 H 0 1R 2 5
HHENCIEREERIRT VTV A LEELZL, RPG i WIS L 5 B ik %
WTHE T BRRMERE Y I 2 —va v aE L. £ LT, BEISHEETICBIT 255
ARG B & MATRE R 2 e U, BB FIEORYN ML GE LT, £z, fEx OF
VNS NG5 R E LT BB B TICB T 29 ARMERERBR A L, FET I 2
L—y g URER & DA 8 U CIRITFIEO FEIS R B2 BGE Lo, £ b ORRGEER R
726, Matsuda B2 & 2 SEATAFZE AT B W TIREE Lz, ARG 1B O F s 598 55
BARERRICE RIS I T 2GS NEREEIR T LT XL e, ZNREEAL
72 RPG JS N1 HEMED P BN R v 2 2 L— 3 T4 OERE IS 1 IRE, &R
g, & ORI 146408 F Co— EHRIE B IS 1B RE T IZ3 0 TRl i) R AT 7229 57 . 2UA
BAEEHEELITO N TEH L AR LTV D.
LLEIZHEA LTe B0 K 512, BEISPIRIEAE B ARG BB FIsB T 2957
SREEREAT AR, S-N #h#R, I I8 R EHE0R B M ORI SRR Ak 5 I 2 e do T 38 &

11
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Fig.2.2 Principle of superposition concerning generalized strip yield model.
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2.2.4 ZREERF REMEBLEENIBEICECLEHEIY LRAIZEET 558)

B KARF B HEIC AR U 72 51 3RV N B 22124 U7 e K O BRI K 0 & PNANIC 777E
THEAE, R URKAERTS 2.2.1 T L7256 & B2 BIS T 04 O — A5 %
257, BREDEOFIELIY (2.24) XL T 5.

(UB)- NFA NBAR
{1 +T1}Lj = Pmax {z (GSA):'FA (xjoxfsc)"' z (O-SB)I'FB (xj’xi’c)}
i=1 i=1

NBAR

- Z (GB )i Fy (xj,xl.,c)

i=1

+{1§(0RA ) F, (xj,x,,,c)+NiM(% ), FB(xf’xf’c)}

i=1 i=1

(2.24)

NFA NBAR
+{Z(GDA ),- F, (xNCBAR’xi’c)+ Z (UDB )7. Fy (xNCBAR,xi,C)}}

i=1 i=1

(2.24) KD (op) IZHONTHEL &
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NFA NBAR
(GB )j = |:})max {Z (O-SA )iFA (xj’xf’c) - Z (USB)iFB (xj’xizc)}
=1 i=1

NBAR

—{i(ag)ﬁ(x,-»xnc)+ Z(ag),.f;(x,-axpc)}
{

i=1 i=j+

NFA NBAR

+ Z(O-RA),‘ F, (xj’xi’c)+ Z (O-RB)i Fy (x./’xi’c)}

i=1 i=1

(2.25)

{8 ) 3 ) o))

2L, LIIFEROR/MIERIZB T L2757 —VETHD.

SR Tld(os)=Aoy THD. ZOLIRMBMIERTIIBRER S —VRIT (2.14) K
THET . (225) KTRKO7=(op)y (LY, ZDOHEA DR KA EERO RSB 0 ZEAL
VG (2.26) & 72 5.

NFA NBAR
Vo (x,->=[em{z<as,4>,ﬂ (x;.x.¢)+ Y (asgx-Fg(x,-,xi,c)}
i=1 i=1

(2.26)

{NFA NBAR

e Elont b ]

i=1 i=1

{8 ) ¥ ) )

i=1 i=1

2.2.5 RCPG i E R

RCPG fif B I X BRAFIE TR 350 T SR ZRLSE b D JEAE BRI A T Bl S LR 6D 2 IR D fif B2
T 5. RCPG faf EIRF D RZABA N Vrcro()lE, T/ MaERFOLGA & RO ERG D
ENRWEHTE, 227) XTHEZbNS
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NFA NBAR
Viecre (xj)z Prcro {Z(O-SA ),- F, (x/’xi’c)+ z (O-SB ),- Fy (xj’xi’c)}

i=1 i=1
NBAR

- 2. (04), Fy (xj,xl.,c)

i=1

NFA NBAR (2.27)
" {z (as )" F, (xj,x,,c)+ Z (Ors ),- Fy (x/,x,.,c)}

i=1 i=1

NFA NBAR
" {z (s )i F (x/.,x,,c)+ Z (O s ),- Fy (xj’ch)}
i=1 i=1

(2.27) RiTHWT, ARIEIRITEE STV 5 NCBAR & H OBRERILEMEEME L

Tb\éfl&), (O'B)NCBARZ-J,O'Y <1: fcﬁ D s :j/b% (2.27) Kﬂzfﬁj\ L/"C PRCPGc:OI/\Tﬁ$< &
(2.28) Xz=1G5.

1o NBAR
Prcrg = l:(l - E,Y VL ycpar + Z (
i=1
i=NCBAR

Op )i Fy (xNCBAR’wa) — Aoy Fy (xNCBAR’xNCBAR’C)

NFA NBAR
{ (00 ), (xvepmsnc)+ 3 (o), F()}
i i=1

(2.28)

i=1

NFA NBAR
_{Z(O'DA ), Fi(XycpirsXis€) + D (0, F (xNCBAR,xi,c)H

i=l i=1

NFA NBAR
/{Z(O-SA ),« F, (xNCBAR’xi’C) + z (O-SB ),« Fy (xNCBAR’xi’C)}

BT, j#NCBAR O¥AI121% (2.29) v kard 5.

NFA NBAR
(GB),- :|:PRCPG{Z(USA)1‘FA (xj:ch)_ Z (055, Fy (szx,-,c)}
i1 i1

NBAR

Z (GB )i F, (xj,xi,c)
i=1

i#j
i#NCBAR

NFA NBAR (229)
+{Z(O'RA)I, F, (xj,xl.,c) + Z (O'RB)i F, (xj,xl.,c)}

i=1 i=1

{8 ) 3 ) o))

—1-Ao,F, (xj,xNCBAR,c)+

i=1 i=1

L.
_Lj]/[fl'+FB (xj,x,.,c)J
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=EL,  LIZERIORKWMERICBIT 27 —VETHS.
(2.28) K, (2.29) XL VHFHIIZ Prera X (oB) % (2.27) HUTHA L RCPG fif EIRf
DB O BN Vecpa(x) 2RO D Z ENATREL 72 5.

2.3 #E
ARETIIIEROBAMMA N T T L & VIR E OB A ZE LI RAMMANET L
OB E T o7, F£T2, FETVTEIT DA M BEM TOIR 15540 & BB NGO E
RN DWW CERM 2 B U7z, IRELIR TR AR OHfih 4 Z 8 L - AR N £
FILD G DONWTHEET 5.
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>

3.1 #&

TERIE N BRI BN S EN 256, PIMRAmEITEAT 2 ATREENRaE s D, —
¥, BIETCHI LSRRGS I 2 L— g Tl FOiExS L SN
ISR IEDG AN KER D Th o 1272, (EROBRBIM 0T T /L ClIyH Az
DOERIIBE I TR,

RETIIEMIS I E ENDHE IS SN D AR T OBl 2 5 [ ATRe7e X 5
2, RIEIR L2 BRBANET V2SR L [ERAHAHFMNET L] 1221 T
AT 5.

3.2 YHBRENEMZEERE L-ERFMAOETIL

AETIE, K EEMEICB T 20RO Z2 5 E L-RARA DT T L0 EKX
k&~

3.2.1 XKRWER RAEICKYBHEEmABERICECEEELY LNEICHFET
5158)

JEIRRABAPA N BT VIR O BRAMA N T L & RIRRIC, HoR ERE O A 1
ENr% Fig23 (b) ~ (h) OFELREDLHICIVEHAGETHD. £z, THIRARBIAD
BT BT D URRSEm R OB ER ORLE L, {EROBAMMNET VB IT 5
WIS AR OB R ORLE L Ak Th 0, JLRAHMM 0T 7 VoY A m
I% NFA [EOBRERARET 5. PIaRE, Fam, A8aHE EELt%E%
(AERT 28 1 &Gt RIBRRICEB BT 256, VIMARE O OBEREF T4 1,2,3, -
(NFA+NBAR) & 9%

Fig.2.3 (a) @O x=x Il T 28AMAENIT 3.1) XTHEZ LS.
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NFA NBAR
Vias (x/- ) =F,. {Z (o). F, (xj,x[,c)+ 2 (05), F (x(/.,x,,c)}

i=1 i=1

NFA+NBAR
—20y 3 Fuy(xx.c)
i=NFA+NCBAR

3.1)

NBAR

+{1§(%)i Fy(x,%.¢)+ D (0us), Fy (x./’xf’c)}

) =

+{§ﬁamlf;@,%¢g+%ﬁ%awxf;wand}

im1 =1

WFO AB IV AE, FERAE, (ERAEIIHINT .

AR BZE SRS SN - HEE#E (ENFA+NCBAR~NFA+NBAR) (ZI3ABERZL Viul(x;)
WAL DD, ZOMERICEE SN BERIIEEEEEE LD Z LoD, ERICHRATS
NTH Fig27 (@) 1R T LIS, Vi) DML 222 LW R S 25T 5.
WoT, BEROF—VEIT (2.14) XTHZNND.

R EROGIEBEEES D TR SN D854, Fig26 T a=a) & L T,
NFA+NCBAR=1 2 GIHICHREFE R L HET H.

