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2 AG = cSmax - Gmin ° Gmin = 0
K=K, cos32—3KII cos” Lsin
2 2 2
> ¢
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>
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(y=bx*) - C(X,,Y,)

(2.68a)  (2.68b)

Aa, f«/1+4b2 X d =—(2bx Ji+40% +1n‘2bx + T+ 407xC)) (2.69a)
0
AD, = j de—tan'lﬂbxp) (2.69b)
(2.69b) b
tan(A6 )
=—F (2.70)
2X,
2.20
)
0,=0,-¢,=0_,+¢,+A0, -0, (2.71)
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2.20

('pp:O >

g,y ~
AQ, =tan” (=) +G,,,
Xp

(p-1
p .67)

(2.69)

(P p+1

56

q
A&

C(x3,

>

2.20

yo)

(2.72)

(2.72)

(2.70)



AO, b
yq
+1 -1 P =~

AQT" = tan (F)JF(PZH (2.73)

p

tan(A07"")

L =—— 2.74
- 2%, (2.74)

‘Aa‘; —Aa‘;"‘
L (2.75a)

Aaj
\Ae‘; - Ae‘;‘l‘ <g, (2.75b)
’ ga 86
2.3.6 -
N, (2.00) :
Paris-Erdogan
acr

a,
N + 2.76
! C(Y Am/nl )" lj C(Y, Am/na) (2.76)
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Ac (Log scale)

N (Log scale)

2.21 -

Paris-Erdogan

da

| 1% 1
N, (Ac)™ = . + m
T ngo '_nlo)m Cr™? [[Y am?

g

2.77)

m@®=m—imm
m

58

(2.76)

(2.77)

(2.78)



1 a,) 1 % 1
D =—In{—2 + da 2.79
c m {Cnm/ZYgOm Cnm/z Iv!:nga.m/Z ( )

95% . 221

95%

59



24

20cm, 40cm
E = 21,000 kN/cm?
v=03 . Paris-Erdogan C = 1.886x10"°, m = 3.0
[Barsom 1977]. 259 128
(2.26)

2.27) . (228)  (2.29)

(2.75a)  (2.75b)

€,=0.01, €,=0.02 rad
AN = 2,000 10cm 50
~ 70 : Aa ;= 0.01 cm, Aa,,, =
0.2cm . AN R
AN , AN

60



24.1

2.22 a, = 8.0cm » Ly = 0.08cm
Opink 7 cm 1 cm 7
o =20 kN/cm®
 AMApARAALALY
20cm ’/I/ 0.08 \\
=0.08¢ \
f’ o \A%ekink l}
1
B _ /'\\ I/I
X wb\\)/ \\\\\ //
20cm
\ 4

VYVYVYVYVYVYY

<4—— 20cm

2.22

61



R 1 cm 04, 0.3,0.2,0.1 cm 4

. 0.08cm
c=20 kN/cm®
[Cotterell 1980] . Cotterell
(I <<ay),
223 2.24
. Cotterell
1% ,

62

6%

2.22

Cotterell



Stress Intensity Factor (Ku)

Stress Intensity Factor (KI)

220

200+

180+

160

140+

120+

1004 ——Ref. [Cotterell 1980]
® Displacement Extrapolation Method

&0

T T
0 10 20 30 4
Kinking angle (Degree)

2.23

100

T T T
0 50 60 70 80 90

(o)
(=]
1

o)
=]
1

o~
[e)
|

[\
=
1

—Ref. [Cotterell 1980]

® Displacement Extrapolation Method

Kinking angle (Degree)

2.24
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242

2 2.25
w=20cm  h=40cm
a,=0.2cm 6 (3 @0.05,
0.025, 0.0125, 0.0125 cm) . Gpn= 0 kN/cm? , O nax

16.5, 25.5, 43.3 kN/cm?

(h > w, a < 0.7w)

Gross Y, [Hellan 1984].
c
( 44444444444
h/2=20cm
a,=0.2cm
h/2=20cm
J l—— w=20cm —»

VYVYVYVYVYVYY

2.25

64



2.26

3.0

—Case 1 (c=16.5 kN/em”)
""""" Case 2 (6 =25.5 kN/cmz)
55| T Case3(0=433 kN/em?)
" ' ® Semi-infinte plate [Hellan 1984]

>
g
3
> 2.0
D
£
S
]

1.54

1.0 T T T T

0 2 4 6 8 10
Crack length a (cm)
2.26
Y, =1.12-0232+10.6(2) -2.17(2) +30.4(2)* (2.80)
w W w W
(6, = 16.5,25.5, 43.3 kN/em? )
Kcalc Yg
K
Y, — calc 2.81
’ Gmax ¥ na ( )
(2.80)  (2.81) Y,
(2.80)
(2.80) w>>a Y,=1.12  .02cm

65



1.123 0.3%

(IO) s
0.2 cm
0.2cm

(100 KN/cm') @)

(threshold) K, = 6 kN/cm'’ , G,.=
16.5kN/cm? (2.54)

= l(L)2 ~ 0.0336 cm (2.82)

" 1 1.12x16.5 ' '

, 0.0336 cm threshold (6 kN/cm'?)
0.0336cm
threshold (2.57)
| 0.0336

N = 0 = ~ 823,000 2.
" C(AK, )™ 1.886x107° x(6)° 283)

0.0336cm 0.2cm

66



Y, = 1.12 (2.60)

1 1-m/2 1-m/2
N = —(a,"™* -1,
(1-m/2)C(Y,ov/n)
~ 1 LI N
(1-3/2)x1.886x10"° x (1.12x16.5¢n)’ /0.2 /0.034
=972,000
2.27 2.8
0.2 cm 5.264 cm
(100 kN/cm')
503,000
N = 2298,000
, 200 16.5kN/em® (= 1680 kgflem?)
2.1
22
229
95%

67

(2.84)



2.1

Case 1
(o =16.5 kN/cm?)

Case 2
(o =25.5 kN/cm?)

Case 3
(o =43.3 kN/cm?)

