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Study on Fatigne Damage Model and Multi-Stress Level Fatigue Life
Prediction of Composite Materials( I )

— Fatigue Life Prediction using Reference Modulus

Changsoo Lee*, Woonbong Hwang®, and Kyung Seop Han”,

ABSTRACT

Fatigue behavior of glass reinforced plastics was studied analytically and experimenta-
lly. New modified fatigue life prediction equation(MFLPES) were suggested by fatigue
modulus degradation models and reference modulus concept. Proposed equations were
compared with S-N curve and Basquin’s relation. The comparison results showed that
proposed equations have generality and wide applicability. It is proved that proposed
equations predict the fatigue life of a glass fiber epoxy composite materials better than
S-N curve, Basquin’s relation and previously proposed equations (FLPES) The physical
variables such as cycle displacements and hysteresis loop energy were also observed

during fatigue test to characterize fatigue behavior of composite materials.

= 2

$eEAS7E gAY HR2EANS o8 ¢ Agder dFadc. ARAFAL 2l
AEA BT FIAS ARE ol gate] 129 25T G54E $AT AR FRAFHE
] o

H
(MFLPES)S A|arstadct. Aotst A58 7129] S-N curve?} Basquin’s relation¥ ¥l 23} c}.
ASo] AutAF Fue AL rPeAE BEch AT AES fElAF
£ SN curvet} Basquin’ s relationsh A3 oA Al <t= 41w 45 (FLPES)
Bl o T o=steich =, Aads BgARe] Ydbde F2EAE 2P Sste 3t

1
e R EC L

Z77)d] B2 wWele A7) olF oluA 5o FeA MFES HEAY =5 LS

# A, 2P AT



96 o134 - B

- ¥E4 BEBAWEEEE

LA B
A7 SPARE A QA shaa] o
&0l d2 HUSI A obEE WL Folo)
Al o] BH A7 R APABI) BFeie] 22
€9 FAREN AL e Yol de ¥
golth. 53, Azdde F259 54 59
ol i gl evt, o] &4 Fo] nju] gk AAo|c},

EiAge] Az A5e datda EualA
Bole g 2559 2o B v o
s & dL A Eolm, 27}A) gty
A F2Ee] H o]F w7lA] Ate BAL
A e, ARG EE cheFsleh, e, 4
Frob 717 S 5% 2 Awe) ol Wk wlel o
A, 71AA o] =A ulHA ek olg%
FHABY 2FT BAHALE Aste 2gAze
A2y PAE AR oo 2= gy 5
Flew, o]9 ol&H FrdE B o)z gl 9k

AF7kA] Ag P o]E=Q BgAise Has
FellEel F3 A7) A=A 1~18]. R
o dTfAE slo] B E(Weibull distribution)
Eg FAY dFEEE o8l Al 4
2y J257E 71 E 96 ol Jephgle
=, dA7HA g% H2eedEge 2 Bas-
quins’s Power Law, S-NF4, 8|3 Coffin¥
Manson®] A& 5ol gt} Bgalzge) w24
BE o]9}z-2 Basquin's Power Law ¥ SN
FAo2 vield ¢ 9lxu, BgAse] H2AE
< o AF3 ol A&l YeAE 7R
A 47 293, o84 A7) wta
I asl,

Hahn¥ Kim[41& %5 Z=2] @3] vigt
e Heo Ag 27 st olse AFH
At AAEE 28z FHFAES) e £
ol =2std&w Sur} dojdels AL o
435t AR5 B ZE f=3kydch. Yang S(5]9
Chou 50612 27 25 29 A5} 295} sudden-
death 29 A3, o] F 2de] Z3
Aole, AH €8 Astrndoe AHF-LHo] 1

o
e

4

W

25 o] §57) =o] A e Al slHe
A4k ¥hd, sudden-death Rl HE 7xr) &
A 8kA Aspsle vlAl e @ 7717 = uhEal o)
23 7z o] M) gioke 1S ALLg o),
Wang¥ Chim[12]& &34 5 Aslel] B3 IF7=2
shalow, B2 &4 BgdA5e g4s o
ek 23 A2 s4be) WMsge ga2xs) e
A gt 4 4 dlbSge vl sioe
7L RRE o2l T2SrAe S rslc)
e &4 §4E AR dESE 28k 5)
7gr] el 24 L Aasts Exos o
A& AHESlE E%slt)h. O Brien S[18]e 3
T2 dFelA BAASE QY AR AR Wy
<7t A=9t F7+E-9)(delamination) & 213F H=
el ki g Aags vndony v
o &3l o).

