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Abstract

A new method of parameter determination in the fatigue residual strength degradation model is
proposed. The new method and minimization technique is compared experimentally to account for the
effect of tension-compression fatigue loading of spheroidal graphite cast iron and graphite/epoxy
It is shown that the correlation between the experimental results and the theoretical
prcdlotlon on the fatigue life and residual strength distribution using the proposed method is very
reasonable. Theorefore, the proposed method is more adjustable in the determination of the parameter
than minimization technique for the prediction of the fatigue characteristics.

laminate'”

PE Gl Xﬂiﬂ A

tAYA, 949, 9
. stkim@yu.ac kr

TEL : (053)810-2456 FAX :
HAFE NG AFA - ) AA L

E-mail

* B, AF

{053)810-3703

of o3 AR, Yang''e AEA T} 92}

AR e Gruans AYE SAZ oo
SRYE AFRLL AAHGOn, g v
EARAEA 4FHY AF-AF W25 3

ol zctel melo] MHAdY T ANE B
e Bustych ¥ Yang?e A4-gtE oz
9 AP IFAE AR 53 Af2F
B ZFo] 7tE¥ o)BE AL, A@dHHR
3] %3} o1, Radhakrishnan®z} A7 Zo) ol s}
o FRAdE Asnde] FaAel A
=3
Weibull 2%¢7 oz zdde BHA=
A Rde wde pPAsE el e s Fg
3 AEol s AH, XF2AY el
A # 4 3} 7] ¥ (minimization technique)3}

AR
T e
Z A ¥ (maximum likelihood method) Fo} F

e

[«
-



EEREL

Bt

z olgda At

AP = Radhakrishnan® Whitney” -2 H$
z24WMe  olgstd HeviHE AAFAL
Yang'?e #H237¥ S ol&stAh

20 o gardf/olEA] BEAae du 3
Szgdn HAs7|Me vlusty HastrHol
sepug A4 o Agse Rud u AA,
v gas shebulg 24y #% A7 v
%3 FFolch

2 A muVixe #FAE HI}nd
Mol Hge Mz Fejvie AAYE At
3, Q-3 yaaEsty pAFAFEN 9%
Qg mzsEste] B gt Atd
setule] Aol 7129 Hasry, HLFA
W opr gReddEn LY EE J3d o
Hgrere AgA Ao} ola gFAt
BNy FASIFHY g vz T
ERCAS o3 [0/45/90/-45/90/45/0 ©AA
za 2gAa@d wg AF-4F H2sE
Qgere HMutxoz mested Atd FetvlH
ol Hassly Bt 2FAE AR &
o Agse EgHes A¥ARY um

o upo

=

o 4x o 2 do
ot 2 o

o
3
>
poh
o

Yang'?e AHRE BB FHAA n A2}
ol ¥ ZFAE R(m Asts A (WH 2L,
SRR E R(DE A @9 gol H4Hs K
stk

R(n)= R10)— BKS'n M

R

A71M, b, ¢, K& Ag@dole] o 2FHE
Ao, S $WS, A 25 Weibull X
of #RE4 ot}
=A3HRE R(0O)ET HA AN SelA
W2AYHSE Job FH, 4 ()9 dfes FE
228 98 5 Aok
RAO=[R{m)+ BKSn]" (i=1,2,- - -]
3

£ 9% ARFE AstEde] stetvle) AW A 1453

o714, R0)e ida HZAgHo] JA2E A
& @z gdotd FHIRAEE T
2 oAl AHEE TREFAFEL EFARY
A ARZFRFE R(0)7F 22 Weibull X B
2 geonz, A ()% L& FAFIYE

%’:5)-:— FR(O)(JC)% o:-l_% :F %}\q

£

F (0= R(0)<x]=1—exp[— (%)"] (3

53 #71 n=N, R(1)= 0} & 4 () o
g & Hesd A (@sh gol Bk

_ [R(0) — 0]
N= BCKsb (4)

sesw N BAH ¥ 4 (49 Han
2 (e AHIRFE RO SAREEE FH
4 ()% 2 F Ao

1
Fun) = PIN<n]=P[ R(0)<(BKS"n+05a) 1

Fu(n) =0 a1

GBS ) g
¢
n N2AlE F AFAER(S BAR ¥
e A (e @ A Q) Foin AHF
Brgrs 7e 4 (6 8¢ 7 A 29
AFAE Rl AN AEEH opax 2T H
$g, & AgHe]l n AlolF ol Hd &
2 (o2 FE A (NH Zo] A

=1~ exp[—(

~—

o

B
i
3
T
al

X
o

1

o

Fron(x) =PlR(n)<x]
= P[ RY(0)— B°KS®n < x°] (6)
1
= P[R(0)<(x°+AKS"n) ]
( xc+ gSCKSbn ) %]
BC

