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Multi-scale Progressive Fatigue Damage Model for Unidirectional
Laminates with the Effect of Interfacial Debonding

Dongwon Ha*, Jeong Hwan Kim*, Taeri Kim*, Young Sik Joo**, Gun Jin Yun***'

ABSTRACT: This paper presents a multi-scale progressive fatigue damage model incorporating the model for
interfacial debonding between fibers and matrix. The micromechanics model for the progressive interface debonding
was adopted, which defined the four different interface phases: (1) perfectly bonded fibers; (2) mild imperfect
interface; (3) severe imperfect interface; and (4) completely debonded fibers. As the number of cycles increases, the
progressive transition from the perfectly bonded state to the completely debonded fiber state occurs. Eshelby’s tensor
for each imperfect state is calculated by the linear spring model for a damaged interface, and effective elastic
properties are obtained using the multi-phase homogenization method. The fatigue damage evolution formulas for
fiber, matrix and interface were proposed to demonstrate the fatigue behavior of CFRP laminates under cyclic loading.
The material parameters for the fiber/matrix fatigue damage were characterized using the chaotic firefly algorithm.
The model was implemented into the UMAT subroutine of ABAQUS, and successfully validated with flat-bar UD
laminate specimens ([0],, [90], [30],¢) of AS4/3501-6 graphite/epoxy composite.

S bRol A i B RS HEo} 7 A A0l AAE £4-S Teit HelaAY AU 5w 24 we
Agkare. WA HAH AAE £4L nelel] ) M e e AAE A Bl nlatz v
QISFACE 2h2te] Abefo] gt RulREe W 51Eo) Afo|2 47k Zbgel whet et Abele] AwolA
dhe] e o] Al o g o] o] Yottt &4E AW O of lH] €l A](Eshelby’s tensor) & A|4ts7] 5]
sz mao] AgEglon A3 S B HRAR $7 BAS At Bk HgA ol 727
ArsE7] S1al il ol ek A, 714 e il AR-71A 219 AW 2zt tf 3k &4 WaEo] A9
T 012 chaotic firefly S| 28 Bo) 4 W5 B3} 5}9ick. AokE WL 8 4a)4 213 ABAQUS
9] UMAT subroutine© & J1& £ 0] AS4/3501-6 E-32)| & o] T HaF 2} U] o] E (unidirectional laminate) A|HE([0],,
[90]5, [30],0)% ol 5o HE= ot

=

i offt (2 rfe wlo tlo
o ot i

32
£

Key Words: HE] A7 Y 3} 4] (Multiscale analysis), 2314 & (Composite materials), I] 2 3J] 4] (Fatigue analysis) 7] A~-3
2 dl(Micromechanics model), 7 Al £=AF(Interface debonding)

Received 30 November 2022, received in revised form 26 December 2022, accepted 30 January 2023

*Department of Aerospace Engineering, Seoul National University, Seoul, Korea
**Aerospace Technology Research Institute, Agency for Defense Development
*+*f|nstitute of Advanced Aerospace Technology, Seoul National University, Seoul, Korea, Corresponding author (E-mail: gunjin.yun@snu.ac.kr)



Multi-scale Progressive Fatigue Damage Model for Unidirectional Laminates with the Effect of Interfacial Debonding 17

1. M E

S E= f%% E% A AR —‘?’—OF% THOR Gt
Abloll M o] 2

Bl A= 7}XJE}c 53e ‘_94 AEERE =
SA =5 WA 7FL ok AR R HA =<
Aee A= Are] 54 3%"#‘3}% g o] =Rk
ofof gt 53|, A HHEE = Sl g H e 7=
=9 —°r JJE *Oﬂ gt A7 B2 olnh o/ 7|3t

gl =

m

E

[0

‘1 H‘U
B rE
ol

==
Z1Y o] gkt 3?*] o B Rl SHAS A E 34
Nz 52 2o = o5 Bk @ A5 ol wet A
2 o2 92 gtd AS S Holu A mhd, 7| w4
712 7te] wrejd At 59 EP"J?E &4
A5L