3.2.2 RINATER
B/ TEFRICIT Fig2.8 [ORTERESDENHKILT D, Lz -> T, R/ EREO&
B OZNL Vaine)lE (3.2) X THZ LS.

NFA NBAR
Vmin (x./‘ ) = Pmi” {z (O-SA )i FA (x/’xi’c) + Z (O-SB )i FB (x-i’Xi’C)}

i-1 =1

NFA+NBAR
- Z (GAB ),- Fp (xj,xl-,C)
i=1
3.2)

+{]§(0M)i F, (Xj,xi,C)-f'NBZAR(GRB)i £y (xj,x[,C)}

) =

NBAR

EEL, (oo 2B 5 MIERICEER IR T 2151 Th 5.
(i) BB TIRAMETH Y, L FICZ ORIk E RS,

SIS LB FEARUBE L 7\ U C Y, BRI IR ST LAVE L7\ 7zsh, 8
AL 00 BRI R O AL % 2 T ST o AP 1 LB oD IR 1 (3.3) 5t
Rt 5.
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Vinin(xX))={ 1 +(0aB)i/E } Lj 3.3)

(3.2) & 33) Xnn (34) XT3,

i=1 i=1

NFA+NBAR
-2 (GAB)iFAB(xj’xi’c)

i=1

NFA NBAR (34)
+{Z(O'RA)iFA(xj,x,,c)+ z (O'RB)I_FB(x/.,x,.,c)}
+{NZFA(O'DA)I_FA (x/,x,,c)+A§R(O'DB)iFB (xj,xl.,c)}
(3.4) AT (o) lZOWTHELS & (3.5) ABfGFoHNns.
(O5); = [ ) NFA GSA x , X, c)+N§R(O'SB)iFB(xj,x,.,c)}
_{ 1(o-AB)F (x X, c)+NBAR(JAB)lFB(xj,x,,c)}
+{[\fFA(O.RA )l_ F, (xj,X,»,c)_,_ %R(URB )l_ F, (x/.,x,.,C) (3.5)
+ NZFA(O'DA) FA(x/ X c)+A§R(GD3) FB(xJ X c)}
L]/L+F
— E AB( x[’c)
(3.5) RafE<iZdHz->T (3.6) REWMLTHLEND D.
%%EUW [xj<a]
(ou48)>0 DIF (048)=0
(ou)<-Aoy DIF (oup)=-Aoy
AR [a<xi<c]
(O'AB)j>/10'Y DHF (GAB)j:ﬂ.O'y
(oup)<-Aoy DIKF (ouB)=-Aoy (3.6)

PLEp b wii A, Eam, AR COBRERIIEMT DI 1(ons) M FD
AU, B/ M ERF O BB NN Vi) 2 BT 5 2 E R alRe L e D, Fio, /Mo ERE
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IZBWTEMRER IR DB EFEIL (oup)=Aoy & 72V, TR Zim- &P & L TEME
PRI SER A IR E T X 5.
(oap)i=-Aoy A 1= T EAEBVEREIR CIE, BEHF DS —VRIX 3.7) XATHEZX LN D.

1

L =——V (x
= e, B ) (3.7)

fie/ MR LSRR RER L 720 DB U, e R R O 7 — P (2.14) X2 RFFT 5.

3.2.3 RPG AT ERF
RPG faf EERFO LB 0 AN Veea(x) I35/ Maf ERF & [FERICE 2, (3.8) X THZ O
5.

NF4 NBAR
Vira (xj)= Prpo {Z (O-SA )[ E, (xj’xi’c)+ Z (O-SB ),- Fy (xj7xi’c)}

i=1 i=1

NFA+NBAR

N Z (O-AB )i Fp (xj’xi’c)

i=1

NFA NBAR

i=1

(3.8)

NFA NBAR
+{Z:,(UDA ), F, (xj,xi,c)+ Z_; (ops), Fs (xj,xi,c)}

BEUERICEE SN BRERIISIRERT 5729,  (on)vmvesar=loy &85, L=
755 T j=NCBAR OAHIZ (3.8) & PregIZOWTHES 2L T (3.9 X»fGonsd.

A

NFA+NBAR
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|

NFA NBAR
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i=1 i=1
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i#NFA+NCBAR

i g

NBAR
(GRA ),- F, (XNCBARDXHC) + Z (O-RB ),- Fy (xNCBAR7xiﬁc)}

i=l1

(3.9)

NFA NBAR
/{z (USA ),- F, (xNCBAR 7xi7c) + Z (O-SB ),- Fy (XNCBARaxi»C)}

i=1 i=1

j # NFA+ NCBAR D¥AT1E (3.10) AT 5.
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(O-AB )j- :|:PRPG {%(USA)iFA (xj’xi’c)_Nf:R(o-SB)iFB (xj7'xi’c)}

i=1 i=1

NBAR
- EGYFAB (xj’xNFA+NCBAR»C)+ z (GAB ),- FAB (xj’xi’c)
i=1
i
i#NFA+NCBAR

Ll o) 30w lron)]

i=1 i=1

(3.10)

+{§1(0DA ) EL(x50¢)+ > (), Fo (xj,x,.,c)H

i=1 i=1
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—L/.]/[F’,vLFAB (xj,x,.,c)J

LIZEROR/NTERICBIT 25—V ETH .
PLEMNBIEBITE Preg, (oup) % (3.8) RUTIRAT D Z & CRPG faf EERFO P 104
L Ver(x) & 3RO D Z L3 FHEE 72 5.

3.2.4 ZAFER (RBMEHERNSBEICECHEEEHEIY LRAICEET 555)
e KAnf BRI AR U 72 5 RPN @ 5T CTe i RO KV S NINCE £ 555
Bi% (3.4) NEFHROBRNELT D, T7bb,

(O-AB)' NFA NBAR
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i=1 i=1

NFA+NBAR

= Y (o) Fus (.30

i=1
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NFA NBAR
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(3.11) HUZBNT (omp) IZOWTHEL &,

NBAR
(050, F (xf’xi’c)+ 2. (o), Fy (xj’xi’c)}

i=1

(045 )j = |:Pmin

NFA+NBAR

(o), F()}

i=j+l1

NFA NBAR
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i=1

-1
_{j (0.45), Fus (xj,xl.,c)+

NFA NBAR }

’ Z:‘(O-DA)"FA (xj,xi,c)+ 2 (008), Fs (xj,xl.,c)

i=1

L XERTOR/MIERICBIT 2BEROS—VETHD.
(3.12) RITEBWT, SIRBMEE T (ous)=Aoy TH Y, T Zm- 3 #iHE L TEH

FEORKWEIZEL 25 3RS 2 RERRE S 72 5. £, (ou)=Aoy i3 519k
WM CIIBERE S -V RIT 2.14) Rk vskoosns.
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XTHEABND.

NFA NBAR
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i=1 i=1
NFA+NBAR
- 2 (ow)F (xj,xi,c)
i=1
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ERTI
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3.2.5 RCPG firE B
RCPG fif EEIRF DB ZRLBA 11280 Vrera (o)X B/ IMaTEEIRE & Ak O ER S DENEA TX 5.

NFA NBAR
Vacra (%;) = Prera {Z (@50), Fa (xp50¢)+ 2 (05), F (xj»ch)}

i=1 i=1

NFA+NBAR

= Y (o) Fus (.30

i=1

(3.14)

NFA NBAR

i=1

NFA NBAR
+{Zl(O-DA ), F, (xj,xi,c)+ Z_; (ops), Fs (xj,xi,c)}

PR L, AR S U BB EARIER LTV T, (owdvmvons— Aoy L 78
%. Lo T, j=NCBAR DHAIT (3.14) K& Preps lICOWTHEL Z & T (3.15) =
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io_ NBAR
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PR(?PG = |:(1 -
i=1

i#NFA+NCBAR

NFA NBAR
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i=1 =1 ‘

NFA NBAR
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=1 i=1

NFA NBAR
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BICiE (3.16) HDpRLT S,

F72, j2NFa+NCBAR DR

NFA NBAR
Prcre Z(USA) F, (xj’xt"c)_ Z (05): Fy (xj7'xi’c)}
i=1

O-AB

NFA+NBAR
(GAB ),- Fp (xj’xi’c)

Fp x, > XNFA+NCBAR > c) +
=

i¢NFA’j‘1/VCBAR
(3.16)
NFA NBAR
+{z e 3 (o) Bl c)}
i=1
NFA NBAR
+{ GDA) F x ,X, c)+ Z (UDB)I_ F, (xj,x“c)H

i=1 i=1

-L, [E+F x,xl.,c)]

LIZEROR KRG ERICBIT ST —VETHS.
PLEDBIES T Prers, (oup) % (3.14) =
NN Veepa(x) 23RO D Z EMA[RE L 72 5.

WA % Z & T RCPG fif BB > £ 246

3.3 WHEHRENEMZEEL-EREANETIVIZLSEHA

OZERDHERTE
BEGES BT WSS IR N T T LTI, BRI AR i 5 Wk
(ZAH Y 3 2 (AR B R M OV A IR I AW 1T L Y GA iﬁ”btﬁm‘glﬂﬁ’ﬁﬁ/ﬁ T —

. (Fig.3.1 ZR).

WILDOBERZTRET S Z L CRARANBIRZEZEL T\ D
AREE T, WERET VBN T —=VEE0 @Tﬁgf%?ﬂﬁiﬁ%ﬁ”*ﬁ (Fig.3.1 1 ® Initial
crack #) IZHAELE T 5 Z & CHIMBRAm AT 2K CHLIEMON N &% TR TS

BRI N T VAR BE Lz,
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Fictitious crack length: a+ @

i |
A 4

I Physical crack length: a

<
w

I Imitial crack

"length:a,

| | |

I Fatigye crack Plastic zone: @ |

I ClOSUﬁe zone | (Fictitious crack) !
|

Fig.3.1 Improved strip yield model, which can consider the crack closure over initial crack

surface

3.3.1 {R#BCOD DEH

BAEEET AT, AEEIMOBIERE CTHRECRRLE LTnD. MEICEHS
mt%%kﬁéﬁFE%ﬁ®F%ﬂ% eI 0F D ERMEN DAL BALE x 12381 5
FAME O 2 BAITEE TSRy LB Lx) & RARBZL COD Vix)D BRI %A $
D2 EMIRENTND D),

V(x)=2(1+ov/E)L(x) (3.17)
L(x) = [ §'&], (. )dy (3.18)
=L

oy: REARIE )

E: A

&P (x,)): FAPEIAT BALE (x,)) COEMEOT A

Y AR T [ O YRR R S

3.3.2 FEM ETILLRFEH

AREETRET 2V E OBl 2 Z 8 v ie e AR 07 L DO Y EMGED 7=
8, HERAT — Fie K AT B —de/MAF L ONEFF THUHT L7z & & O/ MR B PE I3 1) 5 AR
BRI 530 L BB N ZENLICOWT, BB E T M EED < BUEMATRE SR & B M FE 7
Proofs e & b9 5. WM FE M ISR 8% FE fi#tT == — F MSC Marc 2019 ]
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WL fRMTSRE A Table 3.1 (2”9, Fig3.2 IC FEM £F L2 6R L, RKPICE S L
B/NBEFEEO B %2 R"T. FE £7 /L Clii/MHEDOEFE 2 R L AR oY
PEIRASTE Bl S 4L 5 SIS BL & L 7.

Table 3.1 Analysis conditions.

Specimen type CCT specimen
Specimen width (W) [mm)] 50.0
Half crack length (ap) [mm] 12.5,25.0,37.5
Number of nodes and elements in FE analysis | 216644, 215444
Yield stress (oy) [MPa] 300
Plastic constraint factor (1) 1.12
Young’s modulus (E) [MPa] 206000
|
rH
[
.. + T l
— )
- a. 1
R )
W.
Nodes : 216644.

" Elements: 215444.

Minimum mesh size: 0.05mm X 0.05mm.

Fig.3.2 Mesh model for FEM analysis
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3.3.3 WESH
UFIORT BRI NE L MERME TN 23 L. 72721, o3y MEATH Y,
ST 2 ERTHEE TR LZETH 5.