K(ly) (KN/cm') 6.000 9.273 15.745
a,, (cm) 5.264 3.131 1.445
22
Case 1 Case 2 Case 3
(c=16.5kN/cm?) | (c=25.5kN/cm® | (c=43.3 kN/cm?)
0 ~1,) 823,000 223,000 45,000
(ly ~ 0.2cm) 972,000 263,000 53,000
(0.2cm ~a,,) 503,000 130,000 23,000
2,298,000 616,000 121,000
2,000,000 500,000 100,000

68




Stress Intensity Factor K (kN/cml'S)

Crack length a (cm)

600

Case 1 (c=16.5 kN/cmz)
5004 T Case 2 (6 =25.5 kN/cm”) ,
=~ Case 3 (o = 43.3 kN/em®) /
4004
3004
200
1004
0 T T T T
0 2 4 6 8 10
Crack length a (cm)
2.27
12
Case 1 (c=16.5 kN/cmz)
104 77 Case 2 (6=25.5 kN/cmz)
~ ~ Case 3 (o =43.3 kN/cm”)
8_ H
6 -

Failure point

110° 210° 310° 410° 510° 610
Fatigue life N
228 a-N

69



—
(e
()

2

Fatigue stress o (kgf/cm”, Log scale)

— Design fatigue life (95% lower limit)

""" Calculated fatigue life

10 -
10° 10°

Fatigue life N (Log scale)

2.29 -

70



243

3 2.30
0,= 30°, 0°, -30°

a,= 0.2cm

6 (3 @ 0.05, 0.025, 0.0125, 0.0125 cm)

T = 5.5 kKN/em? | T, = 0 kN/cm?

231

2.31

1=5.5 kN/cm?
———

|
\
T N

l«—— 20cm —

YIS

2.30

71

!
1
I
|
P g
B / \
4 N \
/ \
I
! \
\

- -

-— -



20

Y (cm)
T

-5

-107

-157

5 10 15
X (cm)

231

2.32 233

(AN = 3,000)

20

Y (cm)

72

23




2.34 2.35

231
, 232 233
0,
23
6, = 30° 6, =0° 6, = —30°

N=0 N = 3,000 N=0 N = 3,000 N=0 N = 3,000
K 27.130 27.895 29.078 30.490 27.426 28.199
K, 23.685 27.895 29.076 30.471 24.126 28.199
Ky 7.973 0.011 0.177 0.612 ~7.481 0.028
¢ -0.551 ~0.001 -0.012 ~0.040 0.538 ~0.002

73




10

_v_ I010®,] ANSUsiU] Ssang

100+
504

Crack length a (cm)

2.32

10

10

:x 10308, AJIsuouy ssang

Crack length a (cm)

2.33
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s o o o
e} S Ve (=]
N N — —
M 10108 \AHMWQOHQH Ssans

T
(=
=
on

350

Fatigue life N

2.34

[=}

(wo) e yy3uol yoe1)

Fatigue life N

2.35
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2.4.4

AN =3,000 AN =6,000

2.36 , 2.37

2.36

2.37

AN

N = 60,000 AN =3,000 AN =6,000

5.4% , 15.7%

, AN

76



0_
-0.1+
—~ -0.2
£
)
~ 0.3
-0.4 -
Secant apporach (AN=3,000)
05- ©  Secant apporach (AN=6,000)
B B Tangent apporach (AN=3,000)
0.6 & Tangent apporach (AN=6,000)
0 1 2 3 4
X (cm)
2.36
10
— Secant approach (AN=3,000)
©  Secant approach (AN=6,000)
g Tangent approach (AN=3,000)
P & Tangent approach (AN=6,000)
8
©
5
on
=
2
A2
2 N
O

0 2100 410" 610* 810
Number of loading cycle, N

2.37
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(deterministic approach)

(randomness)

(probabilistic approach)

(second-order third-moment method)

79



3.1

Monte-Carlo simulation

Monte-Carlo simulation

Monte-Carlo simulation

moment estimation)

3.1.1 Monte-Carlo simulation

Monte-Carlo simulation

80

(method of moments

Weibull

method of



Latin Hypercube Sampling (LHS)

, Weibull Kolmogorov-Smirnov test (K-S test) [Benjamin 1970]

Direct Random Sampling (DRS),

LHS .DRS 0 1 , LHS

(inverse transformation method)

k
z, k-1
Z, =—+—— 3.1
=M M (3.1
, 2,€[0,1] . LHS DRS
Monte-Carlo simulation ,
Weibull
K-S test . K-S test

(Cumulative Distribution Function)

81



° Dmax
Mo~
Dmax = nllgxq)z(z|)_q)z(z)‘ (32)
? q)Z(Z) ’ &)z(z\)
~ i
q)z(zi)zﬁ’ Z,<%4<2Z, (3~3)
a D,
P[D, <D, ]=1-«a (3.4)
5 o
3.1.2
| 2 2
v : 3.1 v v =vy(2
, 2 )
dz dy
k Z

82



E[ 1= [w b (W)dy = [{w(2)}* 4, (2)dz (3.5)

s 02D de(W) z z
d
0 (W) =| 10 (D) (3.6)
\Vj
(3.5) 2 \
[Benjamin 1970]. , \}
z
b 4
A

v=vy (2

Oy (y)dy

3.1

83



v@=2v@+(Gh) (2-2) 6

, Z 2 . 3.7 (3.5)
Elvl=v=v(2) (3.8)
0
L =(CH e (3.9)
2 2 , z
\ z
, 2 (Coefficient of Variance)
3.8) (39 [Benjamin
1970]. 10% 1%
2
z v

v =Wy(z) (3.10)

> ZZ(ZI,ZZ,"',ZH) - Z >

z 2

84



Ve =y@+ L 22 @ -2)e -7) Gl

Indicial notation (3.11a)

W:Wo“'\lf,i(zi_zi)"'\lf,ij(;_Z)(Zj_zj) (3.11b)
s Yo=w(z) 1 2 Vi W
I
v, = ). (3.12a)
_1 v
Vi = 2(aziazj )2 (3.12b)
(3.11) v
Elvl=v =y, +v ;C; (3.13)
,» G z 2
C, =El(z -2)(z, -2)1= [ [(z —2)(z; - Z))$,(2)dzz, (3.14)
s (I)Z z z
v k
z

85



ny = El(y - 9)"]

= [(v =) ¢ (w)dy

= j(W,i(Zi _zi)"'\l’,ij(zi _Z)(Zj _zj)_\V,ijCij)kd)z(Z)dZ
(3.15) 2 3

Gir = \V,i\V,jCij +2W,ij\V,kCijk TV iV (Cijkl _CkICij)

“S) = ‘V,i‘V,j\V,kCijk + 3W,ijW,k\V,| (Cijkl - Cij Co)+ 3W,ij\|/,k|\|’,m (Cijklm - 2Cij Cim)
YV eV m (Cijklmn - 3Cij Cum * 2Cij C.C.)