& 97l A= Hwang® Hanl[14, 17]°] 9244
(fatigue modulus)®} ¥ 35 (resultant strain) 5+
& E2AE o]&sle] AUF TS 2o
F3A 5 (reference modulus) ] de =9l 5l
Beh A 249 g2 Agkeigdoh. =,
A9 H2FIA B2AF Astge] B2y
3} H2F)e q54E gEdes lEe s,
olel FAFE HLsl AEFoz w4
o ¥pE ZPHE HE2HA d2sy g2
At o138 FEQ 4L ARG 2=
= W Yo ddgHAd sl HeHue
A5 = A Aok A Ae fYde 2
HEH) HLsle] 25 g Fgm, 2
Aol 4] Al ket ) 257 o %4 (MFLPE ; Modi-
fied Fatigue Life Prediction Equation)o] 7]2&9)
4 (FLPE ; Fatigue Life Prediction Equation) 2.t}
AgA e} o & 4AgE & F U

'(U‘

I

J

0

1



HW4E:, B1, 1991. 6

BgAge dzed 29 ¥ 95

g %9 H25w & A7) 97

7o) F7)ol] wat AgA o2 Wigld, old, 12l
} noll A2 F’""ézﬂ'r" A pmlBEE Fo

+ AA pn’ 2FE FoiX

TFollAdE EAT 5% F7] nollA 7t

o Hjg WFE Aol A 00’ H 7]
24 4=(fatigue modulus)E A& stgch.

4
N

012 34

Strain

Fig. 1 Fatigue modulus concept

e wg Fig. 124H 53 &2 347}
ok Ei

9
F(n, q) ( ) 8(n> ........................... (1)

o714,
F(n, @ 5 n¥A 315 F7]d4] A2As
e(n) ; oA 35 FrldAe] PEIYE
c. 3 7F 89
q ;AR A e $H e 9
olt}.
4 (DE¥E Az ARASF Fe 35 F7
n3 71E $8 qf] FFeE & 5 sivh 271 %
HE AAZAL o 2

—

AA F7)A J2AF Foe BAAST Et

Z32, st 245 FE 7HE %, Foe 713
<3 Agle]l 4AT W4, Fe 7M1 S
w2} 24",

A F=8 F o 2 ?’5} A #7] fi3ke] A1 T
dAsA Hd FE Hx dd, JE A
7¥ak §39] g57t okt EFT] e F 7‘r
g &,

olct.

gl el e} shgr)ol A 71t &I WY E Ale] g
AL Ad¥Yolz M)z el o] ¥ /AL
e ez ZHEd,
Go=F(n) gy wrreereerrerernernnesneennneiae ')

3714, Fn)& nlld F7lelAe f2A ]

3, & F7elA AR Frolzta FHA s AT
=, ]*—4 AREA P £ ATelA] A<t
g J2AFE AT BRAsdAE OE @&

7A€ d&i waEy, dw¥ FHF B
Az e 2 Zpol7} vl 2 Ao 2 Bt
A2A NG E7HA 7ER (499 845 F7 e A
74e S HYERAE A% Agl 28
7 &= olof ¥t

2-2. HEASF A3} =g

A2 A AsE dF/dnd 92 F7] n9 A$
g5z veld £ ok sl 4] (59 2ol
Z28% F 9t
dF Cn®?
an 2 BP

4714, A, B 2Ei Ce AgAdTFeld.

ol md-e FmE3 [13, 141004 AAE Axct
durd el Helolw, BE AfolAe dutAdd 2
@S Table 1o #2459 | &4(FLPE ; Fatigue
Life Prediction Equation, MFLPE ; Modified Fati-
gue Life Prediction Equation)¥ @7 8.9 c]
slch,



98 NP

4 B)F nelA nF717HA AEshd o3
Zro] Hr},

FB(nz) “FB(nl) = —A(nzc—mc) """"""""" ®
A (B} n=n, m=0% dYdshd,
FB(n) _FB(O) = AQS rerrreserereseensersieninenaes (7)

o]&, Aol n=No|BZ A(7)& th& 47
Zo] .
F8—F8= — ANC
1714, N& #FHH7A e FUEAF, v &
792, Fe 33949 A28-8 el