Table 3.2 Stress conditions

Calculation ID a/Ww ol ¥ Stress ratio:R
maximum minimum
1-1 0.00 0.00
1-2 -0.25 -0.50
1-3 0-30 -0.50 -1.00
1-4 -0.75 -1.50
1-5 0.25 0.00 0.00
1-6 -0.25 -0.33
1-7 0.75 -0.50 -0.67
1-8 -0.75 -1.00
1-9 -1.00 -1.33
2-1 0.00 0.00
2-2 -0.25 -0.50
2-3 030 -0.50 -1.00
2-4 -0.75 -1.50
2-5 0.50 0.00 0.00
2-6 -0.25 -0.33
2-7 0.75 -0.50 -0.67
2-8 -0.75 -1.00
2-9 -1.00 -1.33
3-1 0.00 0.00
3-2 -0.25 -0.50
3-3 0-30 -0.50 -1.00
34 -0.75 -1.50
3-5 0.75 0.00 0. 00
3-6 -0.25 -0.33
3-7 0.75 -0.50 -0.67
3-8 -0.75 -1.00
3-9 -1.00 -1.33
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3.3.4 {RBHBAOETIVIZEITHZUMEDRIT

e/ Maf EERFIZ 381 D BAMEITHER T 206 7104 & 8B N Z2GZIZE LT, fEkD P
BAmOBMA ZE L2 WARBMANTT v, tR% OB Ol % 8 ATRE 72
BAMMANETT ML DTSR & FE MNTRER 2 L7z, 72720, MIPBIEH AR
¥ THD. Dugdale TT NZIHEELE L2 Z 08B O ET LV ClE, MEZ et
RERELTED, EELVRKRZHODO COD 25257, AmbERIEOEWmis ) %
BeARIG ) TR U 7= M i/ 80 2 VW5 2 & THIIEL T

(1) ao/W=0.25
(a) (Unet)max/ oy=0.50, (Gnet)mm/ oy=0.00

0.1 ;
L..0.00.000000000.C(:P
g ~0.1r AGt/ oy=0.50,R=0 : -

} - ay/ W= 0.25 !

.. 703 r . ®
N |
%) L |
o |
®» -0.5 t o,=300 MPa !

B | Plastic constraint factor: 'O
Q A1=1.12 |
& -0.7 | :
'8 ) O :Improved crack opening '
qc) L and closing model \
e O :Previous crack opening '
a -0.9 and closing model !
- e : FEM 7
11 L Initial crack tip |

. . . ® .
0.15 0.2 0.25 0.3

Dimensionless distance from center of specimen:x / W

Fig.3.3 Dimensionless stress distribution along a crack line.
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Fig.3.5 Dimensionless stress distribution along a crack line.
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Fig.3.7 Dimensionless stress distribution along a crack line.
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Fig.3.9 Dimensionless stress distribution along a crack line.

45



0.25 :
| AGpet/ Oy=125,R=-1.50 ! Initial
oy=300 MPa / crack tip

o
N
T

Plastic constraint factor:
A=1.12

a / W= 025

o

—

(&)
T

® :FEM (COD) . oo
A FEM '

(Vertical COD by ref.[1]) A

o
—
T

O
o)
@)
O :Previous crack opening @)
and closing model @)
O :Improved crack opening g
and closing model
Q
A

0.05

Dimensinless COD: V(x)E/ oy a,

O 0

0s—e—o—e-B—co—e—HHi———a—
0.15 0.2 0.25 0.3
Dimensionless distance from center of specimen:x/W

Fig.3.10 Dimensionless COD.

(C) (Unet)max/ O-Y:O-75, (Unet)min/ 0v=0.00

0.3 | AGpet/ Oy=0.75,R= 0 5
> _ :
E 0.1 F ao/W— 0.25 !
s @ ® 0 0 0 0 000
.. —01 ¢ ! °
@ . :
o : O
% ~0-3 [ =300 MPa ; .
4 " Plastic constraint factor: : 0
9L 05 +F 41112 :
c :
% " O :Improved crack opening |
c -0.7 r and closing model :
@ .
e L O :Previous crack opening '
o _ i and closing model :

091 o FEM 7

Initial crack tip !
-1.1 m

0.15 0.2 025 03
Dimensionless distance from center of specimen:x / W

Fig.3.11 Dimensionless stress distribution along a crack line.
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Fig.3.13 Dimensionless stress distribution along a crack line.
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Fig.3.15 Dimensionless stress distribution along a crack line.
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Fig.3.17 Dimensionless stress distribution along a crack line.
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Fig.3.19 Dimensionless stress distribution along a crack line.
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Fig.3.21 Dimensionless stress distribution along a crack line.
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Fig.3.23 Dimensionless stress distribution along a crack line.
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Fig.3.25 Dimensionless stress distribution along a crack line.
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Fig.3.27 Dimensionless stress distribution along a crack line.
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Fig.3.29 Dimensionless stress distribution along a crack line.

55



0.5 :
AGet/ oy=0.75,R= 0 . Initial
et/ OY crack tip
=300 MPa

Plastic constraint factor:
A=1.12

| ay/ W= 0.50 ?%
A

® :FEM (COD) o

A :FEM :

(Vertical COD by ref.[1]) * A
A

O :Previous crack opening o
and closing model . :
O :Improved crack opening Q
and closing model __q® A

o
~
T

Dimensinless COD: V(x)E/ oy a,
o
w

o
\M
0
»0o»

01 1 1 1 1 1 i 1
0.2 0.3 0.4 0.5 0.6

Dimensionless distance from center of specimen:x/W
Fig.3.30 Dimensionless COD.

(f) (Unet)max/ O-Y:O-75, (Unet)min/ oy=-0.25

0.5 :
& 0.3 [ AGpey/ oy=1.00,R=-0.33 |
} 0.1 b ag/W=0.50 ! q
- o ecccceEneoee) o
n - 000000 | ®
ﬁ 0.1 [ ql ° O
% _0.3 | oy=300MPa ; Ko
a2 | Plastic constraint factor: |
Q = |
g —05 - A1=1.12 : o
'@ ~ O :Improved crack opening E
S -07 ¢+ and closing model !
e | O :Previous crack opening '
a and closing model !
09 o:FEM Y
-1.1 | Initial crack tlp/ m O
0.3 O 4 0.5 0.6

Dimensionless distance from center of specimen:x / W

Fig.3.31 Dimensionless stress distribution along a crack line.
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Fig.3.33 Dimensionless stress distribution along a crack line.
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Fig.3.35 Dimensionless stress distribution along a crack line.
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Fig.3.37 Dimensionless stress distribution along a crack line.
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Fig.3.39 Dimensionless stress distribution along a crack line.
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Fig.3.40 Dimensionless COD.
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Fig.3.41 Dimensionless stress distribution along a crack line.
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Fig.3.42 Dimensionless COD.
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Fig.3.43 Dimensionless stress distribution along a crack line.
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Fig.3.44 Dimensionless COD.
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Fig.3.45 Dimensionless stress distribution along a crack line.
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Fig.3.46 Dimensionless COD.
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Fig.3.47 Dimensionless stress distribution along a crack line.
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Fig.3.49 Dimensionless stress distribution along a crack line.
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Fig.3.51 Dimensionless stress distribution along a crack line.
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Fig.3.53 Dimensionless stress distribution along a crack line.
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Fig.3.55 Dimensionless stress distribution along a crack line.
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Table 4.1 Analysis conditions

Specimen type CCT specimen
Specimen width (W) [mm] 50

Half crack length (a) [mm] 5.305

Young's modulus (E£) [MPa] 206,000

Yield stress [MPa] 352

Applied maximum stress [MPa] 115

Applied minimum stress [MPa] 7.39

Stress ratio (R) 0.05

Material constant, C 45x 10"
Material constant, m 2.7

72721, daldN OHALIX[m/cycle], AKgpc O HALIZ[MPam® | TH 5.

Table 4.2 Applied constatns for fatigue crack propagation.

Caluculation ID

Plastic constraint factor : A

Plastic shrinkage factor : «

1 1.00 1.0
2 1.00 (0.13)
3 (1.12) 1.0

4 (1.12) (0.13)

WGy BFUARERBR O EE & B RATRORTTRRLRE Y I 2 b— a VR Z U TIOR

9. F7=, Fig4.2 FD u it Wheeler) €7 /VIZ
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22r  4y=5.305[mm]
0 O Experiment
gl  — Modified simulation
r  — Simulation
6
4r
2r
or
8r
6
4
2
0O 1 2

Number of cycles [X 105]
(b) ID-2

75



o6[ Steel grade:KA-36
r R=0.05
241 5=1.120=1.00u=0.00
_22r  44=5.305[mm]
€ 20 O Experiment
E 18f - Modified simulation
= ,.[ — Simulation
2 16
2 14t
~ L
g 12
o 10_—
8: i
6 L IIA
ar
2
00 1 2 3
Number of cycles [x 105]
(c) ID-3
28
6L Steel grade:KA-36
L R=0.05
241 2=1.120=0.13,u=0.60
22+ ap=5.305[mm]
‘€ o0 O Experiment
£ 1gf ~ Modified simulation
£ L — Simulation
2 16
2 14+
~ L
E 12f
© 10
8r
64
ar
2
00 1 2 3

Number of cycles [X 105]
(d) ID-4
Fig.4.2 Comparison of measured crack growth curves with estimated ones under constant

loading sequences.
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L7ei3oC, IR EDRE, WREDOEFTRIUAEY I 2 b— g VITHTE TR
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Eiﬂﬂi PRI AERRE A AT D 2 & Tho M ERFO B N /NS <2 b, iR

ARSI R ELS BT ThH D LHEEINS.

IR/ NG JRFICBADN B D FRERE LR EBIZH W T, i RATE O 77 BRURRE
Valb—va il L ARER LIS ﬁ%wkbt = DfER % Figd3 1R T
72%, Figd.3 O uld Wheeler €7 /VIZBITHEHTH D.

200 : : .
[R=0.05 : i<— Crack tip
[2=1.00,0=1.00,4=0.00

100- O Simulation ' : §
[ A :Modified o
i 4 sin?ulla:ﬁon : g

omA A A 28D
gt ¥ o o
= ' o
2-100p : e )
% - Initial crack tip : )
~200f I g
-300} zs
C YleId stress
I — o Q ---------------------
— 1 1 1 1 1 : 1 1 1 1 i 1 1 1 1
4000 5 10 15

Distance from crack mouth[mm]
Fig.4.3 Stress distribution along a crack line

Fig 43 \RTHERD D, UBBROFEHBERGIE L I 21— a itk 28R EO
TSI BT O BERRES I 2L —Y a VR AR L B LTWnH 2 R
MR TE D, /2, XEBOEHTRIEE Y I 2 L— 2 0 TlE, vHARE OIS
S3AIL OMPa L 72> T Y, FIMRREITEML T\ W2 LR TE 5.