» Cis Ciw> Cim> Cijmn

(skewness) 3

Ye> O )

(3.13), (3.16), (3.17)

IJ(;) = W‘iw,jw,kw‘lcijkl + 4W‘ij\v‘k\|],l\|],m(cijklm - CijCkIm)
+ 6‘V,ij VWV (Cijklrm - ZCij Cum + Cij CiC)

86

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)



uy = VW VWY o Cin 5V W, W W oW (Cgn — € Cln) (3.20)

I'LS;) :w,i\v,j\v,kw,l\l],mw,ncijklmn (321)

E[(\V _W)(Zc - 2c)] = \V,i Cic + W,ij Cijc
El(v-v)(z,-2)’]= V,Co +v;;(Cy. —C;Cy)

El(v-v)'(z,-2)]= Vv G +2v v, (Cye —CCo)
TV (Cijklc -Cy Cijc - Cij Cuo)

E[(\V - W)(Zc - 20)3] =V, Ciccc + \‘r[,ij (Cijccc - Cij Cooc)

El(v-v)’(z,-2)’]= ViV Ciee +2v W, (Cyee —CCio)
TV (Cijkloc -Cy Cijoc - Cij Cuee + Cij C.C.)

El(v-¥)'(z,-2)]= Vv W Cie +3v v, v (Cye —CCy0)
3 ¥ 4V 0 (Cgre =26 G +C;CC)

(3.22)
El(W~W)(Z ~Z,)' 1=V, Cie + WV (Cireee —C;Criic)
El(v-9)"(Z-Z)'1=¥,¥ Cioee + 2V ;¥ , (Cere. —C;Cic)
El(v -¥)’ (2. - Z)' 1= v, ¥ ;W ,Ciee +3¥ ;¥ ¥, (Cr —C;Cy)
El(y - W) (2. = Z)1=¥, ¥ W, ¥, Coe +4Y W, ¥ ¥ 1 (Cigne — C; Cii)
El(y-¥)(Z-2)’ 1=V ,C
El(v-¥)"(Z.-2)'1= ¥,V ;Cire

E[(y _W)} (z. - 20)3] = ‘V,i\V,j\V,kCijkccc

87



El(y _W)4(ZC - zc)z] = W,iW,j\I’,k\VJCichc

E[(yv-9)"(Z. = Z)]1 =V, ¥ ;W ¥ ¥ .Ciione

E >

(Method of Moment Estimation)

Weibull

()

y

1
“’*Z)‘(z-zo)cmﬁe"p{ 2

1

“—z)o. 1O

s l”l norm Y norm

In(z-2z,)

1, In(z-2)-
__( ( O) l""norm)Z

In(z-z,)

88

norm

[4)]

}

(3.23)



Z() ’ “’norm > Gnorm

3

S= ln(z_ ZO)_I”"norm
(o)

norm

3 Z() 4 “’norm > Gnorm

@, (2)=D(9)

2

6norm
l"’Z = ZO + exp(unorm + 2 )

GZ = (I'LZ - ZO) \[ exp(ciorm) _1

v, =3V, +VZ3

(3.26¢)

V;)+3V, -, =0

&9

(3.24)

(3.24)

O(s)

(3.25)

(3.26a)

(3.26b)

(3.26¢)

(3.27)

(3.28)



(328) 3 [Tichy 1994].

-1
V, = {%jv+w+%/v—w+;}
Yz

(3.29) 3, V, . (327)

norm l’t norm

G =\/1n[(A Sy 4
H, -4

02

I'Lnotm zln(ﬁz _ZO)_ r;rm

90

(3.29)

(3.30)

Yo

(3.31a)

(3.31b)

(3.31¢)



(b) Weibull

Weibull 3

[Lindsay 1996].

,a,, b, ¢,

Weibull

Yz =

, Gamma

b

b

b, (2) = 2 (E et exp{—

W w

location parameter, scale parameter, shape parameter

<Dz<z)=1—exp{—(z

4z =2, +b, {1+ )
o, =bw\/l"(1+ci)—l"2(l+ci)

F(1+i)—3l"(1+i)l"(1+i)+2l"3(1+—)
c c C c

W

b

W

w

(Z__

-a,

A \q,
b )

W

)

W W

w

}

Gamma

1

W

{

F(1+Ci)—l"2(l+

W

r(1+X)= j e't*dt
0

91

1

c

w

)

(3.32)

(3.33)

(3.34a)

(3.34b)

(3.34c)

(3.35)



Weibull i, 6,, ¥, a,, b,, c,

(3.34¢) ¥, Bisection C,
b, a, [Lindsay 1996].
b, = S

) 1 3.36

\/r(1+2)—r2(1+) (3.36a)
CW CW
- 1

a, =f, —bwr(1+c—) (3.36b)

w
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3.2

(&),

(3.37)

©,

Simulation

321

(Y,), (o),

a'N = aN (aoaca m,Yg,G)

(6,)

93

C m

(3.37)

(a)s

Monte-Carlo



(remote stress)

Monte-Carlo simulation 3.1

2 (2.59) m=2 )
N
1 Tl
N = —da 3.38a
o odmy I (338
p
N _ iAN 2; 1-m/2 _aol—m/z) (3 38b)
=N A ‘
(3.38b) a,
m 2/(2-m)
ap :{aolm/z +(1—E)ng0m7tm/2CNp} (339)
Monte-Carlo simulation (3.39) ,
(Type 1) (3.39)
a, a, ,

94



a, (Type 2)
(p—-1) P
(3.38a) p
AN — 1 a 1-m/2 —a l—m/z) 3 40
" -m/2)C(Y,oVm)" * i (3.40)
(3.40) p a, a,,
m 2/(2-m)
1-m/2 m _m_m
a, ={ap1 +(1_E)Yg CT /ZCAND} 3.41)
(3.41) a,, a, p
(3.39) (3.41) . 2 242
Monte-Carlo simulation c = 165
kN/cm? [,=0.0336 cm
threshold (6 kN/cm'~)
0.0336 cm 5 % N =
1,000,000 . Monte-Carlo simulation
50,000
0.220 cm, 0.023 cm, 0.513
6 6 3.2

95



Monte-Carlo simulation

(%)

(Type 2) ) )

Monte-Carlo simulation . (Type 1)

10

--O--Mean (Type 1) —&— Mean (Type 2)
--A--SD (Type 1) —&— SD (Type 2)
--0--Skewness (Type 1) —8— Skewness (Type 2)

Relative difference (%) w.r.t. results of MCS

Order of Taylor expansion

3.2
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322

2
(a)
2
, 3.1
(3.37) , 2
, (p-1)
(p) .2 Paris-Erdogan (2.62)
AN, a, a,,
AN = [ (3.42)
" ., CK"@ '
(3.42) a, a,,
a,=f(,) (3.43)
3.1 a, U a,, Z a,,
a, a,, n a,
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k—
: ()(pl) = k