71&9) 249 34§ (reference modutus) Fy°l
otz 7 sta,

-S4 BEEAMEEEE
FO/FR:p .............................................. (9 a)
FI/FR:f(q)—'"—q .................................... (9 b)

9171 =t

21 (99 #AE 4 (8)e digistd
pB_.. qB: (A/FRB)NC ................................. (10)
o] 1, HIA7A Y ukEILE tgd e 4
22 ZAHC
N=[M(p*~ e
o714, M=F"/A°lth. welA, 713 S5 49)
g% AsAdFd M, p, B, C& ¢ 31E 4, ¢
A (IDE ol &3te] Hdss5ste sz
A& 5 qlch

ol A} e Wy og ojusix] FBAPL A8}
29 (fatigue modulus degradation model) 25-E]

Table 1 Degradation models and fatigue life prediction equations(FLPE & MFLPE)

Dgradation models FLPE* MFLPE**
dF o )
T\ gn="Agm (B C20, 1) N=[M(1—g®)]"e N=[M(p*—q®]"*
(M=Fo%/A) (M=F%/A)
dF
2 |g-=—ACn®'  (B=1, C£0, 1) | N=[M(1-q)]¥ N=[M(p—q)]"*
(M=Fo/A) (M=Fs/A)
3 ar A G Nl 8 B
=~ geer (Bx0, 1, C=1)| N=M(1-¢® N=M{(p~qg®)
(M=Fo%/A) (M=Fg*/A)

dF
4 Gn=—ACn®'F (C#0, 1)

N=[—|n(q)/A]‘/C

N=L—In(a/p)/AT"¢

dF

5 |9 N=exp[M(1—q®)] N=exp[M(p®~q®)]
= THEERT (B%O, 1) p q b P 4

dn nBF®! (M==F}/A) (M=Fg®/A) (S-N curve, when B=1)
6 Eif_ -—A—f‘:— N=q"a Nz(q/p>~1/A

dn n (Basquin’s relation)

C-1

/ g;— Fo® gr;s-i N=[g®1]"¢ N=[(a/p)®-11"

% ; Fatigue Life Prediction Equation[17]

* % ; Modified Fatigue Life Prediction Equation[present]



BaB, B, 1991. 6

g s2ed 28 9 o8 49 a2eg

& A7+(D 99

o2 F259 ¢ &4 (MFLPE) £ 458 4 .
2 AFE Table 10] 298] Fdo}. €74, F
g Al F2AS FaAs Nde ol
slo] FA181g HgEagdEae] 7]EY SN F
A3} Basquin®] A2 ARt ol AHeld.
oukdel S-NFA3 Basquin® FHA AL 53
Zro] vheld 4 glrh
i) SNIFA ;
qzk 1Og N seemrrrmrormerommenereeieneein (12)
oq7]1A,
q; 7H &9 Al
N; FHA|7A F7] A
ki A4, q—log N B4l S.NF4le
71&7]
ds A,
=]
olt},
MFLPE 5
N=exp[M(p®—q®]
4] (13)ell 4] B=1°]® th5 43} Zo] Hr}.
2.303

g—log N Bdell4] S-NF4€]

ii) Basquin® A4 ;
Ga:G'f(ZN)b .......................................... (15)
o 7] 4,
G b 7}'22.} .9‘:'53
2N 5 3 A)7hx] 815 whA " 34 (1 cycle=2
reversal)
o'ty AEHE AT
b; IF2FE A4(Basquin’s exponent)
olt},
MFLPE 63

mebA, 4 (12) 2 (14), (15) 9 (17)& ¥ 23]
2w A9 gelrt 2A LS & 5 sieh. Table 1914
FLPEE #2249 [17]e] Altse] dlov, & <
F& E3}to A kstE MFLPECI A ¢ E445 p7}
181 7ol st

-4, ERAAT

o

pel B4 9w 3%

2 e H2FYE dF57] 5t 2R
w4le] A= girh. Hahn 5 [41& A2 A
“% 3/\(fat1gue secant modulus) 7} A%+F
2] 2~ (static secant modulus) ] E2%

o Jlrx_ 1 dodeie shekal-g Alersle o (Fig.
2). Poursatip $[15,16]& sHAAFTE )43t
Wy shgae Adsiged, % d2F719
Hz2yggo]l HslE IhH Y E(static ultimate
strain)e] E=EP-&w Fete] deldrie ZHeltt
(Fig. 3). 28] Hwang 5 [13,141& 23159
FugFo] HelE PP Eo] =2 s
o] dojdtiE A2 Alte s 2(Fig. 4, B
HAe) =g Fold 2 gAS dFstdorl.
2 gFelA e FaAS RS Zaded A 4
(9)¢} 7ol AH pot 2 ¥-E A5 I