4.2.2 ﬁsjjttfafﬁobi%Al'B(#éaﬂzﬂﬁﬁfﬁo)ﬁz%‘%%{i%

IR T OB N 57 B EURRE BN RIT T B L RFT 2720, ADEZET#EE
DG E T D —EIRIEI ) S FIod W Tl 55 S SUBIR AT 2 F206 U 7=, fRiT S0t
% Table 4.3 |27,

Fig.4.4, Fig.4.5, Fig.d.6 [3MATIC X D B D=V A 7 v (N) &5 B EUERE R (Aa)
ORRTH 5. AP TRRPLEET ML DFER, MRARERET VI X DHERIC
*ﬁéﬁfé WEBORFEHRIGEE S I 2 L—va itk Bon=r1 718 (N) &

W BHEERE (Aa) OBMRIZIS B A DKM FICek BATOR S REURHEY S 2 L —
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va UREROBHMENPBEIEICR T 2N ARREB 2R L, WHPRMES
BaR LTV, 2d, IS (R) 23 0 DA, WIMIRRE AN TS ) &5 TRz
RN, WBRFITEOWEFRFURE Y I 2 L— a VIR DR RIS —H LT
W5,

Table 4.3 Analysis conditions.

Specimen type CCT specimen
Specimen width (W) [mm] 50.0
Half crack length (a) [mm] 12.5,25.0, 37.5
Yield stress (oy) [MPa] 300
Plastic constraint factor (4) 1.12
Young’s modulus (£) [MPa] 206000
Applied net stress range (Acet) oy (= 300 MPa)
35.0
E (G net)max /o Y= 0.500v= 300 MPa
£ 30.0r Plastic constraint factor:
3 R=0.00: —— A=1.12
= 25.0f 11: :(1)80 ___ Fine curves: Previous model
g R= <15 —ne Bold curves: Improved model
= 20.0r
§e]
g
2 15.0f
Q
o
S
~ 10.0t
O
o
o
« 50r 4 7
£ 2 a,/ W=0.25
1 1 1 1 | 1 1 1

o
(=

0 2 4 6 8 140 12 14
Number of cycles: N [x10 cycles]

(a) (O-net)max/O-Y: 0.50
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20.0
5 (6 net)max / © y=0.75%= 300 MPa
£ 0 Plastic constraint factor:
S R=0.00: —— A=1.12
N 15.0F R=-0.33: -eeeee-
< R= -0.67: ———  Fine curves: Previous model
§> R=-1.00: —-—. Bold curves: Improved model
Q@ R=-133: —--—
C '
2 10.0F
©
o
®©
Q
o
o
S 5.0F
o
o
£ a,/ W=0.25
00 " I . 1 L 1 L 1 L
0 0.5 1 1.5 2 2.5

Number of cycles: N [x104cycles]

(b) (O-net)max/O'Y: 0.75

Fig.4.4 Crack growth curves under constant amplitude loading with different stress ratios.

25.0

(G net)max / © y=0.509v= 300 MPa
Plastic constraint factor:

20.0r R=0.00: —— A=1.12
2: :(1)30 ___ Fine curves: Previous model
R= -1 '5: . Bold curves: Improved model
15.0r -

-

o

o
T

-
R

"‘
.

o
o
T

Half crack propagation length: Aa [mm]

P a,/ W=0.50

dl
,,,,,
e

2 4 6 . 8
Number of cycles: N [x10 cycles]

o
P

(a) (Gnet)max/O'Y: 0.50
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15.0

(G net)max /o Y= 0.750v= 300 MPa
Plastic constraint factor:

R=0.00: —— A=1.12

R=-0.33: --r-e

R= -0.67: ———  Fine curves: Previous model
10.0r R=-1.00: —-—. Bold curves: Improved model

R=-133: —--—

o
o
T

Half crack propagation length: Aa [mm]

a,/ W=0.50

0-% 05 1 | 15

Number of cycles: N [x104cycles]

(b) (O-net)max/O'Y: 0.75

Fig.4.5 Crack growth curves under constant amplitude loading with different stress ratios.

10.0
e (G net)max / © y=0.500v= 300 MPa
£ Plastic constraint factor:
3 R=0.00;: —— A=1.12
. R=-0.50: -------- _ ,
c R= -1.0: ——— Fine curves: Previous model
é’ R= -1 5 ____ Bold ourves: Ir?proved model
Q // / t/ ".'
C | / '/ / '.
2 5.0f L/ ’r
© [/ s
()] ‘/ ’ / o
o Y 7,7
[N | 4 Lo
o /| R
Q /o RS
X / // ety
S =3
© | e
5 >
T P> a,/ W=0.75
010 S
0 2 4 6 8

Number of cycles: N [x104cycles]

(a) (Gnet)max/O'Y: 0.50
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6.0

(G net)max /o Y= 0.750v= 300 MPa
Plastic constraint factor:

" R=0.00: —— r=1.12
R=-0.33: -====---
R= -0.67: ———  Fine curves: Previous model
4.0r R=-1.00: —-—. Bold curves: Improved model
R=-133: —--—

2.0

o
.
o
.

Half crack propagation length: Aa [mm]

a,/ W=0.75

Yo o5

Number of cycles: N [x10%cycles]
(b) (O-net)max/O'Y: 0.75

Fig.4.6 Crack growth curves under constant amplitude loading with different stress ratios.

4.3 BRFEMEFEOEREELEICSER LE-AMG NMEEEE

Matsuda & Gotoh" | L E &I /] JBIE )~ 9% 57 AR AT/ 0720 1B IE 2 RIRT 5 7=
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z*j‘/l’ 7 v B D Fe KIS T O WEFIREIZ ifﬁ%p”f'ﬁmﬁ WZIX SRR A A T, R A1 2
TV D e/ NS T G VE R RELZ 1308 7 8 R E i | VL ERE AN A2 U B . 2 D%, /s
ﬁﬁfﬂ%(ﬁ IIHAMBREZ R T i+ 1 7 VHE @ﬁ i KIS O DMERI T B 2%, 2D
, W RS OB R4 U % . Matsuda & Gotoh |39 57 . 2R RE D B
@Jﬁi))%ﬂf‘ﬁﬂﬂﬁk%f“i C 2 MR M EICERT 5 £V 9 Toyosada © 20 21
ox, WHRIUEREICAED AN BB T 5 /37 A =% % 4.5) X TH
Z 7.

&= oyde,dx 4.5)
2L

o RPN E  (Fig.4.6 Z2R)

oy BERIS T

de, HPEOT B EE 5
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A a : Crack length
@ Size of alternating plastic zone

oy/E

»
|

X

Fig.4.7 Schematic illustration of the strain distribution in vicinity of crack tip.

AZNIE ) FEAEE S I RPN O BALRIE & 72 ) OB FICHE T 2ETH 5.
FATHISE DCI, B & AR O Z LUV TR S 72 E03 T FRAE Eimir &
BRI D AREIEDE ST BREREC T ET D 1 YA VNV EBRT 2 & &, HEISERE
S TICBNTETRRCERRELEY I 2 —va VORKRIZEY, 20BXHO
ZEMEEBGEEL TV 5.

4.4 2HAHRERLE-EECIBEEREZETICETAIRFERE

R BR

AHETIL, WEHILIE TSRS 2 \EIS B T2 1T 59K 57 B FUR AR R IC oW
THINT T 5.

4.4.1 SHBHRERT

FAEEM AT 2SR IIHRATIHE O ZIZ/EH T % G-A-G (Ground to Air to Ground)
W EO K LS BBEEICEB T 25803 S AFET 52 L2 MR L, R
IV TR ) EEY$ 5 BAEIS S EIESME T Ol RN ST D
AGRER OMEERAL 1 XS SM400B TH 0, = OFIINEE % Table 4.4 |2, Z D4
F% % Table4.5 |29, REBRA TR A Figd 8 (RIS, UA Y H v ML DE02mm O
PIIBAINEA S, ZhEaln s T2 TaREFARLEmL V1D

Table 4.4 Mechanical properties.
Yield stress [MPa] Tensile strength [MPa] Elongation [%]
299 452 33
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Table 4.5 Chemical composition (wt%).

C Si Mn P S

Material 0.15 0.20 1.05 0.009 0.002

Rule Max 0.20 0.35 1.50 0.035 0.035
SM400B Min - - 0.60 - -

440
i_ 300 i
\- | /
O O - ! Initial crack O O
O S O
k |
O O ” t=4 O O
|~ N |
(a) General view. (b) Detail of an initial crack.

Fig.4.8 Specimen configuration used.

AFABRCERM S L T2IE 7561 % Table 4.6 (2, S /1 % Fig4.9 12”7

(7ABR ID) L4t : —EHRME OAR)E WIS SR .

(FRB% ID) Sadt M : Lt OIS P E D 5 (5O JEF T IIRIED Lt & [F55E D
e JE I — B DT & A S TS .

(FABR ID) Padt M : Sadt M DI RIi 7T & e/ INis 11 & @& LS i (GlsHi 5
EEmd5).

(FRB% ID) Sadt H 33 LU Padt H: Z1E 4L Sadt M & Padt M O35 ) % 30MPa
BN &S B2 IS .

(FRB% ID) Sadt L B3 LU Padt L : Z4E 4 Sadt M & Padt M D35 ) % 30MPa
WY S BT IETE.

(7R ID) Sadt LL : Sadt M D25 T) % 45MPa 8 S H 72 I .

(7R ID) Sadt LLL : Sadt M DY) /1% 60MPa Jiib 725 T TE.

(75 ID) Va4t HL : Sadt H & Sadt L ZRJEPIS 194 7 04 20,000 [B14EIHE: D
W his JITE.

(7B ID) Va4t HML : ‘F¥JJi /) % 65595-565-35[MPa] & &) X725 .

(7AB% ID) Ra4tD M : ‘F¥JIi 1% 65MPa & L 7= SEJIHEIS 11 E.