~ f (ap1)+z pl_ap—l) (3:44)
P O .2 3.1
(3.13), (3.16), (3.17) a, a,, G, v,
a, = (ap1)+—f<2>(apl)c (3.452)
= {( 3@, ) o, + 1.0@, )17 (@, )7,.0,,
. (3.45b)
+— (f(”(ap D) (u$, —G‘Ll)}
=@ ) 0+ (f<”<ap 2@, )W), ~oh,)
f‘”(a (2@ (W) —2y,,05.) (3.45¢)
+= (f(”(apl)) () =3po +26p1)} 1
GP
2 Gp—l”Yp—l’lJ’(pk—)l ap—l 4 4 k
T
(¢
u =El@,, -a,,)"] (3.46)
a,, G, Y (3.45a), (3.45b),
(3.45¢) n ana Oy Vn
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3 3.1 (3.22)
(3.7 1
1 2
(3.45a) G,
a,, a, AN
(3.45a)
(3.43) n a,
aO
a,=9g,(a)="fof  o-0of(q) (3.47)
» (°) fk ° f|(z)= fk(fl(z)) (3.47)
a, ﬁo
P P P
A
- > i a= >
| Pl , P \ p+l
_: A|<|p :— ANP+1 _i
ap, EE— o E— .
33 (a)
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p+1

33

a,,
ap+1 = gp+1(ap—1) = fp+1 ° fp(ap—l)
(3.48a)  (3.48Db) a, a,, a,, a,
n, f,0 (_ )
~ f (ap1)+z ~~(a,,-a
0 ‘kf ( o)
+1~ p+1(a )+z : (a _a)
., (348¢) a,, a,
" gp. ( )
~gp+1(ap1)+z pl - _a

a, = fp(apfl)

a'p+1 = f p+1 (ap )

100

ap+1

(3.48a)

(3.48b)

(3.48¢)

(3.49a)

(3.49b)

(3.49¢)



, a~f (@, (3.492) (3.49b)

a,, = f.(f@ )+ fh@) '@, )@, -a,,)

B o o B (3.50)
= gp+1(ap—1) + gp+1(ap—1)(ap—1 - ap-l)
350) a,, a, a, ! > pa
a,,
(3.50)
a, a, :
a,,
1 2 Paris-Erdogan
AN . Paris-Erdogan
| &
M, = [ mgda= | flaxa=F@)-F,) 331
f CF . BS5))
a (3.51) Ay
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(3.52)

(3.53)

(3.53)

(3.54)

dAN) 1 da, 1

= — =0
oa,, CK"@a,)oa,, CK"(a,)
1
oa, K™(@,)
oa,, K"@a,,)
2
o’a, da, | 1 oKl da, 1 K|
o8, - da,, |K(a,) oal, oa,, K(a,,) oal,

(p) (p-D

(Finite Difference Method)

Weibull

102

(3.52)

(3.53)

(3.54)



(b)

Paris-Erdogan

, InC

In(da/dN)

In(AK)
3.4
C m
3.4
(2.49) 3.4 m
da
In(—) =InC + min(AK
(dN) (AK)
m

103

(3.55)



(3.56)

3.5

a,

a,

(3.42)

a,= fp(zpfl)

(p-D

(@,41,€)

s Ly,

104



a, ~f (Zpl)+zf‘”(lpl)(2pl Zp1)+Zféz.f(ip_l)(zip'l—Zp_l)(sz'l—zf'l) (3.57)

i,j=1

Rl fo 2
3.1 (3.13), (3.16), (3.17) a, a,. G,
Yo
=0z, 1)+ f;ff (z,,)Cylz,,] (3.58a)
{f (1)(Z p- 1) f (,IJ) (2p—l)Cij [Z p—l] ++ f[fzu) (Z p-1 ) f;,llz (2p—l)Cijk[Z p—l]
s (3.58b)
" féz.,) Z,.) o0 (Z,.)Cpulz,,1-C;lz,,1C, [z 1])}
{f“)(lpl)f”)(Zpl)f”)(lpl)C.Jk[ ]
~ f;lej) (Zp 1) f o (Zp l)f o (Zp 1)(C|Jkl[ ] Cij [Z p—l]CkI [Z p-1 ])
3
f;zu z,.) fpkl (z,)f, ® w(Z, ) Cynlz,,1-2C;[z,,1C,[Z,,]) (3.58c¢)

o f;2”) _p l)f;2k? _p l)f;glr)nn(zp 1)(C|Jklmn[ ] 3C [ ]Cklrm[zp—l]

+2C,[z,,1C,[2,,1Cpnlz p_11>}%
(e)

p

, C., C., C

ijkl >

C

ijkim > Cijklmn

i ik o1 = (@505

, 6 . a 3 3.1 (3.22)

p

35 a, C
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p+1

3.6

p-1

3.6 a A,

ap = fp(Zp—l): fp(ap—l9C)

a‘p+1 = fp+1(Zp) = fp+1(ap’C)

ap+1 = fp+1 ( fp (Z p-1 )’ C) = g p+l (ap_1 s C)

p-1

N|
—

106

p+1

(3.592)

(3.59b)

(3.59¢)



o, o,
apzfp(lpil)"r‘ai (apil—apil)"r‘%v (C—C)

Zy, Zp

a ~f (z )+af"*1 (a a)+af"*1 (C-C)
+1 ~ Upsl - -
p P P aap . P P aC .
a,, z,, 1
_ 09, - 09,
apﬂzng(Zp_l)—i—anplj (ap_l—ap_1)+a—(”:11(C—C)
, a, = fp(ip_l), a,, = fp+l(7p) (3.43a), (3.43b) a,
o, o _
ap—ap:aap_l (ap_l—ap_l)-l-a—Cii(C—C)
(3.60c)  (3.61) o,
ap+1 gp+1
= af p+l = afp+1 C 6
ap+1_ap+1_afap' (ap_a'p)—'—f2 ( - )
of ., of _
(220 (@ A )+ (22 =21 yc-C
( 28, 3 p71)7 (@, —a,,)+(( za, 6C)7 . X )
ag p+l1 —_ 69 p+1
= a a )+ c-C
| @B+ 8 €0)

107

(3.60a)

(3.60b)

(3.60c)

(3.61)

(3.62)



(3.62) a

p+l

ag ag
o’la,,]=(—2N)? o’[a,]+(—
(3. ] (ﬁap_l) ,f [a,] (ac
+2(agp+l ang)
oa,, oC |
(3.63) a,, C
a C
Cc
ap+1
W:apﬂ’ Zc:C
C 1 2 Paris-Erdogan
Erdogan
- 11
AN == [ ——a
C. K"@
(3.64) C

aap $ m
o =M K"@,)

108

c’[C]

p

El(a,, -a,,)(C-C)]

(3.63)

(3.22)

Paris-

(3.64)

(3.65a)



azap_ m oK| oa

oC*  K(a,) dal

0'a, m oK| oa_ oa

oCoa,, K(a,) oal, oa,

(c)

a,= fp(ap_l,ep_l)

