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Numerical simulation of coupling propagation of multiple fatigue cracks
in diaphragm of steel bridge deck

LIU Yang'*, LUO Yicheng', LU Naiwei', WANG Zitong', WANG Honghao'
(1.School of Civil and Environmental Engineering, Changsha University of Scinece & Technology, Changsha 410114,
China;2.School of Civil Engineering, Hunan University of Technology, Zhuzhou 412000, China)

Abstract: [Purposes] Multiple fatigue cracks are prone to initiation at the arc-shaped opening of the
diaphragm of an orthotropic steel bridge deck under long-term operation, which poses a great threat to
the safety of the bridge. Studying the coupling propagation characteristics of these cracks can better
ensure the safety of the bridge. [ Methods] The numerical model for the propagation of double fatigue
cracks at the arc-shaped opening of a diaphragm was established by combining the theory of linear
elastic fracture mechanics and ABAQUS-FRANC3D interactive modeling technology. The crack
propagation characteristics of single cracks and double cracks were analyzed to reveal the influence of
initial crack shape ratio on the coupling propagation effect. [ Findings ] The fatigue cracks at the arc-
shaped opening of the diaphragm are composite cracks dominated by type I. Compared to the

propagation of single fatigue cracks, the coupling propagation of double fatigue cracks has a decreased
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stress intensity factor, and there is a mutual unloading effect of stress around the propagation area.
After a certain number of loading cycles of double fatigue cracks with the same initial shape, the stress
intensity factor of one of the cracks first increases and then gradually decreases below the crack
propagation threshold. Afterward, the crack propagation form transforms from multi-crack propagation
to single-crack propagation. The propagation pattern and results remain the same when the initial shape
of the two cracks is changed. The propagation of the main crack is greatly slowed down by the mutual
unloading effect of stress during the coupling propagation of the double cracks. The propagation length
of the single cracks can be up to 2.19 times that of the double cracks for the same number of cycles.
[ Conclusions] In this study, the coupling propagation law of multiple fatigue cracks at the arc-shaped
opening of the diaphragm is revealed by using ABAQUS-FRANC3D interactive modeling technology
with high computational efficiency and accuracy. The research results can provide a reference for the
analysis of this kind of fatigue problems.

Key words: steel bridge deck; arc-shaped opening of diaphragm; multiple crack; stress intensity

factor; crack propagation

1F 22 S A A T A R G 1 7 2 AR T, AN
RENEIE N Z AR AL B MR 45 14, iR RE AR A T 42 1 738
P, LA KBS B R e h AR 3 Tz
SR AN T AR 25 5 & B9 57 154 B A 5 U i
F2 A B IO FFFL AL 1495 57 FF 2402 Hrp e o0 L
(9% 57 998 T 22— I BRI
1B BT BRI

HERRAR 5 U B 2240 9 38 FF LR 007 A7 7E —F
AN ()9 55 FT 42D | 3 P R 2 1) 777 A A7 R R
D7 £ AR, AR S 1 R . 298 C .
L8006 T REBR AR 5 U B 3% 2 b A A% T ity 1 A B
A7, W RE B AR A ml MR B R 5 T 2B R ¢, 2
G RERRAR S U B i 32 A FR 4% T i A K E 47, 7
U B EEpE 9 5 R 2K C, - 4 8hh TR B AR TR
FLARAL R 7 e X, VAR PR AR R R .k e AR
Xif [ PN 32 47 s ] 36 15 4F RO Rk A7 0% 95 S a4t
TF, P RE R AR 5 U 3% 2 A 1) 480 K A B A IO
FEFLEBAOL IR ZELL 5300 5 A HF 24201 88% Fl1 9%, 7K

B AFabk 5 TR X
Fig. 1 Types of fatigue cracking in diaphragm

THHRAE I GETT 1 7R 5t 2 Ak E R A B b A AR
S SRR T AR A4 9% 57 280 (247 000N H 1T Ul
I U 5 B A O b K B NI T L AR A2 149
55 FBCERAE AN BT 5 T R ik 38% .