=1-expl—



1454 a4

FR(?!)( O max ) = HR( n) < Umax]
Ol + BKS n
BC

a2
[

) “l

M

BFEAE AstRds TAR & AReEg
FAEAE A& A (HY avig b, ¢, Kol
aA oEste, HasrIgA Himels Atd
setvle] 2AYE aoks® 2 (8), 9% 2o
HargIHe 4 @) Zol AHIFIAE
SRR E dolgel g A WA FERUE
E(m,w7re Hoo) AFIZL HF Aol(mean
Hag FozA dojd

=1—exp[—(

square difference) A&
F Atk

4 =(m— g )2+ @ Wm— i )+ gV omy— WV )’

(8)

A7AM, g3 g Hit, B4, dEe 4aH F
840 et HoEHE AFA S|t

Aot WHle SHHY S| 2 x (A &
HHe SelA AZAFAFE molet 3
288 H Omai (i1, 2,..., n, 4 &
A HEBAIE N, RAeA b (=1, 2,...,
myo 2 W71, ok#ll A (9)e FHol A 45
HAazt gozA] &Y £ 9l diolth

=55 ey -

a Nyt ommil BKSE 40
{1—expl (—L———I/Ksb )N

©)

AHgE AFAEE FASATHECD 45)01m,

H 2P HS ASTM E
606 AFAFHOE xﬂl}s}s’aﬂ Al ¥ 7] MTS
Abe] 250KN &9 #42 v HaAHE

%E’—-“,Hl R=-1,

~0830.2 S7)e) SN Adstgen, 7
A5zold T AGAL ARG F7]
A%7) 1Hz, RF7E N@Hu 2 AR 5

Tejsted Aol A FEQ 10HzZ 3

o848 HeAuHE
719 Aoty W

R ogigeld A2 2Ang o &HAL,
9] = (o

J}H S ke
.
2

D2 dolE Y 4 (9)F o] &3t Delphi 5.0 £
Zegolz Zzadsd AEsac aew
gqae ZFAE BX F vluE Table 3(2)
o AFHFE dolHE o &3tATh

Table 12 E&AG dish A4z ya At
A getule A2FYA b2 AFAE ASEP
detale b, ¢, KgS Yehll A, At
wol 7% p, Kge A27IHT FAEH
el o et 493 2 %oz YEyth

cgol AXE 2 (52 A N FEEFalc

e 2NN Hed oA Weibull $Eo
Frsgel Aokde AL odvsmz Hzs
WEXD Ge J1e7E R F 7 2xel Al
kel shebele ARgel ol AZAN} Has
el og 27wy & AEE Uehil
e oFia,

Table 2= Satujg AAHA e BEA 89
A FEd dESnzayn A AT BaEd
o] vl ARE At e, F HR 94
3 dEF BT A¥gd FFT YAE Hola
ek = AddelgE §3 dvEst A oﬂ
W ooekd dole] FHEFFAAN HEFHF0
bestejop B2 Yoo A& FHFE g
0.4349} 0.5060] thal 9Atstel =4%
A AT ded, 493 F2 YAE 2o
T ges o 4 gk

Table 3 EFAFY HIFHEE, A[FAE
Bxol @ deinie AAH BE ASE xS



A2y Es A% AFAE Ast2de setvjg AR A 1455

AdEx ety v ARE A ded, 4
AEEEo thel e 4 (10023 EA = 2
X} Al 2 §H(residual sum of square, SSR)¥} Fig. 4, 5
2 skt

SSR= 2} (Fuiy~ Fyo)* (10)

Uz

7NN, Fopye %% a$(median rank)ol]l ¢]3F 2
FdlolEle] BT, Fyye Edllel 93 o243
B o},

Table 1~Table 39| ZA}9} o] S g wHBEY

© AR W oF oFo] HAgs|H 9
3 dE Bk AEe8u ¢=0.606S AF =
SHFEAAN e AxE 7FRH élf‘ﬂésﬂrg} =
F2 UXE Holn YUY, IFAEEIEY F
Sl = AehEl el 9 oﬂ%ol éfﬁéﬂrg}
o ue FAE kA 2L AdXE RAYG

HasrIge AHaaded A (Y 2757
T AatEdo o #A43 TSI A= dA
o] HAuyE dAste Ao Rdg §3
2o 9 EXoSo] Fasty fg Mz
e FEAI| el R, AokdE WHe 4
BAog A (5 924y dFETL gl
ol o3 2otazsl B 1Y SHIwe s
gl g dAse AoR ol AFAE A
dg 53 H2Fy 9 ETdZo] {87
A% dAHA ALgE BEATE AA Y)Y
wiEel dEzy T2 dAE B Aor #g
Zh=3