109

(3.65b)
(3.65¢)
C
AN,
P
(p-1
(3.66a)



ep = gp(ap—l’ep—l)

(3.66a), (3.66b) a

p-1 p-1

~f (z : a x, 0,,-0
a, = p(Zp_1)+aa—p_1[l(ap_l—ap_l)'f‘ml l( p-1 p—l)
_ a9 _ a9 =
engp(zp—l)_'_aap (ap—l_ap—1)+ae : (ep—l_ep—l)
p-1 Zy p-1 Zy,
a, 0,
a,~1,3,,.0,,)
ép ~ gp(ap—l’gp—l)
of of
2la 1~ P N2 a1+ P N2 21
c’[a,] (ﬁap_l) ,7 o [a,,] (89p_1) ,f 6 [0,,]
o, of, _ _
+2(aap71 0 pil)Z E[(ap—l _ap—l)(e p-1 _ep—l)]
a9 a9
2 e ~ P N2 2 a + P N2 2 e
c’[6,] (—6ap,1) ) o'[a,,] (69p,l) ) 6 [0,,]
a9, 09 - =
+2(5a—pp_1pr_l), El(a,, —a, )®,,-0,,)]
a, 0,

110

(3.66b)

(3.67a)

(3.67a)

(3.68a)

(3.68b)

(3.69a)

(3.69b)



p p
(3.67)
Erdogan
n % 1
= a
" . CK"(@
da, K™(@,)
aap—l K m(ap—l )
oa, T m oK
=K"(a ——(—) da
o, ( p)Jl K™ (66 ) 0,
(3.71b) 1
(3.71b)
o " of oh d
[ t@nd= [ Tzodt+ H2h@) @~ f(29(2) 2 (2)
Z oiz) OZ 0z 0z
(ap—l’ep—l)
0,(2,,,0,)=0,,+0,(,,,0,,)+4A0,(a,,,0,,)
, AB

111

Paris-

(3.70)

(3.71a)

(3.71b)

(3.72)

(3.73)



A0, = [|X"(a)da

a,,

2 (2.692) (2.69b)

Aa, = i {tan(AO 0)sec(AD )+ ln‘tan AB , +secAb, ‘}

(3.73) a

p-1

a0, _ o0, +6(Aep)
oa oa

oa

p-1 p-1 p-1

, 0, /0 2 (2.52a)

p-1

Kysing, +K;(3cosp,-1)=0

0
Po __ ! : oK, sing, + oK,y (3cosp, —1)
oa, K,coso,—3Ksing, |da , oa,

(3.76) (3.77)
a(00,) o, o, |,
K@@

(3.73)

112

(3.74)

AB

(3.75)

(3.76)

(3.77)

(3.78)

(3.79)

p-1



=1+ (3.80)
LN o, a0,
, 00,100, (3.60)
0
P __ ! - oK, sin(pp+%(3cos¢p—l) (3.81)
a0, K,cosp,—3Ksing, |0, a0,
(3.77) (3.74)
o(A0,) ‘tox” oa
= ||F= da+|X"(a v
o, | [x"(a,)| . (3.82)
(3.82) a
lex"/ a0 . 379 (=
, (3.82)
(3.82)
o(AB,) o(AB,) d(Aa,)
= (3.83)
a,, J(Aa,) 09,
(3.83) (3.75)
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2(A0,)  2b
o(Aa,)  sec’(AB,)

(3.79)
o(Aa,) 0a,
0, 09,
(3.71b) (3.82) oK /o0
sensitivity
2 243

114

(3.84)

(3.85)

shape



3.3 -

, 2 (2.77)
a,
+ 3.86
,/_nao) a[CK I (50
s a() s YgO azaU acr
3.1.2
(3.86) a C 2
N, (a,.C)~ N, (@ C)+—< g+ Nl c-0)
a,,C) = N, (&, o2, a, x|
1 8*N 1 8°N o°N G50
2 T —7) 4 Tl (C=C)2 c-C
st | B e | €O rag B AICO)
ON,  m 1
0a,  2CK"(a)
N, _m 1 K]
oN, N,
acC C

115



(3.87)

N,

m

0a,0C  2C*K™(a,)

1
a, =

n

—(

K

th )2

Y,G,

Threshold K,

&

Ina, =2InK, —2Inc, —In(xY,")

95%

116

(3.892)

(3.89b)



3.4

Monte-Carlo simulation

34.1

[Lua 1993, Besterfield

1991, Tryon 1996].

g(ZR’ ZL) =Zr -7 (3.90)

P =P[z;<2z]

= [ [0r(ze) (z)dz,02,

—00—00

- T{T¢R(ZR)dZR}¢L(zL)dzL (3.91)

—o0 | —o

= [0, 20, (202

s d)R ¢|_ ’ CI)R

3.7
. [Lua 1993, Besterfield 1991, Tryon 1996].
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>

B
&
S
£
E
S
o
&
! >
HUr 2 z
3.7

9(z) = N;(2) - Ny (3.92a)

9(z) = K; —K(2) (3.92b)

9(z) =a, —as(2) (3.92¢)

(3.92a), (3.92b), (3.92¢)
(3.92a) N,
» N (service life) . (3.92b) Kc
(toughness) K, N, . (3.92¢)
acr ’ aS
NS . NT7 KS s ag
> KC 2 acr
z (a())a (Ca m)7

(o)

118



z=(a,.C,mo) (3.93)

(multivariate density function) ¢,

P= [,k (3.94)

9(2)<0

(3.94)

(3.94)

Monte-Carlo simulation

, (First-Order Reliability Method), (Second-
Order Reliability Method)
3.4.2 Monte-Carlo simulation
Monte-Carlo simulation

M
0 m;
m;
P. = V (3.95)

Shooman M 5%

119



[ 2002].