A UL R AT B )y
ARV 3 2500 T R R Al 1) 52 0 P E B AT B
Mi, CONNOR™HFFE 1 IEIFFLATEAR | B2 LA S A
e Al Bk A 4 J5E R X 45 44 52 T PR RE BRI, T A T
PR E518 Y90 ITFLAG e BE O U il BE R 173 ~
172, 9 BRI FL S 0 ) 1T I, 2540 A4 32 1
RERBOS 1T BN ORIE . Z94% ) S5 45 G SEbr TR th 220
7 280 55 S B L 5t B B BT T L AR 32 10 e 2
IS FEA RN g o X 45 80 55 45 S A 5
A BRITHAT  WF5E T BRI S U Al % He b 47 5% K7
FALIE 55 B RV L G5l F i . RS SE B
58 T Rk S U M 3% 4 A T T FLAR AL 1 52 ) ¢
fiE, dE 7 7 RS B AR e B2 RS A 2

FURT, AW B BT R 22 2R A T PR Y T
120, M 22 2R8I I B 22 A LR TR R 2
LR AR AT, 5 2 B X S AR S 229 57 R
(multi-fatigue crack, MFC)Z5H) ) 38T . 5 P24 404H
Lo, 2R AR A S S B T AR Je T
2% HFTE X NN R JI TS o AESEPrtas
Frh BRI T LIX AT A AR 22 FR 0 55 8, AR
7, BT XX —BAREIE B B4 SR /b . SHEN 2§
WH9E T 2 2SO BAE IHLEE 45 2 1 1 ) 58 5 [R5
AL XSS AIX . Gl B T RSB AR IO AL
Qb WU 57 REBL YT R (B TR B AR R 1Y

A5 W Ak < https: //jtkxyge. csust. edu. cn/jtkxyge/home 89



x @ A

5 T 2 %41 %

SO, BT X R R ARTORE T FLAL H B 2295 55 2445 )
B, A IR T 25 6 2 IR B RE A Rl A%
ZMHER, U 2R H ST RAE TN

R T RS B AT TR PR A IR LR AL 2 A4
55 RBP4 6 4Btk W T 2 B A
ABAQUS-FRANC3D 3¢ B # B A, g 57 T 48 i Al
SIE FF AL B LB 55 24404 J A BB AR A, X [h 43
BT T B35 57 R BCRNRUE 55 2808 R R T
WIGR BLBOLAS LEHFR G4 AN 1Y 52 i ML

1 HgRimMaERFRIENX

LR W 2R T Sk ) N T IR A S R AN AT
AR (48 55 VAL L 1205 1 RGO DL R i
IR/ IV IR . Horp 057 280 d%
Y FE ] oy Sy TR iR IFAL) | IR (3 O 24) i I
(W) e =2 . BT EM 2 B LI S 2%
P, R AR I AL AR AL 95 55 T R4 A 2 3 — Aol
F R R MR IR R, IR I 225 5 5 S8 A5 26
U RN HE RO RE R0 S
Bz — I 57 R I D 5 R TR 5 4 R TR
FHRFERE Y RAFIE R G H 2

AR SCHR ] SCHR [15-16 ] 82t iy M-FRA3 2 1
BYA BROCERAF 34T Hh =M [ 28 B8 55 2800
Ty BE N TR . ARk nTR

(2) (1)
MO = f (a(naui i U(;)‘}L _
r 7 ox, Y ox,

W“~2>5U)ﬂds/f1q
ox;
(1)

K. I RIS BRI B 4% 5i=1,255=1, 25,
g B B R BB 43 B 3 0, Sh AL S B A e 5 6, W
HTHRL A A SE, AR TIFE0, 28 THFIRCL
g HTEBLASH N 1 AEF G R R 0 R B A, =
[ s q B BRI L RS B SR g
RS AT s WO A AR RS R BE 5 R -