% AlZE 3 H]go] Q5] Oﬂ ol& thAlst7] 9t H=
g oAlE o] tfgt A o] XU3YE o] gt

UdtA ol m24r olE Bdl2 37 fatigue life model,
‘Phenomenological model, ‘Progressive damage model 2 -
FEt}. HA, fatigue life models2 S-N 7|2 9 Goodman
diagram& 0|83} w241 o =5)= WH S 2 Hashin
and Rotem(1]e] ©J5}o] H30 2 ASE At 1 o|F
Reifsnider and Gao[2]7} Mori-tanaka[3] #23} HFHHS ALg-
shof njat ol A o] = whE7] S AQFSERT Jen and
Lee[4]of| A = Tsai-Hill I} 7| &S 0 & ot&7|E 0 &2 3
Yol thz w)2akgo] sk BEl S Aeel 37

off -gahoich. AT o] W Al HHEelF A A2
_4 /\A]-O] 0—11147.” Z] ogg ;(] /H\:do].x] E?S]—]:]—‘— 1:].24 o]
ZAste] ot o) S WaR A,

of o] g4 S 225ty QJekel 7] o5
of w2l Alze] 74 W ZEs} HA Aashs A W)
Z Apo|ZE Frof gtk sk 2 el g)dl= ‘phenomenological
modelo] g5k 277} ALk, o] mEle 37 74 A
S}(stiffness degradation) X @3} 7+ A 3}(strength
degradation) A2 LEE] =] 71 A5} R He =
5] &4 et &8s 24 W DE E9Iste] g2 A
o] Zof thet &4 H42] 7]&7] dD/ANS S43t 7Hs3t
=4 e ARt A st A AskE ARttt ot

o] X3y

ARk o) 2o AolE &4 R A AR £
AUZS s 2L opeks HolA A% thE Aol

9] 31%0] ol th. Whitworth[5}= ga4-f E3A = o
slo] 7 Ast mele AN A wo] 5= shdo] 1)
2 529 ] £8o| AF Arot e A dwhAlsith o
7}A43 ] o) 241L =519t} Yao and Himmel[6]2 2]
Al AQm7E 22 450 2k FHk GAl A AT P
A3, FuE AR A ekt 2w ASHE Woll A
oot =S wokslSith Khan et al.[7]2 2% BEAA]

rlo

Jo ﬂllO
o=

AR Fof| st &4 WS ARSSH A REE A
Boteich o] mdloA= H& S 92 5159 X H
& 5o A& =3l HEE (static ultimate strain)Q} -2 A| A

SIEEWRETE BEES

9)o) mele w2 A9 ATHE Ba 2L AR 7
2 ARl el AR ARe] £4F WAUZS 1o
3 92 5 o2 mae] Bao] s gt o v
817] S18) ek Zlwe] WA £4F mYo] S

t}. Shokrieh and Lessard([8,9]7} CFRP @-ZHE_J 6‘]30]

o} WE AL 2010 o) al% Aol2

ol tigt o= RIS o) F F UP& H

&3t ’ﬁ.%f‘“‘o S gl Hote] S #ﬂo}oﬂ‘:}

Z = 3A AI7HA 9] EA 2 -4 B o O‘Ur
A AsH HA

>~1

°1=0

Ol
uN _|>4 fr &

1) &4 5H’H () G712 A8, ) A= &
E3 FE ndlo) Z835l= S8l s
ol A w] mtFof o3t uhdo] WY sh=
7] k7| %S MG 1 o5 shtol o] ujel A2 o}
2 244 nde Bgate] w2siEe] ofat Az
o] ZeAto] ZI5Ie AL TEsIAT) 9]o] MRS AS4/3501-
6] B 2 W 175 AW thete] AEH UL} 0%
Papanikos[10]= 7}Al A8l = A&, F = A dl= 2314 0 2
2 Al 59931 Ye delamination criterion[11] 2 Hashin 3D
criterion[12]& ©]-83}0] A|H Q] T R4S JFAOZ 4
=39t} Kenndey et al.[13]2 =A% Puck 3¢ 7|52 &
gafo] nj o] W AR the Zw W 7 Ao} A
= 48313t} o]5 GFRP tH]All (unitcell) o] 2-8-5}
2 aAS Sasteict.
2ot 3 2ol o] o3t £4MS e R ol 7 4
Az dA A - = A BEASFLA HE| AA A
LHFAIS 0] 835 B So] HA =2t} Zhang et al.[14]0]
Ae m]AtZR 2d = 3¢l 3D General Method of Cells
(GMC) 298 woven SiCy/SiC A} & 9] ¥ 2 A5 o =3}
7] 9fal 4g39ick. of w) A2 the 2 eAF B 9 )
& 71Eo] Aol 714 ZHzboll tisff A8 = k. 12
Sayyidmousavi et al.[15]2 T}F3SE A& L5 717 AS4/
PEEKS] H2 47 A A3 Slmphfled Unit Cell
Micromechanics (SUCM) 2 &8 A}8-519ict. SUCM X dloj|
e AAZRY TS T el 1 FRe SeaT
Sl 717 0] eI e Fhg ik R RVE)S] 2l
HE &2 2 Tl A o] S8 g &2 5 E AALbE
o} 7] sk e 440t 714 wge] B ool o
Slod A-QxlQic). Tamboura et al.[16]-2 Mori-Tanaka H'H-2-
SMC 532 & 9] 7+ A8tE ol &5t o]-&353ith ¥
A SMC M) 44§ RES SEMS H85t0] &
2 % 919171 o] ubEFO 2 Mori-Tanaka -2 A1-g-3}of
7} A4 Wl H]raP 9] S8 ARl o] o SMC
= 714] 7be] vtelr} Fa g v A