1-P,
P,M

e (%) =2 (3.96)

Monte-Carlo Simulation

10 100 M

343

(First-Order Reliability Method)

(Reliability index)

3.8

120



Rackwitz-Fiessler

oz exp(= —)dS

- |

g(s)<0

1
(2 )n /2

O

, 3.8

(Most Probable Failure Point Design Point)

(3.94)

)dS =®(-P)

—rexp(-

g<0 ( )

f1

121

[Lua 1993, 2002]
(3.94)

(3.97)

, s n,
(3.98)
(3.99)

®

(3.100)



B
Min B = (s"s)"* subject to §(s) =0 (3.101)
gradient projection method, Hasofer-Lind method, modified
HL-RF method [Lua 1993]. Hasofer-Lind method ( HL-RF method)
(j+1) LI PORE) N
S e T (D] of (3.102)
9.9«
. e
N ag(s(J))
= 3.103
m os. ( )
a, C
(3.94) . (3.102)
Paris-Erdogan . (3.92a)
(a,) N
Paris-Erdogan a, =a,
3, Tl
N, (a,,C) = + da (3.104)
' C(Y,,04/ma, )" a‘[CK "(a)

122



(3.105a)
(3.105b)

2 CK"(a,)

oN,

oa,

Ay

Ny

(3.104)
3.9

aCl’
a,
3,

123

3.9



}'U

| ' O(-P)
_ 2 > | >
a, a, a, S S
3.10
a, @ a, N,
a, a
0
9(a,)=N;(a)-Ng =0 (3.106)
a, (Ko)
a, 3.10
i
(3.92b)
C, (Ko)
g(x)=9(a,,C,K.) =K. -K(a,,C) (3.107)

g<o0

124



P = [¢,(2)dz~d(-p) (3.108)

9(2)<0

g _ K _ oK oa

oa, o0a, 0ada,

o9 _ oK _ oK oa

__OK __OoK ca 3.109
oC oC oa oC ( )
99 _,
oK,
oa _mK™@)
oa, 2 K"(a,)
(3.110)
oa
—=N,K"(a
e\ €Y

344

125



g

3.11

3.11 ay

9(z) =a, —ay(2)

126

(3.111)

S

cr

£,



p T

N
| >
|
[}
[}
— e >
a, a, a,
3.12
a, 0
g(a)=a,-a(a)=0 (3.112)
3.12 a,
lognormal
Weibull
Monte-Carlo simulation
10 100
(a,)
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(3.92b)

) a K
K 2
oK 1 0°K
K@)~ K@) +—| (a—a)+— a-a)’ 11
(@~K(@) aaé( ) > o 7( ) (3.113)
(3.113) 2 , K

a, > a 8y
9x)=9(a,.C.a,)=2a, -a(a,C) (3.114)
P = [®,(a)%.(a)da (3.115)

s @, 0, a, a

a, (Ko) Monte-Carlo

simulation a K
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3.5

C
3.13 (c = 16.5 kN/em?)
20cm, 40cm
E = 21,000 kN/cm® v=03 . Paris-Erdogan
C=1.886x10"", m= 3.0 . 0.0336cm
0.2cm , 0.2cm

C

o =16.5 kN/cm?

T AMAALAAAAAA
20cm
=)
T el
20cm
«—— 20cm ——»
\AAAAARAAZA22
3.13

129



Case 1 : 5%

Case 2: C 5%
Case 3: C 3%
3.14
0.01%
(da=ax10™
3.0

2.5

2.0+

1.5+

Relative Sensitivity of SIF (1/K * 6K/6a)

1.0 T T 1 1 1 1 1
10" 10° 10® 107 10° 10° 10" 107 107
Finite difference da (cm)

3.14
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3.5.1

2 242
823,000 0.0336 cm
Yg =1.12
970,000

0.2cm
Latin Hypercube Sampling
3.1
Monte-Carlo simulation
0.2 cm

11 %

0.2cm

40

AN = 20,000

131

Monte-Carlo simulation
o =16.5 kN/cm?

[,=0.0336 cm

0.0336cm 0.2cm

10,000

Monte-Carlo simulation

12 %, 15 %,

. Case 2

. Monte-Carlo simulation

20

Monte-Carlo simulation



3.1 10,000
2
3.15, 3.16, 3.17
, , Monte-Carlo simulation
N = )
3.15
3.16 3.17
3.18
5% Case 2
3.1
Case 1 Case 2 Case 3
(cm) 0.0336 0.0336 0.0336
( 5% 0% 3%
(cm) 0.2 0.2 0.2
(cm) 0.0244 0.0292 0.0228
MCS
0.324 0.680 0.474
( 12 % 15% 11 %
(Nino) 969,300 966,300 968,800
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SD of crack length (cm)

1.6

Mean of crack length (cm)

—Case 1 (a, 5%)
1.4- !
) ——Case 2 (C, 5%)
124 7 Case 3 (ao, C, 3%)
1.04 Macro-crack
(Finite plate)
0.8
Macro-crack
0.6+ (Infinite plate)
P —— A
0.4+
Micro-crack
0.2 /
O ...............

0 50100 1.010° 1510° 2010°
Number of load cycles, N

3.15 MCS
0.20 l
Case 1 (ao, 5%) |
— — Case 2 (C, 5%) |
0154 Case 3 (ao’ C, 3%) I'
Macro-crack !
(Finite plate) ,';
0.10- !
Macro-crack ¥

(Infinite plate) ¥
L T

0.054 /
Micro-crack

=

0 =

T I T T
0 5010° 1.010° 1510° 2010°
Number of load cycles, N

3.16 MCS
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Skewness of crack length

Coefficient of variance

3.0 '
Case 1 (ao’ 5%) |
55| ——Case2(C,5%) '
""""" Case 3 (a, C, 3%) l'
204 Macro-crack |
' (Finite plate) "
I
1.5
Macro-crack
(Infinite plate)
1.0+ - P >
0.54 Micro-crack
- 7.
0 T ‘F/ - T T
0 50100 1.010° 1.510° 2.010°
Number of load cycles, N
3.17 MCS
0.5 |
Case 1 (ao: 5%) I
— — Case 2 (C: 5%) L
047 e Case 3 (,C : 3%) |
Macro-crack !
Finite plate) | |
034 ( plate) |
I
Macro-crack
0.2 (Infinite plate)
0.19 Micro-crack
‘-
Oferetifizs T . . .
0 5.010 1.0 10 1.510 2.010
Number of load cycle, N
3.18 MCS
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(a) Casel:
1 2
30% 18
30% 18
15%
0.1 %, 1.4 %,

Monte-Carlo simulation

3.20, 3.21

Monte-Carlo simulation

AN = 20,000 19 10,000

3.22

5%

Monte-Carlo simulation

32

Monte-Carlo simulation

38%

26 %

>

1%

3.19,

30%

, Weibull

, Kolmogorov-Smirnov test

5%

30%

135

N = 2,150,000



K-S test

3.23 18 20 Monte-Carlo simulation

32 ) )

30% 18

Monte-Carlo simulation

,20

Case 1

30%

136



3.2 , , (Case 1)
Monte-Carlo
simulation (lst_order) (2“d—0rder)
(cm) 0.980 0.945 0.980
N=2,152,400 (cm) 0.290 0.258 0.289
(18" step) 0.142 0.324 0.121
30 % 27 % 29 %
(cm) 1.347 1.264 1.348
N= 2,192,400 (cm) 0.511 0411 0.504
(20" step) 2.024 0.324 1.503
38 % 33% 37 %
1.4
—— MCS (Finite plate) ;
124 © Moment method (1st-order)
® Moment method (2nd-order) ?
g 1.0 ’
=)
%‘) 0.8-
v
S
5 0.6+
G
o
o
S 0.4
=
0.2
0.0 6 T 6 T6 6 6
1.8 10 1.9 10 2.010 2.110 2.210
Number of load cycles, N
3.19 (Case 1)
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SD of crack length (cm)