Fig 1& #1189 SemBzk(b, ¢, HEF 4
()e ogste] TAZAFH| U H43ho]H
3 oAt PHOR dEH IRAE ANAFE
BAZD Qid, A8 08¢ AT
E 5 Fola AbE wel 9@ oo
gdss o £& ANE wolw ANSH, ¢
0.72, 0.79¢] AL HAiz 7o o5 9
Aot 4 e olg wol: AN

gebd, Qg-dE dRsetel T4
o B AHRZE ASmdel o BFAE A
A% edxe ol egae, sy Ay

[al

0

=0 A
e I O =4

5 =
—ES-TL_TE
2,

Atd WS
YEbst T

Fig. 2= H&3bYat Atd WY& of &3t
A @)= 3&’&@ sEadwe] B¥2 zAEn
31:‘11 Uy B GEd dAE Holn 2%

4 Weibull 23X & 2 23 9Se ¢ F 9}
ol UA-UF MEaFate] BdAge el
AFAE Astado] fFsty] A dgzio
S ou|El= Aot

Fig. 32 HAs7 1M Aoty o
#etu)E & o]-§3te] A (49 FE2FH o

ol &8tz Aol utgAE ez

Hg3te] AL N2sY dS5ANE ANG 9
), R opad 9% 43 2R Ag9gn £F

& AdAE Hola AFE ¢ F Ak 2ga
oo =gg-2H] q=0.434, 0.5060] thsto] ]4tsl
of R AAE HdIFRH FL AdAE Holu
AATh AHH ez vas] B At Wyl
A2z 71y Bk Al o Hagd o F
& UXE Bolu UUT, H237|Yel g d

soesye AdE gyl s Huiye

Fig. 4 7 $8524 A%8743% Ae
Yo oxd WeirgREd Aoy
<l

og FRENE ALad Fegse e 3
sel #AE ANSL gt q=0.6068 9|

- e aYEns O g Az
202 vhehi,

Fig. 5 ALH71H7 AQdE Hios 28
Bgane] AFYELIL APdolHd o9
FIEA EERA BAS AN ded

& gYFENA AXY PHel o Aol
232

BE SHFTAM Agd W] 4% oo
S #AE Y A4¥4 M 2 9 2 4
AE Boli ¥ Ao Yehg

Fig. 62 HA37|H# Aoty Wyoez
BdAae) FRAE A3AEE RAFH
d, 21ge AAE Hidxs 4 $HFEF
& *Pih Ze 2070 Alddole s Ag3
Hag §ska 109 FIAT o)&3 w8
aiﬁk Hlad s AEHeEQ Fig 6(a), (b)ol]l X =
At Wyle] AEHY o FL& YXE Holm
AU, 1E&EHFER] Fig 6(c), (DA E= Ha

o

reore

A 2 30 M
X

©



1456 P

7)ol g dFo] o £& AXNE Hole
o g e MibA o g Felg xo] flo] F o
W 2% fAbeA uEbgTh
olAte]l AIE FHRAHoT wHE w A
4% H2dtFste) FAEAFHER BPAR
Ae Wz ZRZE AstEAe] 28 H2sH
T

FRAEE A5, HRAEAE,

o
A
i

10 e
=
o 09’» ©  Experimental dala
- —— Proposed method
e T Minimization technique
g
=081
a
E
< _n an
= o7k q=0.63
o
o
[efe]
06 1 .
10 10° 10°
Fatigue Life. N,
(a)
B O S SRR
a i
E s N :
= O Experimental data H
poj —— Proposed method H
S Minimization technique
et :
< o8 L
o i
< ;
8 q=0.72 ;
& :
07 :
i L
10 10° 10* 10°
Fatigue Life. N,
()
1.0 s

O Experimental data
—— Proposed method
"""" Minimization technique

©
©

Residual Strength in n
[=]
@
T

q=0.83

07 PR Uy - e
10° 10* 10
Fatigue Life. N,

(c)

Table 1 Parameters of the residual strength
degradation model in graphite/epoxy

laminate'”’
Parameters b K
C
Method
M.T.* 12.267 12.0 {5.560x10
PM. 12.890 19.7 |3.899x10™

” L\
2 5 .
~ ook ©  Experimental data
= —— Proposed method
o =+--- Minimization technique
I3
5
Y
= 08¢
o
E
=4
=
@ 0.7
2 r q=0.66
O o]
06 L !
10¢ 10°
Fatigue Life, N,
A0 e
=
; 0.9 ©  Experimental data
% T —— Proposed method
=t - - Minimization technique
L
jul
2]
E
:§ 08
Du:”} q=0.79
07 o L .
10’ 16 10° 10*

Fatigue Life, N,

(d)

Fig. 1 Comparisons between the experimental results and the prediction of residual strength degradation by

the parameter determination method in FCD 45



Fig.