W(IYZ) — O.(i]})gf:fZ) — 0-5_’,‘2)‘95‘,]‘1) (2)
Ao, R S 5, R A RE 5 AR (1) (2) 43
SRR S BRI A4 B

2 ABAQUS-FRANC3DE:LSEIENT

2.1 ABAQUS-FRANC3D X HZEEH A
S5HBRICEMLEL, R ook B & THE m R H. 4,

FAIXAEH AT FE AL . FRANC3D #FREXT B A
AT B AR AL AT N A 3 1 25 X145, i 5 rT o
FH ABAQUS 3R {217 5R Al , LARRAR B — A7 FROT R
AT RGO BB B TAE &, A 8 S R RS
TG R A LT R SGIEATY R 43T . ABAQUS
5 FRANC3D B & @A Hrim AR & 2 B .

—_——

¥ ABAQUS L Yy
SERE AT FROTAR Y } : :
I

\ U R || BRI AR

r

| [ =xmass SIAREOT
| 5
!

\

I

hRE 22

T VO R QI Y S S

2 ABAQUS 5 FRANC3D B4 A #r 2
Fig. 2 Joint modeling analysis process of ABAQUS &
FRANC3D

KR HTIRAR N -

1) fifi FH ABAQUS 43l 8 57 5 & i) A7 BR e 5 A2l
5B e 43 M e B AR

2) B E AV IR a0 T RS A FRANC3D
TR AR RS S R B 43 I ABAQUS 47
Ay RS wmIT A AR E SR THAY R

3) PEAR T T x4 5 Ay R 28 1k S AR AR 1
U 2SR ET v BB T A I A R TT
AR A5 31 T B 24 80 A 7 77 5 B DR 9 0 L
FFAT o
22 ART#ER

AR SCBE W N RS R T2 1) DE 58 S AT
AR MBS RS , 38 1 ABAQUS FE 7 17 Bk 1 ik
T30 1500, Hod A 46 54 U R A 4 ks Bmdi . TR
JE 16 mm, UME 8 mm, U E O T O %505k
300,170 mm , AR 12 mm , B 5% A 9 1] ] 2y 3
mo KFH Q345 WA, HBPERL Rl 210 GPa, A L
0.3, AT AU Bl 290K PR 5 K, SR A
BERIET5%, RS U EC R 24 g 2 mm, 1F
A S AN T T B A G 5] 3 IR o

SCHR [ 17 ] 5% B 1 ) A S AL AT T R A
A3 M, 26 BURE ] K BE 900 mm L\ [ 4 BE 400 mm [
FAAS U R, 8 5 AR A ) 240 (M+300+N) mm 1
RN, RS /MBS T AT o E 1R 22 AR VF R

90 A5 W Ak < https: //jtkxyge. csust. edu. cn/jtkxyge/home



%14

X 37, % AR E AR TR AR § IR o7 R AR A Y R A B AL

B3 ESFHARA @A BB
Fig. 3 Segmental model of orthotropic steel bridge deck
P, B 2 i S A (250+300+350) mm 555041
5 (300+300+300) mm 24 HE S5 B Ak i A 5 U il i 4%

A SEBRAZ JIRRAE . 25 R B ST A (P | 28 Ok
PRI 2020 4 (300+4300+300) mm 1 2y {7 AL A6 50 2
0, Gh K R 400 mm,

SCHRL18 46 i, e 4R VE T N B AR 5 U Il i% 4%
Qb 8 17 35 DX sk A /0N, R ESE AT AR SRS 2258
BRI A2 40 107 2, 35 IR N 2 X K L vE R oy
200 mm, SCHRL 19 s AN AN 0317 134T,
AFF 5% 26 W+ Ao R AR BT L DX 38k 1 5 o) S5 AS R i 2%
ILE AT T RERR RS U & 4R (9 IE 7, BIVRT
R URME T, B T # B R A SO
A BRIT 15 AR ASE Y b SR FHASE RN B A 4 A far 2 1) 7 =X
HEFT S U Bl in 28, A BRG] A ABE A 4 (51 4 s