Skewness of crack length

0.6
— MCS (Finite plate)
054 © Moment method (1st-order)

’
® Moment method (2nd-order)
0.4- {0
.'"'O

0.3 1 3

@]
0.2 .
0.1-

0

1.810°  1.910° 2010° 2.110° 2210°
Number of load cycles, N

3.20 (Case 1)

3.0
— MCS (Finite plate)

)5 ©  Moment method (1st-order)

' ® Moment method (2nd-order)
2.0
1.5- i

°
1.0
0.5
O O0OO0OO0O0OO0O0O0O0O0O0O0OO0O0OO0OO0OO0O0o

0.0

1810°  1.910° 2010° 2.110°  2210°
Number of load cycles, N

3.21 (Case 1)
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0.05 -
—Case 1, Normal I
P
— — Case 1, 3-para lognormal .
0.041 o Case 1, Weibull -
L
P
0.034 i
N
a D =0.0136 (a=5%) I
< ¢ |
= 0.02- [
I
I
4+
0.01- ‘
0 T T T T v T
0.8 10° 1.2 10° 1.6 10° 2.010°
Loading cycles, N
3.22 K-S Test (Case 1)
3.0
MCS (18th, CV=30%)
55 ® Moment method (18th, CV=30%)
B MCS (20th, CV=38%)
©  Moment method (20th, CV=38%)
2.0
—
2 1.5
1.0
0.5+
Q, ag
. Q.o

. T T —&
0 0.5 1.0 1.5 2.0 2.5 3.0
Crack length, a (cm)

3.23 (Case 1)
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(b) Case 2 :

5%

Case 2 Monte-Carlo
simulation s
33 Monte-Carlo simulation
.2 31% 12
, 0.2%, 3 %, 20% ,
) ) 17 %, 66 %, 26 %
3.24, 3.25, 3.26 )
10,000
AN = 20,000 14 1
, 412 . N = 2,029,400
30% Monte-Carlo
simulation
3.27 , , Weibull
, Kolmogorov-Smirnov Test
30% 200
5%
K-S test
3.28 12 20 Monte-Carlo simulation
32 ,

140

31% 12



, 20

141

Monte-Carlo simulation

61%



33 , , (Case 2)
Monte-Carlo
simulation (lst_order) (2“d—0rder)
(cm) 0.505 0.486 0.504
N = 2,029,400 (cm) 0.159 0.138 0.155
(12" step) 1.834 0.541 1.461
31 % 28 % 31 %
(cm) 1.438 1.264 1.676
N =2,189,400 (cm) 0.871 0.694 1.450
(20" step) 2.042 0.476 1.514
61 % 55 % 87 %
1.6
— MCS (Finte plate)
.44 o Moment method (1st-order) ,.-"
® Moment method (2nd-order) ;o
= 1.2 ‘o
S ¢
S 1.0 /o
on Ke)
5 e
< 0.8 -
2
5
%5 0.6
=]
g
s 044
0.2 1
0.0 6 "6 L6 L6 6
1.8 10 1.9 10 2.010 2.110 2.210
Number of load cycles, N
3.24 (Case 2)
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SD of crack length (cm)

Skewness of crack length

1.6

—— MCS (Finite plate) o
1.44 © Moment method (1st-order)
1o ® Moment method (2nd-order)
14
°
0.8
Fae
0.6- b
NG
¥
0.4 i °
. @)
® O
" M 8 °
0

T T T
1.8 10° 1.910° 2010° 2110° 2210°

3.25

Number of load cycles, N

(Case 2)

4.0

3.5

3.0

2.5+

2.0

1.5+

1.0

0.5+

0.0

—— MCS (Finite plate)
©  Moment method (1st-order)
® Moment method (2nd-order)

©)
OOOOOOOOOOOOOOOOOO

. T T I
1.810° 1910° 2010° 2110° 2210°

Number of load cycles, N

3.26 (Case 2)
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Max D

PDF

0.05 .
Case 2, Normal :
— — Case 2, 3-para lognormal :
0.049 .. Case 2, Weibull :
I
I
0.03 1 I
I
D =0.0136 (0=5%) |
0.024 |
I
0.014
0 T T T T T T
0.8 10° 1.210° 1.6 10° 2.0 10°
Loading cycles, N
3.27 K-S test (Case 2)
5.0
MCS (12th, CV=32%)
® Moment method (12th, CV=32%)
4.04 MCS (20th, CV=61%)
©  Moment method (20th, CV=61%)
3.0
2.0
1.0
0

-" T
0 0.5 1.0 1.5 2.0 2.5 3.0
Crack length, a (cm)

3.28 (Case 2)
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(c) Case3:
Monte-Carlo simulation
3.29, 3.30, 3.31
34
.2
47%
24 %
3.32
5%
3.33 16 20
32
,20

C 3%

10,000

.18 4

71

Monte-Carlo simulation

30% 16
0.1 %, 2 %, 21 % ,
, ) 1 %, 5 %,
) , Weibull
, Kolmogorov-Smirnov test
30% 210

Monte-Carlo simulation

30% 16

Monte-Carlo simulation
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34 , , (Case 3)
Monte-Carlo
simulation (lst_order) (2“d—0rder)
(cm) 0.766 0.737 0.765
N=2,111,900 (cm) 0.228 0.197 0.223
(16" step) 1.693 0.398 1.341
30 % 27 % 29 %
(cm) 1.394 1.264 1.410
N=2,191,900 (cm) 0.653 0.484 0.687
(20" step) 2.300 0.380 1.757
47 % 30 % 49 %
1.6
— MCS (Finite plate)
1.44 © Moment method (1st-order) ’
® Moment method (2nd-order) ',-"'O
/é\ 1.2_ "
2 Jo
<= 1.0 [
en <0
§ N
o 0.84
S
S
= 0.6+
=)
<
S 044
0.2
0 6 A6 16 16 6
1.8 10 1.9 10 2.010 2.110 2.210
Number of load cycles, N
3.29 (Case 3)
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SD of crack length (cm)

Skewness of crack length

0.7
—— MCS (Finite plate)

0.64 © Moment method (1st-order)
® Moment method (2nd-order)

0.5-
0.4-
0.3- i o
0.2 o

0.1

0
1810°  1.910° 2010° 2.110°  2210°

Number of load cycles, N

3.30 (Case 3)

3.0
—— MCS (Finite plate)

25 ©  Moment method (1st-order)

' ® Moment method (2nd-order)
2.0

o ®

1.5 ¢
1.0
0.5 ©CO0000000000000O0OO O

O T T I
1.8 10° 1.910°  2010° 2110° 2210°
Number of load cycles, N

3.31 (Case 3)
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Max D

0.05

Case 3, Normal
— — Case 3, 3-para lognormal
0049 .. Case 3, Weibull

0.03 1

Da: 0.0136 (a=5%)
0.02
0.014-.
0 6 a6 6 L6
0.8 10 1.2 10 1.6 10 2.010
Loading cycles, N
3.32 K-S test (Case 3)
4.0
——MCS (16th, CV=30%)
3.54 @ Moment method (16th, CV=30%)
"""""" MCS (20th, CV=47%)
3.04 © Moment method (20th, CV=47%)
2.5+
2.0+

PDF

1.5
1.0- .