(7R ID) Ra4tD_HML : Ra4tD M DFHJIi )% 65595->65->35[MPa] & FEEIRIC
BE) S BTG EE.
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Table 4.6 Applied stress conditions

Amplitude [MPa] Mean
Test ID : Cycle term
Low High [MPa]
(a) L4t +0 +35
(b) Sa4t M £35 135 65
(©) Padt M +0 +70
(d) Sa4t H 135 +35 0
(e) Padt H 0 70 Throughout
63) Sadt L 135 135 35
(2) Padt L +0 +70
(h) Sadt LL 20
(1) Sad4t LLL 5
135 135
() Va4t HL 95—35
20, 000
(k) Va4t HML 65—95—65—35
Q) Ra4tD M 65 Throughout
Randam
(m) | Ra4tD_HML 65—95—65—35 20, 000

Table 4.9 (2R L2 IZBEME CTH Y, EBEOREBRIZBW T TR I % DiE =%
G TWET20, IRET RIS BZUREEY S 2 L—3 g U CIRERICEH S sl
Ji& JRE e N CRRATT & S L 7=

= a N
o 01 O
o O O

Stress: o[MPa]

|

(@) (€)]

(@) o
TTTTT T TT T TT T T T IR T[T T T T TTTTT

R

S
(@)
ol
(@)]
[ Ny

Time: {[s]

(a) L4t
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200
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Stress: o[MPa]
o o o
o O O

|
(o)
o

-100—

o

Time: 1[s]
(b) Sadt M

200

=
o
o

FETTTTTTTTT

Stress: o[MPa]
)
o

|

(&)

o O
TTTTTTTTT[TTTTTT

-100

R S —

[
xS 2 ‘ . N -
7 T L 7 7 Y A X
\ .

______________________________________________________________

’
e,

(@)

200

0.1 0.2 0.3 0.4
Time: {[s]

(c) Padt M

A
a O
o O O

Stress: o[MPa]
O
TTT E TTT |

-100—

o

Time: {[s]
(d) Sadt H
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200

=
o
o

Stress: o[MPa]
)
o

|

(&)}

o O
TTTTTTTTI T TTTTTTTTT

-100

~I.L1IIIII

(@)

0.1 0.2 0.3 0.4
Time: {[s]

(e) Padt H

200

— —
o

(=)
TTTTTTTTTTTT

N
(=)

Stress: o[MPa]
o

|
(@)]
o
TTTTTTTTT]

-100

(@)

200

Time: {[s]
(f) Sa4t L

=
o
o

Stress: o[MPa]
&)
o O

I
o)
o

~I-L1I|IIIIIIIII

-100

(@)

0.1 0.2 0.3 0.4
Time: {[s]

(g) Padt L
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N
o
o

A
o O
o O

Stress: o[MPa]

Time: {[s]
(h) Sa4t LL

N
o
o

A
o O
o O

N
(=)

Stress: o[MPa]

|
(o)
o O

_100|||||||||I|||||||||

Time: {[s]

o
o
(@) ]
RN
RN
(@)}
N

(i) Sadt LLL

200
20,000 cycles

]

—
o
o

100
50

0 _________________________________________________________

-50 20,000 cycles

— PN T T T T A T T T T N N T T T N N T T T O T
100 5 4

Stress: o|[MPa

o

Number of cycles (low frequency component): N, (X 104)

(i) Va4t HL
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200

150F Ll
'E' C
o 100¢f : n
& 50E T W L U
Q0 SO RSSSEAS S—— - I
(T) —50E 20,000 cycles »le 20,000 cycles=: 20,000 cycles== 20,000 cycles
_100:IIIIIIII>IDIIIIIII IIIIIIIII]>IhIIIIII IIIIIIIIJ\/|DIIIIIII IIIIIIIII:PI)IIIIIII
0 2 4 6 8
Number of cycles (low frequency component): N; (x 104)
(k) Vadt HML
200¢
= 150F
D_ -
= 100E
T _E
w S0
% C
R 1 i ¥
w u
-50F
_100:|||||||||I|||||||||
o 1 2 3 4 5 6 7 8 9 10
Time: {[s]
(1) Ra4tD M
—  200¢
& 150§
=, 100f
S - jy
4 o
g _502 20,000 cycles i 20,000 cycles | 20,000 cycles i Y 20,000 cycles
B S S TR < S e oy

Number of cycles (low frequency component): N, (x 104)

(m) Ra4t HML
Fig.4.9 Applied stress sequences

88



15 A , , ,.
P : ; i O-- L4t

— | : b : ¥ - Sadt M
S L : P : ; :é? - Padt M
é ' .A * : v i 3 A-- Sad4t H
S I 4 oo ¢ : y B A-- Pa4t H
~ i ; H Loé ; v o --v-- Sadt_L
- ® ' ;5 -7-- Padt_L
< L ) & T ¢ v . E‘,'V @ e -
= 10 i = p ¥ o ¥-- Sadt LL
(o)) ool ® . Y Ev .
S . : : Y vE. V-~ Sa4t_LLL
£ rO °°°° v V"@',V & --- Vadt_HL
c - o ﬁ % V" lE',V' & Al -<-- Vast_HML
2 A g h ‘Hy @ ¥ || -E- Ra4tD_M
© - 29| Yo ,” $ -
@© 4. LA VA 2 . <-- Ra4tD_HML
e A @ P
Q 65 '
o 5- K
| . '
o
> B
®

B .0
| S -
(&) O
- B

LSQ@FE " -0

ZomOr-197 "1 v 1 1o o g

0
0 0.5 1 1.5 2 2.5 3

Number of cycles (low frequency component): N, (x 105)

Fig.4.10 Measured fatigue crack growth curves under various stress conditions.

Fig.4.10 |3 BIUREARBROFE R L L TH LNV A 7 MV L BRRIEEOBER T
2. ZZTHA 7 NVEIIREWIE IRy DR LI TR L Tk v, AR nERII=
YTTAT L ARIEIC LD RS S .

Fig4.10 XV, EDOWEIEINTIBNT b EEIL SIGAMF OF 55 BEUARE A3 k& 5
ORI RFEIEEE LV LN LR TE 5. £, HERSM & OB ED
Kx DEMHIZEBNT LSNP RENVTDMERE D ITEH N &, Sadt H &, Sadt M D
GIREHREE DT L A CHEL Sadt M & Sadt L DR S BIUREEE DEN K H R E W
TELHERTED.

4.4.2 BHHER2

bk & NE, BERISIER T 2 #tdh F 72 & R JEH )5 /) O #§uR LI whipping <° springing
LOMMEIRBINEE T 2 K 0 REBIS G TSR 29 57 ARRREE B 2 MEE L T
W5,

AFRER Ol U 7308 8R4 1 B AV S HROE AR 8 KA36 Th 5. kst o
FEMRIOMEE A Table 4.7, {L2AHHAL % Table 4.8 (2R3, BRI IZ Figd. 11 (R$ ik
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FiEeaZRE A (CCTRER ) &L, IRARE SIL40mm Th 5. PI@RZRIERITY
AYXY Ay FEHOTEE 02mm, £ Imm 2 LA I TW5.

Table 4.6 Mechanical properties
Yield stress [MPa] Tensile strength [MPa] Elongation [%]
457 577 20

Table 4.7Chemical composition (wt%)
C Si Mn P S Cu Ni Cr Mo | Ceq
Material 0.15 | 0.27 | 1.17 | 0.014 | 0.006 | 0.01 | 0.01 | 0.03 | 0.003 | 0.35
Rule | Max | 0.18 | 0.50 | 1.60 | 0.035 | 0.035 | 0.35 | 0.40 | 0.20 | 0.008 -
KA36 | Min - - 0.90 - - - - - - -
*Ceq=C+Mn/6+(Ni+Cu)/15+(Cr+Mo+V)/5

200
|
N
1700
\ 1
S
T

(a) General view (b) Detail of notches

Fig.4.11 Specimen configuration used.

Table 4.8 X (X Fig.4.12 \[C A2 79, (d) #RBR ID :L49HOOMO78 1% EH % 0.2Hz
DARJEAWIE ST Y, S SIRIEIE—EIS IRIETH 5. Z O—EHRMEI /)82 SHz
OEEEKR Y EBEEIEEZLON (b) B ID :L49H25M078 & (c) A B
ID :L49HI0MO78 T 5. F£7=, (c)L4OHIOMOT8 DItz IR TE & ik L 7= DIRIEDS (a)
AWk ID: LSOHOOMO78 THh 5. = BT, FEMIZIEHT 5 whipping JRE) 2 545 L 72 /)
W (f) 7Bk ID: L49H88M137 D & (g) #klk ID: L49H88M137 D ThH DH. FEMiZAL
% whipping (Z 2 K3 2 PR E) oD JE BT IARSE I DR Z B 1D 1/5 BREETH Y, AKJH
WIs ) 5, 6 WHICHEL THARTL2 2R EINTWD T, ) &R ID:
L49H88M137 D & (g) #Bk ID: L49H88MI137 D IZZ N A HELLZIE TH 5. (f) Hik
ID: L49H88M137 D L (g) #Bk ID: L49H8SM137 D O 2 50 BT % @A ks %
RN T AR B I SRR O B2 DTS (e) ID: LAGHOOM 137 T 5.
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Table 4.8 Applied stresses and damping conditions

Amplitude [MPa] Mean )
Test ID - Damping
Low High [MPa]
(a) L59HO00MO078 £58.8 +0.0
(b) L49H25M078 1245 84
(© L49H10MO078 9.8 ' None
(d) L49HOOMO78 10.0
+49.0
(e) L49HOOM137 10.0
) L49H88M137 D 188.2 137.2 )
Given
(2) L49H49M137 D 149.0

300

250
200
150
100
50
0

RYaY
EYATE)

Stress: o[MPa]

|
(o)
o

E
‘‘‘‘‘‘‘

NI
,,,,,,

o
—_

w
NE

5 6
Time: 1[s]

(a) LSOHOOMO78

Stress: o[MPa]

(b) L49

Time: 1[s]
H25MO078
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300
250

= N
o O
o O

RN
o
o
d

Stress: o[MPa]

(o))
o

o
N
N
w
N

5 6 7 8 9 10
Time: 7[s]

(c) L49H10M078

300
250
200
150
100

Stress: o[MPa]

(o))
o

(=)

o
OO
A
N -
w
g

5 6 7 8 9 10
Time: 1[s]

(d) L49HOOMO78

300
250
200
150
100

Stress: o[MPa]

(=)

(@)
o
TTTTTTITITTIT] 77T

|
(o))
o

o
N
N
w
N

5 6 7 8 9 10
Time: 1[s]

(e) L4ASHOOM 137
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300
250
200
150
100

50

Stress: o[MPa]

_50 1 1 1

4 5 6 7 8 9 10
Time: 7[s]

(f) LA9H88M 137 D

o
N
N
w

300
250
200
150
100

50

Stress: o[MPa]

_50 1 1 1

o
N
N
w
N

5 6 7 8 9 10
Time: 1[s]

(g) LA9H49M137 D
Fig.4.12 Applied stress sequences

Fig.4.13 3R B GERBROME R L L TEONTVA 7 1 L BEURFEROBIFR T
bHb. ZZTHA 7 NAEITRE RIS IR O LECEB L TR Y, BIUFEIX
RERA I SN Ty 7 =T W THIE SN TN A.