ARt AT pd 904 duE e 5 A

T T (A
rﬂlmﬁ

=
4 (@23 st 2e ANE 9¢ F 9
o},
FQO a
F(N) :__.(_2 G e (18)
P Gy

AR A B4 $¥ -y s AA Y
A2 ZAAASTE & e AE »E

PSS - PUPTOT R (19.2)

G =Ry wreeeeeeermsmss e (19.b)
2l (1998 (18)°l =i,

GrpE,  trreeereeeeees s (20)

7} 5o Fig. 59 vrebdl A 2 A5 A e
oulE A ") o]k, HARsF g ¥
Fo] HstE sebA Y Eo) pil A, A5 o]



100 o] - 38 - TAHA HHEEAHESER
a, — 7 Oy =
STATIC
STATIC
0
% CFINAL - 0
] LOADING g
(ﬁ* Oa— {;5 (27 e A
FIHAL
E (N) LOAQING
SN
Es(N)=E5,[0)
EiN) = E0)-2~
1 ! I
0 SEN) £, o] E 526N
Strain Strain

Fig. 2 Secant modulus failure criterion[4]
(The lower tip of the stress-strain loops
of final loading is translated to the ori-
gin).

Stress

FINAL
LOADING

A -

€,
>

&

e A g

Strain

Fig. 4 Resultant strain failure criterion[13,
141,

Fig. 3 Elastic modulus failure criterion[15,
161.
(The lower tip of the stress-strain loops
of final loading is translated to the ori-

gin).

.cu__ :

i

STATIC!

Fon=FL0) o |

p u F(O) |

o |

a |

& o |
il

t

1

FINAL'LOADING ‘i

f

1

l

€

S

Strain

CASEI ; p<1—F:(N)

CASEIl ; p=1—->Fy(N) (=resultant strain failure
criterion)

CASEII ; p>1->Fu(N)

Fig. 5 Relation of static ultimate strain and fa-
tigue resultant strain,



B4R, F18, 1991. ¢

B saed 29

44 9 J259 dF 470D - 101

dojdche 272 ovjgkth. 9714, pe B2
$24 A8 FF wel 2 o] dFe=
A=, p9 Z7)d wet 37HA 9] AdHE A
g & gl=d], pol #tol 13 7%+ Hwang 5l
o8 A< HYE A4 (resultant strain fai-
lure criterian) 3 434 Ht.

3. Aduy

B Qo) A28 AEE IMA AlEel dukEk
dled o] Geldf73s o ZA(E-glass fiber-reinfor-
ced epoxy resin material) ©1th. H3FAHYE # T

2L MTS(H3H] A8 7)) S AEstgh
AAAEE AW -E(2.13 mm/min) & Fo &
Astlen, ¥ 2AY-2 3154 ] = (load control
mode) ol 4 A}l 3} (sinusoidal wave) Fel o] at5S
7ysted A g, oldl, #AFF(frequence)E A
P2F AP 2245E AY FAY F e 1-
3 HzE AHgslsich. A4 s5-e 33554 0.9,
0.85, 0.8, 0.75, 0.72 3}3, AjHel %L-?-"—ﬁo}
EAA FEE A AR Tt HaFe I
Fat52l 0.052 FA ket

Mpa

750

450

Stress

3000

! ! ' ' !
0 0.3 1 L3 2 23

]

Strain [25.4mm/.25.4mn]

Fig. 6 Static stress strain behavior

< “}3} "3371" ARrHY 4o E ‘2_3}"‘% A
(extensometer) o] 2 8F ¥ st
Fol A MY EY 53 AL 5

o]zl o] frE B ATdME A Alue] WiHE
st J2APSE Aol H A A e skt

Hgro W LEE st (733‘*""3/7‘"5)7}
0.75% wj ] AF}E Fig. 7o) Yehiigisdl, AAA
7 (cycle) ©1F ArlolH o] A (hysteresis loop
energy) 7} Z7}eled, e 8154t o)l whet
iR} A F21E 4 ok BEsdsk i
2354 A E Fig. 8~109 =434 1
HE2YE § Hgle NEEEFe] we 954
22 Zrelnr) gt AR g F F1EE ¢ T
olrk. =&, B Agd] g AEe I Hee
A 88 e Aol o 45mmAEE AL o