0.54

Pid T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Crack length, a (cm)

3.33 (Case 3)

148



352 -

2 242 Threshold K, c

242 , 3.5,3.6,3.7
3%, 5%, 10% . 95%
3.34

95% . 5%

N
S

W
(e

Fatigue stress o (kgf/cmz, Log scale)

[\
(e

O 95% lower limit (CV =3%)
A 95% lower limit (CV =5%)
B 95% lower limit (CV = 10%)

10+ N
10° 10°

Fatigue life N (Log scale)

3.34 95%
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35 (CV=3%)
Case 1 Case 2 Case 3
(c=16.5kN/cm®) | (c=25.5kN/cm? | (c=43.3 kN/cm?)
2,307,000 618,000 121,000
125,000 33,900 6,800
0.007 0.008 0.011
95%, 2,1010,000 563,000 110,000
3.6 (CV=5%)
Case 1 Case 2 Case 3
(c=16.5kN/cm®) | (c=25.5kN/cm? | (c=43.3 kN/cm?)
2,322,000 623,000 122,000
209,000 56,500 11,400
0.010 0.012 0.018
95% 1,979,000 530,000 104,000
37 (CV =10 %)
Case 1 Case 2 Case 3
(6=16.5kN/cm?) | (6=25.5kN/ecm?) | (c=43.3 kN/cm?)
2,396,000 643,000 126,000
418,000 113,000 22,800
0.528 0.532 0.546
95% 1776,000 475,000 92,700
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353

150
= 20,000 30
Aa, = 0.05 cm
. 0.2cm
2.06cm
3.35
1,2,3 57 %, 109 %, 82 % ,
(Ke)
3.8
3.36, 3.37, 3.38 Case 1,2,3
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4~6
30
AN
Aa =00l cm ,
AN
AN
N = 450,000
50 kN/cm'?
s Case

ay

Monte-Carlo simulation

3.5



N, (order)
Case 1

3.37 Case 2

3.39

0.01% Case 1, 2,3 32 %, 7.7 %,51% ,

152



3.8

153

(Ko) (ay)
51.15 kN/cm!'? 2.076 cm
5.812 kN/cm'? 0.342 cm
0.687 0.535
1.2
Case 1 (a0 1 5%) .
I
1.0 ——Case2 (C:5%) "
o . 10
o Case 3 (ao’ C:3%) ,l
é 0.8 | r
8 I
5 I}
Z 0.6 I
o
=
.8
& 0.4
(]
o
@]
0.2
0 -------- : I“:“:-“T-:- T T T T T
0810° 1210° 1.610° 2010°  2.410°
Number of load cycle, N
3.35




""""" FORM (ao)
—FORM (ao, KC)
~-O-- Moment method (ao)
jg2] o Momentmethod @, ) Foe

Probability of failure

10” . . —
1.710° 1.810° 1.910° 2010° 2.110° 2.210°
Service Fatigue life, NQ

3.36 (Case 1)

10
--------- FORM (C)

——FORM (C,K )
--O--- Moment method (C)

—— Moment method (ao’ a)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Cr-fe

—
[
| ¥

%)
1

_
<

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Probability of failure

10™ . : —
1.710° 1.810° 1.910° 2010° 2.110° 2210°
Service Fatigue life, NS

3.37 (Case 2)
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—
(=]
| 0

Probability of failure

""""" FORM (ao, (63

—FORM (ao, C, KC)

-~O-- Moment method (ao’ 0
—e— Moment method (ao’ C, ac)

10>
10 L6 6 N 6 — 6
1.8 10 1.9 10 2.0 10 2.110
Service Fatigue life, NQ
3.38 (Case 3)
10
Case 1 (ao’ 5%)
g — —Case 2 (C, 5%)

Difference of fatigue life (%)

3.39

~_ e Case 3 (ao’ C, 3%)

10 107 10 10°
Probability of failure
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J-integral

, Paris-Erdogan
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Paris-Erdogan
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(Monte Carlo simulation)

- 95%

) (order)

3~8%

, shape sensitivity ,
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integral

Ji-integral

shape sensitivity J-integral
Chen ,

shape sensitivity

- 95%

. Monte-Carlo simulation
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Monte-Carlo simulation
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ABSTRACT

This paper presents a new secant approach to estimate the path of growth of mixed-mode
fatigue crack and proposes the second-order third-moment method to predict the
probabilistic distribution of fatigue life.

Lower limit of macro-crack length, which is applicable to linear elastic fracture
mechanics, is defined. Fatigue life of micro-crack is approximated with a constant
growth rate corresponding to the lower limit of macro-crack length. The dual boundary
element method is employed for the analysis of macro-crack. The mixed-mode stress
intensity factors are evaluated by displacement extrapolation method. Paris-Erdogan law
and maximum circumferential stress criterion are adopted to determine the crack growth
rate and tangent direction, respectively. Integral equation of Paris-Erdogan law is
discretized for a given increment of loading cycle. In each loading step, crack increment
is assumed as a parabola, but discretized as a straight line with secant direction. The
parabola is updated iteratively until the tangent of the assumed parabola converges to the
growth direction at the new crack tip.

The probabilistic distribution of crack length is approximated as three-parameter
lognormal by the second-order third-moment method incorporated with the proposed
incremental formulation. Initial crack length and the coefficient of Paris-Erdogan
equation are considered as random variables. For each loading step, the mean, standard
deviation and skewness of crack length are approximated by those of previous step. The

distribution of fatigue life is estimated from material properties and the S-N curve is
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derived numerically by the proposed method. The fatigue life for a given probability of
failure is evaluated from the distribution of crack length. Proposed method produces a
good approximation of the distribution of crack length compared with the results of the
Monte Carlo simulation. In the evaluation of probability of failure, proposed method

needs much less computational cost than the first-order reliability method.
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