10
o OQO
2-P. Weibull Distribution

08 | 0 Converted Strength (P.N.)
5 O Converted Strength (M.T.)
o
g
S 06|
=
o
S
+« 04|
2
-
o
22}
=Y

&
00 PRCF
n i 1 L
08 09 10 11

2 Distribution function of converted ultimate

Converted Ultimate Strength in

strength in graphite/epoxy laminate(2)

o
@»
T

10
—_ o Experimental data /g
= -— Proposed method o
~ 08 -~ Ninimization technique
ih
c
3
S 06}
2
=
3
=
g 04t
=
=
2
= o02f
7
[=]
00 !
0 10"
Fatigue Life, N,
(2)
10
08 ©  Experimental data o
-—— Proposed method &)
/0
8]
[m)

o
~
T

Distribution Function, F(n)
o
I
T

-~ Minimization technique

0.0
10°

Fatigue Life, N{

(©

Applied Stress, MPa

1457

250 |

200 -

160

470838

L)
=]

Experimental data
Proposed method
Minimization technigue

Extrapolation

Extrapolat:.on

10°

L
10°

Fatigue Life, N,

Fig. 3 Comparisons between the experimental resul-

F.(n)

Distribution Function.

Distribution Function. F,(n)

ts and the prediction of fatigue life accordi-

ng to the parameter determination method in

graphite/epoxy laminate'®

o
@
T

o
»
T

o
~
T

U Experimental data
~—— Proposed method
Minimization technique

o
]

n)

a

Pooog

q=0.606

0.0

Fatigue Life, N,

(b)

=)
@
T

o
3
T

)
FS
T

o
%)
T

C  Experimental data
Proposed method

------- Minimization technique

00

Fatigue Life. N,

(d

Fig. 4 Comparisons between the experimental resul- ts and the prediction of fatigue life distribu- tion by the

parameter determination method in graphite/epoxy laminate

@)



1458 AH-3Y S

10 -
10+

3 Experimental data -~ ~

El 08 — Proposed method »x; 08 ._.\/ E?S;;‘;gn;\z:hggla

E3 | inimi N . 1 3 L3 LR N .
fa Minimization technique P B Minimization technique

5’ o
= 06 S o6k

5] - =

s | Z 0=0.722
] q=0.606 5

- $,.= 345 MPa

2 04 b 0.4 Seud
8 s T K= 2150 cycle

2 5= 290 MPa £
3 N = 14400 cycle =
= 2

£ oz} Zooz2f

» P =
Iy £ !

=
00 M) . L . e
07 08 09 10 1 1 00 y y
! 2 07 08 09 10 11t

Residual strength in B Residual strength in p

(3 (b)
Fig. 5 Comparisons between the experimental resul- ts and the prediction of residual strength distribution by

the parameter determination method in graphite/epoxy laminate'”

1.0
10
=
08
E O Experimental datx 208k o
Propused method = O Experimental data
o Minimization technique = Proposed method
t;’:“ w | T Minimization technique
Zos| S 08l
& =
— a
E] —
2 0.375 S o7
= q=0.
04 st =0. 606
g om = q
= o
o
; os} o
02 L P
10* 10* 10° 2 4
Fatigue Life, N i o o
atigue Life, X X
g ¢ Fatigue Life, N,
10
10
B
=0l 2
E . =
Q Experimental data Bl B .
< — Proposed method = 09 © Experimental data
2 e Mirimization technique 3 b Proposed method
bl i ¥ e Minimization technique
5 08F : s
7] : s
— : @
b i —
3 jeccslioe S osl
g o7k q=0.722 ; <
o é } q=0.838
08 aaad i .
1 10* 10" a7 L
¢ 10! 10° 10°

Fatigue Life. N, Fatigue Life, N

(©) @

Fig. 6 Comparisons between the experimental resul- ts and the prediction of residual strength degradation
by the parameter determination method in graphite/epoxy laminate®®



H2sddEs A IRAE Astede vy 239 A 1459

Table 2 Comparisons between the experimental
results and the prediction of fatigue life
by the parameter determination methods

in graphite/epoxy taminate®

Method | Experimental
q results(mean) MT. P-M.
0.375 3042038 2200511 | 3057478
0.606 28211 41890 47692
0.722 9540 8467 9009
0.838 1658 1917 2022
0.434" - 720875 946451
0.506 - 203267 | 250303

* : extrapolation

Table 3 Comparisons of SSR between the minimi-

zation technique and proposed method in

graphite/epoxy laminate®

Method
Distribution / q M- M
0.375 0.627 | 0.073
Fatigue life 0.606 | 0.636 0.698
distribution 0.722 0.446 0.230
0.838 0.108 0.074
Residual strength 0.606 | 0.125 | 0.123
distribution 0.722 | 0.103 | 0.064
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