-1N

1

£



18 Dongwon Ha, Jeong Hwan Kim, Taeri Kim, Young Sik Joo, Gun Jin Yun

Ugolu uhzlo] oa ke 2ol A S
Aolsioic.

o3t AR = 1 oSS I HE| AA A
A o] Aol E+tskal Af-71A] 7+e) vt
23t A= Wol 3= A gdet shA R A -7 A 7k
o] vtel= A3 EdA RS a3t & AYUSE 5 skt

ojlmng Fpzog uHsfof qhrh whepA] 2 At At
A= AF-71A 249 vhelE aet - o 2550
g e AAY 92 &4 BmdS AASE 1A A2 ot
£ AFe 2% AHE 7A=Yl 7HAY AR A8 ES
7Hg8taL, ol Sl F& A4S 218l thd(multi-phase) <=
A RS Agskinh =3 2 A= Aok 714 L
2l Aol izt &4 WeE =9dske] AR 44
73 Ast 9l 7HA A 8RS FuEel] Wt
£ st & Ats o 2ol A itk |
A 2o A= W2 S-S 9IS HEAAY = &4
o] e 2of tigt A el E skl o &4 md 9] &
A & AAbet7] 913 A SHhomogenization) HH of]
ko] AakT 125k shel A 2 AR et &
g 9 &S 7270 gk A olE sk L

o] F 3% ol A= 24 ol A AFH =ES ABAQUSS] user
subroutine®] UMATOS 2 JL& gt 5] FE simulationS: 4~3§3}
+ 28, 1e)a gk ghujdlo]E Al ([0]g, [90]4,[30],6)
ol W8l A5 Ayt o tisto] Asstelct. ot
Aoz o A= dEo] diste] AgGseirt.

®
o
i)
&
t

2. HE|AAY D2&Y 2H
2.1 Dl)\:rl.x od
AT M 1A% 5 25 Aol o] M e

EPEP 71219k A2 AlHollA e d4ol WA A
Hhedsl7] 918l Lee and Pyo[17]0f| 4] A|Qbel o} &4F el
2 Apg3Igich o] WRGA % THEAS] T4 (phase)
o] A olE itk 7] Aol A= 7] Al (phase-0)&} 7 2
3] Agtel AVel Q] A (perfectly bonded fiber, phase-1)7}
Zajaity ol AT Aele] Afe A4 98 AeE
7P shgol Zhsd o wEh Aot 71A] Abelo] A
o] ofsle|w 2bAs| AgE 72 dF = o St
A (mild imperfect interface, phase-2)E 7}*|+= A-G-2 ¥
slpteh. sk5o] o 2 A&EA HH Ao vrejd ol

Al5tE]o] 715k 914 3E A W (severe imperfect interface,

> T oot

phase-3)& 712l A= W3keHA =aL 25 DA oA =
39 F(void) o2 7HFE= 9413] vF2]H (completely

debonded, phase-4) 4185 tﬂom] g} 27] Aeo] Bt
At FFol gl A 7HgEm AR 4G 7] A
sApge FART SlofA A9E oh &4 mae 1

o2 yehyH Fig. 13} gt

Prog interfacial

® 0|0 >
CoMo® oMo ® oMo @
o ~ = o

(1) perfectly bonded fiber_—

matrix_.—

—| /
s |n<anbi<f

() mild imperfect interface (3) severe imperfect interface

Fig. 1. Micromechanics model considering the progressive
interface debonding

o] mjATt o] 8-a 7 A] (effective stiffness)S AAFS|
7] 1540} Ju and Chenl1s]e] 254 i A--511ek. o]
AT ol A HHE 110 4B AEL Yeh 25
£ A% 91l o]= Mori-Tanaka 23} ¥y} =3k 2
24e Welth REZAS 4 ()3 2ol AL,