93



50 ,
- ! /
€ - | [
£ n | l
C [
% 40: + I ? o
= C l [
o) C l Yl / //
c C A | |
e 0 v
C -
S & yid
§ 20F 43% Y4 %/Q —A-- | 49H88M137_D
5 (4 / —v-- L49H49M137_D
S y /
X l# v /<>p/ —O-- L49HOOM137
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—v- L59HOOMO78
Y V | | | | | | | | | | | | | | | |

0.5 1 1.5 2

Number of cycles (low frequency component): N, (x 105)

Fig.4.13 Measured fatigue crack growth curves under various stress conditions

FRER ID: L49H10MO78 & 3RER ID: L59HOOMO78 (2 33 1F 5 I 57 S m ik B | X U E R
ETHD.

FRER ID:L49H25MO078 O i JE I ik /0 12 35 1 2 R I E5BR ID:L49H10MO78 O & J& i ik,
SPCBITHIEE LY HRkE W2, B ID:L49H25MO78 (2331 5 I8 55 U R IR 1T
R ID:L49H10MO78 (235 1F DI T BIUEHEEE L v b R= 0.

E O EEESRIC S LT, 35 ID:L49H88M137 D 21T 5 & E 4y &
IRME 1L FABR ID:L49H4AOMI37 D 12 BT 2 @A ko oEE L v K& <, &K
ID:L49H88M 137 D D% 55 & ZHmik i 1 X7 BR 1D:L49H49M 137 D DI 55 S m i ik E
LD REV.
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4.4.3 ZHEHER3

Sumi” (X, MRRIHUATHICHEE T S IRA B ) & SEEI, HAEE, slamming &
whipping 25 % BHE S E 7 E, AKEFIC LD 3OS 2 AR LK 5 BEURTE

RBRE 1T > T 5.

AN IR (SM490A) TH v, HEARAIIEE & RBR A TEIR 2 £ Table 4.9,

Fig.4.14 {Z/R” 7.

Table 4.9 Mechanical properties

ARABRO RIS & Fig4.15 12,
PR BT & R L

(A% ID) W-1.0 :
(A% ID) WH-1.0 :

(FAB% ID) WS-1.0 :

Yield stress [MPa] Tensile strength [MPa]
353 533
125
a
| A— W =100
1=6
unit : [mm]

Fig.4.14 Specimen configuration used

SER S} % Table 4.10 1277,
= — RG]

W-1.0 [Z—EHRIE O & J8 i 2 HE Sk E.

1.5/ 1L T W-1.0 [CEE S8 7-KE.

95

W-1.0 IZJ3= 3 2T 2 & B 2 EE S E
(FABR ID) M-1.0 : WS-1.0 DIRIE 284 L= E.
(GABR ID) WS-0.5 B LT WS-1.5 : WS-1.0 O & B ORI 2 1 Fh 0.5 £,

(B ID) M-0.5 BL T M-1.5 : WS-0.5 & WS-1.5 ZA1f& LT e 1 TR,



Table 4.10 Applied load conditions.

- Mean Amplitude
Test ID | Load conditions
[KN] [KN]
(a) | W-1.0 Basic constant amplitude test 8.83 1.97
(b) | W-2.0 Load level is twice as high as W-1.0 8.83 3.92
W-1.0+High frequency constant amplitude
(¢) | WH-1.0 _ ] 8.83 3.92
with the same amplitude
W-1.0+Slam-induced dynamic stress of the
(d) | WS-1.0 _ 8.83 3.22
same amplitude
W-1.0+Slam-induced dynamic stress of the half
(e) | WS-0.5 ] 8.83 3.22
amplitude
W-1.0+Slam-induced dynamic stress of the
() | WS-1.5 ] 8.83 2.52
150% amplitude
Low frequency stress with the same maximum
(g) | M-1.0 o 8.83 2.52
and minimum stresses as those of WS-1.0
Low frequency stress with the same maximum
(h) | M-0.5 o 8.83 3.98
and minimum stresses as those of WS-0.5
) Low frequency stress with the same maximum
(i) | M-1.5 8.83 3.98

and minimum stresses as those of WS-1.5
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Fig.4.15 Applied loading sequences
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Fig.4.16 [3)& 77 B EUSRERBOFE R & LTI b A 7 V& BRISHE & O BIfR
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Fig.4.16 Comparison of fatigue crack propagation.

B ID: WS-1.0, WS-0.5, WS-1.5 O 57 BEZURFEHRE % bl 2 L EE T 2 & 8K
MR E VIR, W RBIEHERENRKRE NI LR TE 5.
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4.4.4 B4

R HIc L 22MER 2 1251 &fFiE, AARWHEHSE PO ET 2R & 280
THRIRIZER 3 D fiEdh T 72 & R JE A O i 7] O #8K LIZ whipping <° springing %5 O j MR
PN EET D LD BB M TSR T 2 T BIUEEEEOMGEN FE S vz, it
AMIT LR (= A FAnfkIHE) BikE TSR AH36 Th D, MIIMEE &btk
Table 4.11 & Table 4.12 (ZZ N iR T . kbR ~HEIL Figd. 1l LRI THS.

Table 4.11 Mechanical properties
Yield stress [MPa] Tensile strength [MPa] Elongation [%]
435 526 24

Table 4.12Chemical composition (wt%)

C Si Mn P S Cu Ni Cr Mo | Ceq

Material 0.15 | 0.37 | 1.17 | 0.014 | 0.006 | 0.01 | 0.01 | 0.03 | 0.003 | 0.35
2.4-

Rule | Max | 0.21 | 0.50 0.035 | 0.035 - - - - -
6C

AH36 | Min - - 2.5C - - - - - - -

*Ceq=C+Mn/6+(Ni+Cu)/15+(Cr+Mo+V)/5

AGRBRIZ BT HiBR A% Table 4.13 (Z” L, IS % Fig4.17 ;TT Bk ID:
L49HOOM137 1T — ERME OIS N ThH v, & ID: L49H25M137 [T HR 1D:
L49HOOM 137 DI T @ E D — ERREIG 1 2 BE S RIETH 5. if:, =
WA PR L T D b DITREIC D 25 LTEHY, ARG CIIARE RS iRE 2
49MPa & L, &8 IRIEAR A B IRIE Y 0.25~1.00 £ T 0.25 A TS DOSMEN 2% E
&7z, Table4.13 O IRIE OAIZ"Randam” & 70 S 1072 3B S (AR E I il 25 73 32
FRE IS R OMEHN IS IO E B L2 D TH D,

Table 4.13 Applied stress and damping conditions.

Amplitude [MPa] M Stress | Cycle | Number
ean
Test ID ) Damping | ratio | Ratio of
Low High | [MPa]
(H/L) | (H/L) tests
(a) | L49HOOM 137 +00.0 0. 00 0 2
None
(b) | L4A9H25M137 1245 137 0. 50 5 2
(c) | L49HI2M137 D | +49.0 +12.3 2' 0. 25 2
(d) | L49H25M137_D 124.5 Given | 0. 50 5 2
(e) | L49H37M137 D 136.7 0. 75 2
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(f) | L49H49M137 D +49.0 1. 00 1
(g) | LA9H88M137_D 188.2 1. 80 1
(h) | L25H25M137_D 125.0 £25.0 1. 00 2
(i) | L91H46M137 D 914 +45.7 0. 50 2
() | L¥**HOOM137 +00.0 0. 00 0 1
Random :

(k) | L**H54M137 D +54.0 Given - 5 1

300¢

— 250E

4 200

= -

T 150¢f
g 1oo§—
& 50F
]
_50: 1 1 1 1 1 1 1 1 1
0 0.102030405060.70809 1
Time: {[s]
(a) L4A9HOOM 137
300
—. 250
L
s 200
© q50L" 1 MY _ b I A O O L O L O
g 100
n 50
0 ____________________________________________________________________
42 3 4 5 6 7 8 9 10
Time: 1[s]
(b) L49H25M 137
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Fig.4.17 Applied stress sequences

Fig.4.18 TR B GERBROMER L L TELNT-VA 7 1V L BEURFEROBIFR T
bb. ZZTHA 7 NAEITRE IS IS O L CE L TR Y, AIUFEIX
RERA A SN T v 7 =T W THIE STV A.
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Fig.4.18 Measured crack growth curves under various stress conditions
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MNZ X% RPG i EILHEDIE FBIURTRA  (da/dN=C(AKrpe)™) %36 FH L 72

4.5.1 SRR 1 &L DOLLEBIRETE

BRI /T A—% C, m % Table 4.13 |29 S MERER 1V 124 5 kIS R &7z
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D3, AN ) AR YA & DR E N HEERE RN LT T B LR T D729, Eimi0
[N/mm] & &imi=0.3 [N/mm] D355 THEAT L, FEHEFER L& O H17- 72,

Table 4.13 Material constants of fatigue crack estimation law based on RPG criterion
Cc m
1.932x107" 2.091

W7 BERARIE B ARSI RSy DY A 7 VB OBIRIC DWW TORER I 2 LU T ISR T
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Table 4.14 Material constants of fatigue crack estimation law based on RPG criterion
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Fig.4.21 Comparison of measured crack growth curves with estimated ones.
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Table 4.16Material constants of fatigue crack estimation law based on RPG criterion
C m
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R T LR EAENRETH S Z LA L.
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o ADISNIEREZ G now/ns=4 OEEIX,  Emie O[N/mm] & 5% E.
° BADIETIEIE 2B E T2 now/nsp=4 & niow/nsp="5 DA 1T Eiimir= 0.3[N/mm] & RRE.

15 DAV T B FUR TR R IE 2 AR il oy D A 7 VAL CHREBR L 7o/ % Fig.5.6 127R
T AR LIRS, WTNOgGE S, A TRET DR TRREE L I 2
—YarvEEAT 5 LT, i) BAFIOE BRI 2 HEE R Th 5 LT
5. B, WTFNOAMBRESMIZBW TS, I B T3 E w03 HER 5 L v
ST RIURREN R, RIS T TRIERS RS HEERE IR L 0 9% 77 B EURTR AV M
2R L TWDD, ZHUE, AL CTERA L2 AK,,, /3T A —X L9 D57 R5URIE
RIOMBIEE C, m, I m EORBEITERT 5 LHEIND. —RICHE TG CERE
BREZED, O 2XNZNENMLNTND I EMnD, Figs.6 (2R3 HEAIHE & O
EITHFRCTEIRELEZOND.