TNz X Jak

B4 AR R AR
Fig. 4 Simplified finite element model

F ] 4 R, 2R SO R AR LR 1647 T )
B0 A B, 36 T B oS A ST #E TR 43, A
VLI X 8 %) P90 4% R SE 24 8 mmx8 mm, 1717 i PN 1] 21
TR T A2 mm 3 7 2 U8 25 8 mm A9 4545 K0 43 7
o TR FBAL AT A% /Ky 8 mmx8 mm, U Al & 37
A% KN K 5 mmx5 mm, ¥R S ARG,

B SA Rt N 5 2R AN« SRR AL A TR X
A IR (18 5 1) 24 SR A5 SRS, Ko A I ) S T Y A5 i
TINT 08 i) 5 8% 2 S 5 R AR A A AT ) o) A5 7Y
() 29 AR T, X TR 5 U ol 19 i A AT 1) 19 6 T 1

SN TGN Il 57 249 3R Ay 2 B S S % A ) o) A
TR 285 B0, A0S A 7 A0 ) 6 11 5t fom 1 A 1l 7
B,
“hy 55 UE R FH TR7 ARASERY 43 B 1) 45 B R 4 1

AR SCHE A BIR 0T B TR 3 A A 7R s i A T
FLEBOL A 2 [ RS U BEAT X Fe b o SRBBU AR U iA]
SPOR, A MAALEE U RS Zean ikl 6 s . & 6
AT, AR B i I, A 25 N AT 4%
HEMA T (300+300+300) mm A ) Ak A5 Y b R B A 9
T FFFLIR SZBRAZ 3 FAE 51 Bl v i B AR — 2

PR

E5 RR¥#&AE
Fig. 5 Extraction path

0.22

0.18

o
—_
~

[} 52 F8 U/mm
o
S

2
73
o

0.06

0.02 Il Il Il Il Il Il

100 150 200 250 300 350
AR /mm

6 =ERMLA U Tl L

Fig. 6 Change curves of spatial displacement U
2.3 BRI SHEE

HYRSE a MAEBOLE I ale (e HHEBKFER
1/2) S A B W 55 280 TR 2 1) G i S
B, ik 2o N HE T RS IS 45 R R U
Fil o [ PrAR B 22 (IIW) 477 0=0.15 mm, a/c=0.1,
JL[E BS 7910: 2013 bR EHESE o 29 0.10 ~ 0.15, ale N
HI R 48 KRGO PRI R R E . SCRR[20 142 i o AN
B/NT 0.1 mmo ASCR M EF A SRR,
HE TE R B AR IO T AL AR AL 48 ARG 1/4 6150 R0 A
RRIIRZ L, Ho a=2.5 mm, 2¢=10 mm, a/c=0.5, ™

1
0 50

&A% W 1k https: //jtkxygc. csust. edu. cn/jtkxyge/home 91



x @ A

5 T 2 %41 %

FRGWHTEE 3, 5 lan 2 WL, Lo IOEFFAL
TE N 7 fir o , 2480 A AT B A R B AR TOE T L
() h AR AR AL | T il AR AR 1 22 % AL N
oAb J7 B AR, WA R EBOE S RIE A B
WE 8 fzx .

280

20

B7 HIFILR T s (F42 mm)
Fig. 7 Dimensional parameters of arc-shaped opening (unit:

mm)

B8 Z LA E Bk R+ (345 . mm)

Fig. 8 Crack insertion position and initial size (unit:mm)