4
C =G |1+ @A +5)7 1= ¢,S, - (4 + 571171 (D)

r=1

A, = (C, - C)LC, (2)

4] (1)9] C& FaZFAdA oIy Cx 712 9] FAElA,
e 4%} 5] 1A (dentity tensor), ¢, 2} A4 0] o
i, 219a C2 A AR A"l Aol ek ALt
A 242 A3 B A ol W A T S A
F22 714351921 Eshelby’s principle[19]0] 2]3}o] 4]-5-2]
el St M2 sUshA agich §& A
KA e] ofalu] HALE ojulsh] $has] AR 41905,
oF ehd 5] vhelE AR(5)9] ofdn] "lAAlE Mura[20]o]

A de g Qlek S 3 S A (3), (99 Eh

5—4vy,
S1111 = S2222 = 8(1—v ),
0
(3)
4vy—1
S1122 = S2211 = m
0
Vo
S1133 = Sa233 = m,
Sz323 = S1313 = 0.25, 4)

s _ 3i= 4’1"0
1212 = gy

2 (3), (oA ve= 71A]8] otk H]olnt.
oFgh EehRt Ay ARt B Ade 7= A
2l ofldu] "IA(S,, Sz Qul21]of &fsf Algte Ao A

o] &Ato] Q)= &= 9] A7LA| (inclusion)of tjsh A& A
=3 Rg HEsio] AL 4 Atk Aol o] i A



Multi-scale Progressive Fatigue Damage Model for Unidirectional Laminates with the Effect of Interfacial Debonding 19

7HA| 9] ofldu] "lA Al ofefj e} o] dofZiTh
S av
UkI f UM(X) (x) (5)
= Sﬁkl + (“i’}'nq — Siqu)HpqrersanmnkI - Sv?mk!)
A (5)A Q= 8 AF ' AR 84 99, L
42} 4 EllA, S o du] ’IAE o]ttt Eeh Hi 4
(6) o2 Fojxih

1

Hiji = 35 j (Maenjng + njeniny + Ny + njngng )dS (6)
&

o] wj H= AHe] B4 W H7A|¢] 7]8k5He EAo| ¢

o Ag= AFYe] ArHAl) dste] HE A () 2ol
2V Qlof Ak,

Hijiq = aPijiq + (B — a)Qyjn @)
Pris = Passs = 4Pyps = 4Prsys = 2Pryry = o (®)
1111 = Faz22 = #0323 = 4313 = 2212 = oo
o
Q1111 = Qa0 = 301122 = 303211 = ﬁ (9)

others =0

A (N~9)A ae= A S WA ES 2u|shH, aft
pr 49 @4 mEd A Aue] G4 W +4 e
compliance®|t}. A& B W Eof|A] strain fieldE FYU3}A|
517] fleA = a=polofof 5FA|TH22,23] 2 Ao A= A
HaTeL & YA q p e AT

Lee and Pyo[17] 9] A A T&5 &85} 7 A HO £AF
o Q= A7HAIE] ofldln] "lA= A (10)2} o] #d T 4=
olet.

1

(2n-1) o
256a(1 —vo)z{s”f 08

(Sn+‘l)ijkl =

M(2n) (10)
+ 8, (88 + 8ub)}

n=12

A (10)9lA] Sy, Ssi= ZH2F oF Rt AW &4 A A
H SARS 71X = 2 71A) 9] Eshelby's tensoro]th. 22} €A
S Sy e Al (1)~(15)9) o] Fof KTk

M(2n-1) _ oM(2n-1) _ M(Zn—l) - M{Zn—l}
shien-1) _ giGn-1) _ g = !

= 32a(—1 + 5v, — 4v3) — 3muya, (11)
+24m(1 — 2v,)% 4By
+3m(7 — 3209 + 3208 1o B

Sm(zn 1) _ Smfzn 3 by

= 128av,(1 — v,) (12)

+48m(1 — 2vy) B, {(1 — 2v9)Ay — vopto} n =12

SM'(ZH—I) .