15

r]to’(aI/nS=4
Symbols: Measured

L Solid curve: Simulation

Half crack propagation length: Aa [mm]

4

Number of cycles (low frequency component): N; (x 105)

(a) Nyora/ns=4
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—_
[*2)

I r]’(otaI/nSD=4
14: Symbols: Measured
12+ Solid curve: Simulation &
10F @

Half crack propagation length : Aa [mm]

6

Number of cycles (low frequency component): N; (X 105)
(b) Notal/NsD=4

16
B r]’(otaI/nSDzs

14} ©
i Symbols: Measured

121 Solid curve: Simulation

10

Half crack propagation length : Aa [mm]

o 1 2 3 4 5 6 7

Number of cycles (low frequency component): N; (X 105)
(€) Ntotal/NsD=5

Fig.5.6 Comparison of fatigue crack growth curves in the case of various stress period.

Noa/Nsp= 4 & Ni/Msp= 5 DG ENTE T DI T RBRERTEMRT L I 2 L— a3 ViER %
B2 &, W B EMARERER CHEL L 7= BEIS IR OARJE RS DRI D5 &
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ZURTEDERE ZHBAETH L Z E VR TE 5. WHBRLHE L I 21— a Vo
BN BIE DARIL D —F % Fig.5.7 (=" T2, FBRFUE Eimie 0.3 [N/mm] % F[A] 5 IRRE
PRERE IS DB O KE 5y % Hd, ZOKRMOVNEEIND L L, fERELT,
oy 7 B EUE RR BB B L 7.

=7, now/ns=4 (2B L CRAIO BRI IR (Sx10*~1x 10°[F]) 21T 2 BHADIF
MR OEB 2 RBIGEY I 2L —32 a3 VCIEEAICRBETE WA 2.
Fig.5.7 1%, EEIS BB PR 2 2B O s b 55 iR w515 &
LTSNS BREEZ R L72bOTH D, RN SN X 5L, KEREE R
EFRBREOREEZA T DISNBREOHPE S BHOREICHFEGTHHOL LTINS
n, —EREIGHBRERELF DRETH D ERINEOTHLEEZLND.
FRIUGE Y S 2 L— a3 VICHEH SN TW A MBI O IGET)~ O3 2 B4R 1345 J5 i L i
FEEPHERTH LN, B LUEHHSEZBETELLHCEKET LI L0, AL IE
JEFh D FRRFVED B LFIZ XY, BB EREIX L VEETE 560 L HIFF
5.

1 Around Aa=2.0mm
4 - :Inputdata ©: RPG stress
1204 —: Effective stress history for fatigue crack

Stress [MPa]
oo

S1: Superimposed stress period

A
\/

Number of cycles (low frequency component): N;

(a) Nyora/ns=4
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180

- Around Ag=1.7mm
— 150F :Inputdata ©: RPG stress
D‘? | ——: Effective stress history for fatigue crack
2 1 20 : 4 \ M
% 90 e oo
o C
("5 60: \ ‘ \J » ‘ ‘
30k 3223 [cycle] e 116777[cycle]
- L1: Low frequency stress period -
0 < >
Number of cycles (low frequency component): N,
(b) Notal/NsD=4
180

Around Aa=1.7mm
150 ----- :Inputdata ©: RPG stress

120 —: Effective stress history for fatigue crack

-
i

Stress [MPa]

90 LI )

60F y CEECEE Y S

30k, 3222 [cycle] e 156778[cycle]
- L1: Low frequency stress period -

0 % »

Number of cycles (low frequency component): N,

(€) Nyora/nsp=5

Fig.5.7 Example of the effective stress sequences.
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5.3.1 E AP %LEE LI-HREBCHEHTDIEE
ARETIEZYPEIZOWTRGE LT BRREE Y I 2 b —va v a W T AR
(EREZENC M T T R EES IR OFRE OB S 5Eat 2 £ 5. k2
DFEFLE & RS — R (RER) ng 05y O BB & 2Tk < n B O ERE O
MAGDLELMEE Y FEFRL, netneZMEE Y MEY A 7 VE new & LATE & [FER
ICEFRT D. WIEHENA IR 2 HIOBFIE ndnew®*100 ZF L, ZiUZHke< 1 HiokK
FITRBREZ L ERT 5.

HIHARYR a=1.5[mm]DHRIE BB AR Z A+ 5 BREHICEB OB K HEIG ) E
JEDMER LT 6 DI T B FURTEIRNT 2 FEhi 3 2 . BOE LTS ) JRIE % Fig. 5.8 1R L,
LURIZIS B OB E 23R~ 5 .

() MXREBISHEREZER L3R WA sz hBEcds. LF
D (b) ~ (e) 1T (a) BHEHEL L CHEISH WM E ZNENEE S EIENEE
ThbH. T, WHERES Y —X (a)~(e)?D ID 13Tk ViZR S =B (a) 124
BT HHODOEKME —HIETND.

(b)  ISJIEREE (a) IZBWT, EEBEISHOERBIE (L) ZHEEGIHM (S) £T
R L, A RS OBPERT S E Lzb .

() ISHERE (a) (2R T, EEISTIOETMIM (S) ZAREBIE ) o/E I (L)
FTUER L, REBISHEGDOAPMERT 5L Licb D

(d ISHERE () TOEBSIMERBIICEWNT, Ihzaild 2B EERL,
I & &R K ) D EAEHR D e KAF & Fe/ N 1 O BAERR D e/ IME 2 fhiH L,
TS BRA RS RS & R RSO — SIS ERBERE E L TERSE
O, AP T Mg BT 258IERROEKRTHS.

() IJIERE (d) TIERR Lo A T CIER T2 & Lz b .
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L1 S1 L2 S2 L3 S3 L4 S4 LS5 S5 L6 S6

S:Superimposed stress
L:Low frequency stress

0 1 2 3 4 S} 6 7 8 9

Number of cycles (low frequency component): N, (x 105)

(a) Original

S:Superimposed stress
L:Low frequency stress

0 1 2 3 4 S) 6 7 8 9

Number of cycles (low frequency component): N, (x 105)

(b) Only low frequency stress

S1 S2 S3 S4 S5 S6

S:Superimposed stress
L:Low frequency stress

0 1 2 3 4 S} 6 7 8 9

Number of cycles (low frequency component): N, (x 105)

(¢) Only superimposed stress
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L1 SE1 L2 SE2 L3 SE3 L4 SE4 L5 SES5 L6 SE6

S:Superimposed stress SE:Stress with enveloping superimposed stress
L:Low frequency stress

0 1 2 3 4 S) 6 7 8 9

Number of cycles (low frequency component): N, (X 105)

(d) Envelope low frequency stress and original low frequency stress

SE1 SE2 SE3 SE4  SE5 SE6

S:Superimposed stress SE:Stress with enveloping superimposed stress
L:Low frequency stress

0 1 2 3 4 5 6 7 8 9

Number of cycles:N[ X 105cycles]

(e) Only enveloped low frequency stress

Fig.5.8 Applied loading conditions (Test ID: S3-3 25 2 1)

Fig.5.8 H OAKJE P i J1 a3 E AR Li X OVEEIS S ER I Si ot 5 L= g2 <
N Fig5.9 (R$. SR L 72SCHR V2R g 55388k Tl 4 O A X — v G 2
b=, fh 3 FEOLMICE LT Figs.8 EREEICA Y UV OnEERZ (a)
ELT (b) ~e) ITHYTDISBEAZ AR L, WHRARRE I 2L —ra 2 %E
T 5. FHliE O BRI ST Fig.5.9~Fig.5.14 (2R
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B0 3750
Time:{[s]
(j) S5
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Time:{[s]
(1) S6

Fig.5.9 Applied stress patterns in Fig.5.8
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L1 S1 L2 S2 L3 S3 L4 S4 LS5 S5 L6 S6

S:Superimposed stress
L:Low frequency stress

0 1 2 3 4 5 6 7 8 9

Number of cycles (low frequency component): N, (X 105)

(a) Original

L1 L2 L3 L4 LS L6

® - . ® L 2 - .

S:Superimposed stress
L:Low frequency stress

0 1 2 3 4 5 6 7 8 9

Number of cycles (low frequency component): N, (X 105)

(b) Only low frequency stress

S1 S2 S3 S4 S5 S6

S:Superimposed stress
L:Low frequency stress

0 1 2 3 4 5 6 7 8 9

Number of cycles (low frequency component): N, (x 105)

(¢) Only superimposed stress
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L1 SE1 L2 SE2 L3 SE3 L4 SE4 L5 SE5 L6 SEG6

L:Low frequency stress

S:Superimposed stress  SE:Stress with enveloping superimposed stress

0 1 2 3 4 5 6 7 8

9

Number of cycles (low frequency component): N, (x 105)

(d) Envelope low frequency stress and original low frequency stress

SE1 SE2 SE3 SE4  SE5 SE6

L:Low frequency stress

S:Superimposed stress SE:Stress with enveloping superimposed stress

0 1 2 3 4 5 6 7 8 9
Number of cycles:N[ X 1050ycles]
(e) Only enveloped low frequency stress
Fig.5.10 Applied loading conditions (Test ID: S3-3 25 2 2)
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Fig.5.11 Applied stress patterns in Fig.5.10
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L1 S1 L2 S2 L3 S3

S:Superimposed stress
L:Low frequency stress

0 1 2 3 4 5

Number of cycles (low frequency component): N, (X 105)

(a) Original

L1 L2 L3

® - @ o

S:Superimposed stress
L:Low frequency stress

0 1 2 3 4 5

Number of cycles (low frequency component): N, (X 105)

(b) Only low frequency stress

S1 S2 S3

S:Superimposed stress
L:Low frequency stress

0 1 2 3 4 5

Number of cycles (low frequency component): N, (X 105)

(¢) Only superimposed stress
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L1 SE1 L2 SE2 L3 SE3

S:Superimposed stress SE:Stress with enveloping superimposed stress
L:Low frequency stress

0 1 2 3 4 5

Number of cycles (low frequency component): N, (x 105)

(d) Envelope low frequency stress and original low frequency stress

SE1 SE2 SE3

S:Superimposed stress SE:Stress with enveloping superimposed stress
L:Low frequency stress

0 1 2 3 4 5

Number of cycles (low frequency component): N, (x 105)

(e) Only enveloped low frequency stress
Fig.5.12 Applied loading conditions (Test ID: S3-3 50 2 1)
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Fig.5.13 Applied stress patterns in Fig.5.12
S1 L1 S2 L2 S3

S:Superimposed stress
L:Low frequency stress

0 1 2 3 4

Number of cycles (low frequency component): N, (X 105)

(a) Original
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L1 L2 L3

S:Superimposed stress
L:Low frequency stress

0

1 2 3 4

Number of cycles (low frequency component): N, (X 105)

(b) Only low frequency stress

S1 S2 S3

S:Superimposed stress
L:Low frequency stress

0

1 2 3 4

Number of cycles (low frequency component): N, (X 105)

(¢) Only superimposed stress

SE1 L1 SE2 L2 SE3

S:Superimposed stress SE:Stress with enveloping superimposed stress
L:Low frequency stress