N T L o DRSS B2
LY R 5 RCREY R 14 5[], AR SOR B A5 g itk
(T

1) THRIOE IF AL A0 B0 L, 3 R i 2R L
I3 17 1 558 JEE TR 5

2) WAL T FLAR B 2% SR L, I e i et
I 7 1558 JEE (K 5

3) AL ALARALRACREL L, (L [RI ™ F i 52
BN TR EE N T, 25 FERIURREUE S R 5

4) X BT AR BORE TR e R YR

3 BIAgRimNIEEREFDH
A SCAE FH ABAQUS 37 JC 4 S SEARBE AL, o8

HT AW 2 7 2253 B 44 FRANC3D H , 76 8945 1t
FAE B AT T LB 3 A — S IR 2 8, F- B4 T

P A% 4] 43 (A% RS 58— 0.25 mm) , 7 75 34
SULAR B F1ERY A5 faf B 0 T 8L L, L, R I
J1R FE TR, i 9 ~ 10 U7 .
M 9 ~ 10 AT, 244 1, 5 L, B4 10 g a8 B TR
(19 53 A1 FEE AR L HL BB A 22 A8 K. o K BB
R Ky A1 Ky BUE RN (K K Ky 23590 8 T T
15 BE R ) |, 3R WA IR AR IOE FEFL 8 67 79 9% 55 24
SUNE AR, HUITRIRECh £, T K, K, 5
K AHZE 3R, BUAS ST A5 T8 K, K R SE TR, (BT X6
K TH5%
180

I
[}
T /
I
>
= =

_
8
/

/

8
\

N33 ]/ (MPa - mm'"?)
g 3

(=)
T

i

i

0.0 0.2 0.4 0.6 0.8 L0
VA1l J5 Y LT 2R R

Bo ZLL AR TR

Fig. 9 Amplitude distribution of stress intensity factor for

-30

crack L,

N7 15 S8 P F+/(MPa > mm'?)
w o v D o
I O =
/
/
sRalel
=R

[«
\

0.0 0.2 0.4 0.6 0.8 1.0
JA— b5 A R ET SR B

B10 Z 4L, B 5% E R T RmsH
Fig. 10 Amplitude distribution of stress intensity factor for

=30

crack L,

BRI B, 9 57 BT S AT AR A H JC KL
AT R . 7 FRANC3D H , 24 50 2% 1] Bt B
AT BRSO B 1Y R DU e A, (B O O
XEEAS Y KU I g 9 B D TR AT e b, AR
SR MBI T B L e O B Ak B s 2
FrS s RE . R , AR S BRI % P i 1Y A
N RN AT G o0, W R A B AL T RELL,

92 A5 W Ak < https: //jtkxyge. csust. edu. cn/jtkxyge/home



F14

X137, AR @A TR S IR o7 AR A Y R BB AL

B RA BT REL, b A TR

B RAH R &
Fig. 11 Key nodes at both ends of the cracks

TERFIEIE 55 B8P e FR e, i a0 e ik
FOER AT S, H A OC R B ST AR A ORI 4
TEL R W 2 2 B v, 2 55 ST 3T e 1 ARl
# FH Paris A X CRAA

da .
;W:cmm (3)

A a FERIE 57 LB s NARZR B T 96 A B
da/dN fF —DEH R I 5 EHBIEK ;Com h
PPBHHC S5 AKARFRAF IR 79 BE I 5~

MR Paris 225, B4ERTE N 198 B R TR T
5y RH R OCH N R . T IEAS S AR 1Y
9% 75 P RE PPl M 4% 75 4 TINS5 AR OG5 T |, Paris
NSEAGEN Tz B I R ORI AS B kR
55838 . A0 G) MBS BURCH C=1.58x
e, m=3, Wr 24Pk K.=1 000 MPa-mm'", 3/ J1 1t K
0.1 S5t 4L L, L9 . HaukF] 30
AR K FEERREL) 16 J1 RIS 19 8, 8 B A
Ay gt mE 12 s, 9 R B e L, L,
Uity ST N S5 B R AR R N 13 R . B
JR 28 SR < A B AR IO FE LB B — AL L, L,
V3 i it T 1 7 5 8 DL R0 A i 28 ) 4 O 28
B8R TE— 28 Wy 28000 PR B L 28 B PR AR OB 1 B
ZERVYE 55 244, HLBE 28 i) 51 28 viig Ky ) i B PR - 48 R
PR, Z S5 A, B, W s IO N 588 5 R AN
PR ARG

4 WRLY REFHEFR

41 NRYW/ENNEERTF

AR SRR 57 RO R S HORAS | IR Jin 24
SUL,LIFHEATY AR . MM ELRT] 22401 R

(h) 4L,

(c) BUALLL, AL,

E12 by R Ray kg
Fig. 12 Crack propagation path at termination of propagation
2801

Ji7 F3 58 2 1K F-/(MPa - mm"?)