s 2AEdeng PAYE I 2A9 =
o% Q%@ gith. weps B ol el A Aelet
4 po e 190 71EHA B Ao 2 At
é?ﬁ Z 58 Table 2¢] viepidch, A7

al
AT
@
H

Displacement

Fig. 7 Cyclic stess-displacement behavior



102 oS - B - e HESAHRS e
6.5~ 65l
9=0.9 q=0.8 '
mm N - mm N
. ®165 g @®17751
S 55l 9765 E sl ¢ 8207
E H168 g 7
8 8 B 4044
2 A254 & A 9388
_g v132 a vV 6946
L € 51
_E, 4.5 .. _S 4.5 ,v‘
pic] .:: : 2 ‘AY
3 Tires & -
:: $oe S T
3.5 3.5 g
2.5 l H ' ] t 2.5 ' ! ' t 1
0 1 2 3 4 5 0 1 2 3 4 5
log N log N
Number of Cycles Number of Cycles
Fig. 8 Resultant displacement versus number Fig. 9 Resultant displacement versus number
of cycles, g=0.9 of cycles, q=0.8.
8.5 q=0.7 R
N
o 0113539 @ 61695
g O 17439 ¢ 42814
g 55 []42568 m 34398
%z_ A 34211 A 37095
2 V 37950 v 45140 *
f% 4.5 - o
? L0
& gl
a 2o
s It B
P i¥ 9°
3 ¥
[y
2.3 d : H
o H 2 3 4 5
logN
Number of Cycles
Fig. 10 Resultant displacement versus number
of cycles, g=0.7.
T o} A= 47 770MPa¥ 33.1 GPaolgict. F7lolA BEsEE AHe gk, 28T 2
&

Eati=S
QA=) Haghd HE QA= 0% F = -8 £3 }oq 28] 8 2 Ai—*,mﬂ Exo] zl}sm
i zelddz, 85971 0.94 sEEAA] A <

Qv



4B, By, 1991. 6 23z H2ed 2y 8 948y 9 Ha253 dF 47D 103
Table 2. Test summary.
Applied Arithmetic Minimum Maximum Standard Number of
Stress Mean Deviation Specimens
Static test(MPa) 770 6395 860 48.9 21
One-stress level fatigue test
0.8 513 47 1,243 346 10
0.85 3,694 359 15,276 4,322 12
0.8 10,922 4,044 17,751 4,194 10
0.75 27,577 3,324 70,584 21,382 10
0.7 47,739 17,438 113,539 24,642 10
27} J254e) FFFRGE 28, $H59 + sxsEnimTaL DATA
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Table 3 One-stress level fatigue life comparison with experimental data.

Applied stress 0.9 Q.85 0.8 0.75 0.7 SSR
Experimenial data 513 3,694 110,922 | 27,577 | 47,739 | 0.0
Conventional 8-N curve 745 2,401 7,736 | 24,926 | 80,311 | 0.8889
MFLPET 514 3,616 | 11,482 | 25,979 | 48,633 | 0.0068
MFLPEZ 513 3,640 | 11,482 | 25,968 | 48,925 | 0.0069
MFLPE3 509 3,961 | 10,570 | 23,750 | 51,285 | 0.0311
MFLPES 513 3,671 | 11,393 | 25,754 | 49,277 | 0.0073
MFLPES 525 3,348 | 11,812 | 27,294 | 46,908 | 0.0164
MFLPEG(Basquin’s relation)] 919 2,496 7,187 122,225 | 74,184 | 1.1924
MFLPE7 8657 1,857 5,955 | 18,665 | 60,876 | 0.6869
Table 4. Estimation of constants.

P M A B Cc
MFLPE1 0.9541 103.4851 1.4244 0.3283
MFLPE2 0.9505 177.6490 . 0.3515
MFLPE3 0.9109 —1561.3941 —9.9988 .
MFLPE4 0.9431 . 0- 0037 0.4057
MFLPES 0.9981 11.7104 . 7.5524 .
MFLPES 1.3301 0-0572 .
MFLPE7 1.6659 - —2.0833 0.1477
Conventional S-N curve k:—0.0984 d:1.1826
Basquin’s relation o-1:1,065,.7 b:—0.0514
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