0 1 2 3 4

Number of cycles (low frequency component): N, (X 105)

(d) Envelope low frequency stress and original low frequency stress

161



SE1 SE2 SE3

S:Superimposed stress SE:Stress with enveloping superimposed stress
L:Low frequency stress

0 1 2 3 4

Number of cycles (low frequency component): N, (x 105)

(e) Only enveloped low frequency stress
Fig.5.14 Applied loading conditions (Test ID: S3-3 50 2 2)
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Fig.5.15 Applied stress patterns in Fig.5.14
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WHRRRIEY I 2 b —ra U EAWTE DIV T BB TR B IE & ARJE I sy o
A 7 E ORISR % Fig.5.16 IR

3.0
— : Original ,
-------- : Only low frequency stress J
'g‘ ro----- : Only superimposed stress K4
o - —-—- :Enveloped stress and /
— | original low frequency stress
s 2.5F y y
N : Only enveloped stress K /
& I S
; i ,/ '/’,l- ///
(&) B Ve L e
®© g ot e
— / - s
© 20F . R
= s e Ll
© L e V™
T RNy,
/¢ —/' o
B g ’/
’/
L o
T Loading sequence: S3-3 25 2 1
1 5 1 1 1 1 1 1 1 1
0 3 6 9

Number of cycles (low frequency component): N, (X 105)

(a) S3-3 25 2 1

25
r ——— :Original
-------- : Only low frequency stress

'g‘ ro----- : Only superimposed stress
o —-—- :Enveloped stress and
';' i original low frequency stress
N — "7 :Onlyenveloped stress /
£ 0 s
2 /
o 2.0F /
i~
&} B g J/
o e L/
© 7 /'./
T T R
T R

B ’/' /'//_/‘

T
- e
==~ Loading sequence: S3-3_25_2 2
1 .5 1 1 1 1 1 1 1

0 2 4 6 8
Number of cycles (low frequency component): N, (X 105)

(b)S3-3 25 2 2
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2.1

——— : Original /
-------- : Only low frequency stress !
- : Only superimposed stress J
=3 —-—-:Enveloped stress and / .
£ original low frequency stress ,* J/
s 19 — — : Only enveloped stress /" /,/
= T
< /
8) I, l/ /‘
5 i ’/ /,/ z
Xx 7
< 7.
o <
3} L o
o 1.7 s
@©
Ko /"/‘/’/
-
o
- ///'
I/ .
. Loading sequence: S3-3_50_2_1
1.5 ; 3 4

0
Number of cycles (low frequency component): N, (X 105)

2.0

N N
o ©

—_—
~

Half crack length: a [mm]

N
(o))

1.5

1 2 3 4 5

(c) S3-3 50 2 1

- : Enveloped stress and

: Original
: Only low frequency stress
: Only superimposed stress

original low frequency stress
: Only enveloped stress

Loading sequence: S3-3 50 2 2

0
Number of cycles (low frequency component): N, (X 105)

1 2 3 4

(d)S3-3.50 2 2

Fig.5.16 Comparison of fatigue crack growth curves in the case of various stress period
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T, ZR LI DORETFRERT (a) O A SR ) HPHICHE L BT 5 &,
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BARERERHNE W) BRAIOFRER Lol
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0.02 —
. @ : Original
— L < 1 Only low frequency stress
S | O : Only superimposed stress
£ | A : Enveloped low frequency stress and
3 I original low frequency stress
" v : Only enveloped low frequency stress
- A

N EN, 7
Kz I 4 vvvvVVvvvvvvvvvvvvvévmeopA
P -
C
5 -
o 0.01 i
7
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o L
o) -
=
-.C_U' -
[ L
e
_.03 L
< L

O 1 1 1 1

4 6

Number of cycles (low frequency component): N, (x 105)
(a) S3-3 25 2 1
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0.01

0.008

0.006}

0.004}

0.002f

Alternating plastic zone size: ® [mm]

< D> O¢e

A
A
A

“\\ [ )
A
A "‘“‘““\"“\“\“‘“\““V‘“\\“““““““““\“V
[ ]
[ ]

: Original
: Only low frequency stress
: Only superimposed stress

: Enveloped low frequency stress and

original low frequency stress

: Only enveloped low frequency stress

35

3 3.5 4 4.5
Number of cycles (low frequency component): N, (x 105)

(b)S3-3 25 2 2

0.02 —
- ® : Original
. L <& 1 Only low frequency stress
c | O : Only superimposed stress
£ 0016l & : Enveloped low frequency stress and
e original low frequency stress
o | v : Only enveloped low frequency stress
o 0.012F
C
S .
N -
O i
@ 0.008}
o L
o) .
£
‘.C_U' -
£ 0.0041 °
2 i ! o ° «
< i i e o oH
% 15 2 25

3

Number of cycles (low frequency component): N, (x 105)

(c) S3-3 50 2 1
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0.014
@ Original

= <& Only low frequency stress

0.012+ O Only superimposed stress
EV Enveloped low frequency stress and
8 - original low frequency stress
o v Only enveloped low frequency stress
N 0.01F
(O] L
c
R
o 0.008}
@ .
K
o
,0.006F
£
-OCE -
c
© 0.004r
< I

0.002 : : : : : : :

1 2 3

Number of cycles (low frequency component): N, (x 105)
(d)S3-3 50 2 2
Fig.5.17 Relationship between the alternating plastic zone size and the applied stress cycles of

low frequency component
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5.3.2 EEREHEIMZZERE L-BREEGHEHTDHE

Fig.5.8 (a) KO Fig.5.12 (a) 125 L= eI FBIREIC 35T, K8 i s o BR800
SEHEA OMREBISHEGEZIED, 2N DOFRETEFTRRRE I 21— a v
ZFEM LTz, EOMRESSERE% Fig.5.18 & Fig.5.19 |27
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L1 S1 L2 S2 L3 S3 L4 S4 L5 S5 L6 S6

S: Superimposed stress

L :Low frequency stress
prrevr e bvvrvreevabrv e bverrer e berrerrver bevrrrrera bverrrrra e liiniaaig

0 1 2 3 4 5 6 7 8 9

Number of cycles (low frequency component): N, (x 105)

(a) Original

L1 S1 L2 L3 S3 L4 S4 LS5 S5 L6 S6

S: Superimposed stress
L :Low frequency stress

0 1 2 3 4 5 6 7 8
Number of cycles (low frequency component): N, (X 105)

(b) Lv1 increment of low frequency stress

9

L1 S1 L2 L3 L4 S4 LS5 S5 L6 S6

@ °

S: Superimposed stress

L :Low frequency stress
AERNEEERA NN RN RN RARN AR NNNRRARA NN A NN ANN NN RNNANRNN NN NA NNRNNNNRNA RNRNANEN

0 1 2 3 4 5 6 7 8 9

Number of cycles (low frequency component): N, (x 105)

(¢) Lv2 increment of low frequency stress
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L1 S1 L2 L3 L4 L5 S5 L6 S6

@ ° 2

S: Superimposed stress
L :Low frequency stress

0 1 2 3 4 5 6 7 8 9
Number of cycles (low frequency component): N, (x 105)

(d) Lv3 increment of low frequency stress

S:Superimposed stress
L:Low frequency stress

0 1 2 3 4 5 6 7 8 9

Number of cycles (low frequency component): N, (x 105)

(e) Only low frequency stress
Fig.5.18 Applied loading conditions (ID: S3-3 25 2 1)

S: Superimposed stress
L: Low frequency stress

0 1 2 3 4 5
Number of cycles (low frequency component): N, (X 105)

(a) Original
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S:Superimposed stress
L:Low frequency stress

0 1 2 3 4 5
Number of cycles (low frequency component): N, (x 105)

(b) Lv1 increment of low frequency stress

S:Superimposed stress
L:Low frequency stress

0 1 2 3 4 5
Number of cycles (low frequency component): N, (x 105)

(¢) Lv2 increment of low frequency stress

L: Low frequency stress

0 1 2 3 4 5
Number of cycles (low frequency component): N; (X 105)

(d) Only low frequency stress
Fig.5.19 Applied loading conditions (ID: S3-3 50 2 1)
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DL I D 2 E B IND.
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—— : Original

-------- : Only low frequency stress

------ : Lv1 of low frequency stress

—-—- :Lv2 of low frequency stress B

L :Lv3 of low frequency stress 7

P4

%

”

Half crack length: a [mm]
N
=

Loading sequence: S3-3 25 2 1

1'50 3 6 9

Number of cycles (low frequency component): N; (x 105)

(a) Overall view

172



2.4
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S

é
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5 L

X

5}

g : Original

w— | s e : Only low frequency stress

f —————— : Lv1 of low frequency stress
—-—- :Lv2 of low frequency stress
— -~ :Lv3 of low frequency stress

Loading sequence: S3-3 25 2 1
2.0 ' - ' -

6 | 7 8 9
Number of cycles (low frequency component): N, (x 105)
(b) Enlarged view
Fig.5.20 Comparison of fatigue crack growth curves in the case of increasing low frequency

stress period
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Half crack length: a [mm]

1.9

—
N
T

: Original
: Only low frequency stress
: Lv1 of low frequency stress

: Lv2 of low frequency stress 4
4
4
7
7
/7

Loading sequence: S3-3 50 1

1.5
0

1 2 3 4 5

Number of cycles (low frequency component)N, (x 105)

Half crack length: a [mm]

(a) Overall view

1.7

1.5

: Original ,/
: Only low frequency stress /;7
: Lv1 of low frequency stress /4

: Lv2 of low frequency stress £/

D
D
D
D

4
4
4

Loading sequence: S3-3 50 1

0

1 2 3

Number of cycles (low frequency component)N; (x 105)

(b) Enlarge view 1
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[ = Original
[ : Only low frequency stress
: —-—-:Lv1 of low frequency stress
? L — "~ :Lv2 of low frequency stress
E
S
4.-‘_::
o
c
5 L
X
O
o
o
Y=
®©
I
] A Loading sequence: S3-3_50_1

3 4 5
Number of cycles (low frequency component): N, (x 105)
(c) Enlarge view 2
Fig.5.21 Comparison of fatigue crack growth curves in the case of increasing low frequency

stress period
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Fig.A.1 Coordinate system for the weight function.
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Boundary correction factor: K/{g, (m)wz/Q}
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Curves: Weight function method
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Fig.A.2 Dimensionless stress intensity factor (¢=r/2)
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Fig.A.3 Dimensionless stress intensity factor (6=0)
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Fig.A.4 Comparison of the COD profile by eq (A. 14) with FE analysis under elastic condition
over Y axis
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Fig.A.5 The principle of superposition for 3D cracks.
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Fig.A.6 Comparison of plastic zone shape between FEM and SYM for surface crack.
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Fig.A.7 Dimensionless COD along crack line.
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