8
HEFR K 10*
(a) B45CL,

(953

(3]

(=]
1

[
o
=]

)
=
(=}

[\
(=]
=

160

o J158 )% N F/(MPa-mm'?)

120+

80 1 1 1 1 |
0 4 8 12 16 20

EFRUE10
(b) L,
B13 FakuHEphRERT

Fig. 13  Stress intensity factors of key nodes at cracks

A5 M 3t :https: //jtkxyge. csust. edu. cn/jtkxyge/home 93



5 T # %41 %

o Aar G A EGR B 25 T3 R, BE WA B N 5
JE R - A AL L, eI 45 1 9, SREOE S I iE
12Ce) 7R o 7 Jaed At v R0 4 g S B 7Y 1 NN 7
JE R R A R N & 14 7

2801

[\
=
=}

N3
(=
(=]

[
(=)
(=]

1200~ =

IV 3 58 BE R/ (MPa - mm ')
g

IS
(=]
T

0 1 1 1 1 1 |
0 5 10 15 20 25 30
fEFEU10*

Bl 14 RELL L*8T 58 hEERT

Fig.14 Stress intensity factors of key nodes for cracks L, and L,

oY R gk BRI WU 55 HER A R,
PIAL Y i DX IR 3 07 S A7 e VR AE . 6]
UR BB, 280 L, R L, 1 ity 5T 50N ) 3 B DR 4K
EH R 3, (ARl A 8 R R e AT, P 2
PR AL B B B AN TR] 2L L, R S O B N T R
R AW R . o, A, s ) 30107 g 5 B R - 348 i
B B, Bt e (R AR R 2 |, B S B4 17 7 5 88 [R5 ) —
B VBRI ORI o 2440 L, Wity SC B A5 19 1
D108 B N S R e G K 7E— 2 I IR AU L I
JO7 7 8 B DR T SR S o e A LAk R R 2
OUL PSR R E RS
42 VHEBGREXTNELY F T

R WF G bR B S X W B 3 R B3
M), AT PR FF RSO R AE (5 mm) (LY R S 4L
AL HEL, LRI TS — 3, X Ra0R g
a ATTREE (R ETE S ale 73514 0.2.,0.4,0.6 £l
0.8, SR JG HEATH B . MG RBGR RN 2925 T
WS LR T, HURT 4 Rl [ A T SR S0 ity
BT SN e R LR 15

HH 1S AT, AE SR AT IR IR A LR, AR
15 07 7 56 B PR P SO0 25 1) 22 S A BT AN ]
AAFMIES L T RGE R T ALY R
AR FEWUFASFIEAS T, L, 24800 0t 1T
S S50 B R T YRR K I IR R R N
L WIRTEAS R, 2480 e 2 A, v I 51 27
WA i T 75 114 17 8 A B TR SO Bk /> 5 SR80 L, TR i O
AR R Y R Lo, Bk o

&
E 150
®
(=W
2
1000 -
i
=
R ,
B 5oL
Il Il Il Il Il Il I
0 4 8 12 16 20 24 28
PEIRREL10*
(a) WIHRHLOEA N 0.2
300
~ 250+
E
£
% 200
(=W
2
i 150
100
R
4;:1 b
501
| | | | | | |
0 4 8 12 16 20 24 28
PR/ 10
(b) WILHREBIEE R 0.4
3001
<250
£
&
= 200
[T
2
T 150
E[ I
= 100
=
-R
= 50
0 L L L L L L |
0 4 8 12 16 20 24 28
EIRREL0*
(c) WITHHBIE AR 0.6
300

[5e]
w
S

[so3
(=
(=)

#E FE N7/ (MPa-mm'?)
5
S

—_

(=}

(=}
T

S
3

0 | | | | | | |
0 4 8 12 16 20 24 28

TEER U H10*
(d) WIRRBOEEL ] 0.8
15 FRABSTHEELXET ERARERT
Fig. 15 Stress intensity factors of key nodes at cracks with
different shape ratios

94 A5 W Ak < https: //jtkxyge. csust. edu. cn/jtkxyge/home



%148

X, 3 R @A TR AR S IR o7 AR S R B AL B

PAEVIRTE A LB/ N T 1 2 (HJ2 R 8 — 2 1
INUBUE FLAE W A, LA, 3 6 9/ A Bsf )
JE LB R e L REUE YR . X Ry
PES R SR M EIRTE S HE A 0.5 B A% Bl 3 AR —
o HCATAL, TE PR S A SRR AR R R AR TR AR B 1
OUF, PIAL 2480 et J] B DI 7 7 A 4 A B G
A A — B, A SO A Y R 45 R IR
R TE A LR e AR 1 7 AR 3K 25 57
43 MHLIBET BIERSH

NG 9% 57 R 80h E RO AER T
PR e BRI R 0.5, 9 R IRECN
16 J7 U, Wi 5% MBS B9 55 4 40 WU 57 2480 L )™
KPR R A L A E 16 s, BT
R BN 17 iR o

WYy

(h) AL
Bl16 ¥ETHELLAOHELN
Fig. 16 Shape change of crack L, during propagation

10
— PR
— WHLLC
8,
£
£ 6
=
WM
B4l
=
2,
% 4 8 2 16
PEFR R EL/ 10"

E17 ERLyE¥KE
Fig. 17 Propagation length of crack L,

TEAA R R PR UL, BURELE] AR 5 1, 18

HOUL Y AR B2 . RS R E BT
2R R A, AR TSR SO R R R, XAy
JEAGOUT 280 LB R SRR . e, B
M9 R IR B T RCRAY R R E HY 2.19 1% .
MRS IE T 297 e 20 A 40 19 2809 e i R 4

18 7o
6, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

5
L

IS W
T T

LI ;
n |
Ll !
i .

(95}
T

[

G 2 (mm - PEFRREL)
[’}
.

(=}
"

5 10 15 20 25 30
RS
(a) JLT PGB
301
; 2 5 e ././. """
0 ./-/'/ rrrrrrrrrrrrrrrrrrrrrrrrrrrr
/./. )

&
"
|
A

_.
o
T

80" e (mm - PR AL

=3
W
T

[
=)

2 4 6 8 10 12 14
PR

(b) Fe T XL
E18 &Ly RikE
Fig. 18 Propagation rate of crack L,

TEY Rt R, RS L Y TR R A8 K
S A RS Kl X YT IR I
S RAR A (R 1) 7T DL I st
I SRECL, 1 e A BT A, 7 PR 45 TR o ¢
R RR A 2.82 4% , T AR LA REL L, 3
BN NG FE RN S A N ) 0 S AR 1.68 417 5
P REIT AR I, B ZEL 9 JE  A h WUR— B i R
A L3145, =Y JRES R C R E 21945, 59
KERIEIE—2. FET RRZHETT, Ry’
AR (A A LA 5 N 7 56 B DR ) AR AR LA UL
Fi Paris A XIS BN . X — R A 1 ik
TAERR SO A VR TR, WIESR] I 5 A B 1 4
ROV 2, DA 5 302 X Sl 55 B4 ™ i st R )]

A5 W Ak < https: //jtkxyge. csust. edu. cn/jtkxyge/home 95



I £

%41 %

R1 By ¥ Rk £
Table 1 Propagation rates of goal analysis steps
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