M(2n-1) _
31 S3z =

5;13(211—1) =0 (13)

M2 M2 M(2 M2
s (zn) _ =s? ( n) _ 512( n) _ 521( n) 14

= 32a(3 — Tvy + 4v§) + 3np(a, + Bn)

M(2n) _ &M(2n) _ ~M(2n) _ ~M(2n)
513 - 523 - 531 - 532

= 4(1 — vy)?(16a + 3mppa,), ShE™ =0 (15)

2.2 7 Mzl |2 &4 2 2

o RRANE AFY BRSNS ol &
A AUEE A FAAR SAGIA o gusi wey
o4 YRS slapRAdA AR 4 Weg Hels
Atk 2 Aol A= EFA) =9 delamination 5-of &7k
interlaminar ¥ 2 &A4R2 718]3}X] o} s}9 1l intralaminar
s At 18319 Tl Intralaminar £24) £ A =3 E3lg
7F dubA e 2 7ER|= AI7HA 9] 9= ok wAY S, A
o, 71X A, A7 A HY] Bhe E ALkl o 7}
Zke] mhE wAYFol tiste] o2 &4 MaeE F o5kl
of. WA Ao FHaFoll thsto] A whof theh &4
(D), 71 At F ol et 7] %] 9] &4 ®a=(D,,), PFAerS
2 AF-71A 7] vhejof] gt &4 W(D,,)E 25k
o} Zt7ho) EAF s Fol Y =Sk }01]/\1 T =Y

ol AstEls AS BAR] A &4 dAE =Yst

T &4 "dA7E e E A = %*é A= ot &
o] ALt 4= e

Cr= (M7 Cro: M7T) (16)

m = (M Coo: MiT) (17)

7h e 24 Eajo u, G Coie 271812 74
otk T2 M, M, AF BlA o] 4] (18)7} o] A
=},

1
[— 0 0 0 O
V11— D11
0 1 0 0 0 O
0 0 0 1 0 O
0 0 0 0 1 0
0 00 0 0 1
1 0 0 0 0 D
0 1 0 0 0 O
11 1n1hal 1 bala D (19)
M_ =
0O 00 0 1 0
o 0 0 0 0 1
5] 25tgo] v ol whet ko] APSe] AL B
7] 915 AsH ez ol AGHE &4k Wl 718



20 Dongwon Ha, Jeong Hwan Kim, Taeri Kim, Young Sik Joo, Gun Jin Yun

71E A Y3}= dD/dN approachE AlE-5}9 17 Mohammadi
et al.[24]9] power-law A& 2-85}3]t}. D, 2} D, ol tigh &
A W 7187) A1e ol 2.

dD,  AMYK A, (Aai)Px
dN (1 -D)%  (2E;)Bk (1 — Dy)?Bi+Ce (20)
k=11f,m

2] (20)0l14] dD/ANS: 42} 717]0] <4 %= 71871, E,

& Aol G8, Aot W33l Hlslol 2 52
3 24 g0l AE 7ke] Aol A, B, Gz 7 4 w4
o] statn|gfo]t},

H57170 219] Sl 8 RASL] 919 A EE 1))
AR gt u Eee A4te|of gt} o] 5o ]
Bgolnus ﬁwom 18] A6k 717 o] w44
GASIA 714 1be] telo] st &4k g 7127 4]

4 @t 2ol Bolsteich

ADipy Ay (Ao3,)Bint

dN ~ (2Gy,)B12 (1 — Dy )2Bine*Cine 21)

o| u|, dD,,/dNE Zd-+-714] 7te] vhejof thgh &4
71&7], G= AR A S A, Ao = BHE5HE0
dhste] 2ol Aekg2nt M Aeio] AF ko] Hfel, 1
E] Atnt’ Bmt’ Cmtt f_\/ﬂ' H:‘/\ J’]-E]—D]E_] ]E]'

D, 7} 27Vt A 7oA ARt AsolA 9dsl uhel

) A2 Hulgo] Wapl wastA Sk 7t SR
&9 ALk S8l Adf-71 A 249 v e A shE e A o
3L o] &2 Weibull processE w2tk 7145 T)
(17]. A-71A] 7¢e] dhe] vy ehEe 4] (22)¢} ZaL o] &

B3 217k TR Rl g 4] (23)~29) 02 A
Aveit,

P?“m: =1- Exp(_Dint) (22)

(52 . ¢' ' Prmt (23)

$3 = ¢y Prin, (24)

b4 = 3 Plin, (25)

Gr=¢—P, (26)

¢, = ‘l_’z - d_)a (27)

;3 = ¢_’3 — 4 (28)

(52 = ¢ Prin (29)

ol ), 4] (22)0] Pr, A= A16-71X] 1¥o] uhe] wAy 31, 4
(25)~(28)2] ¢, & rilA) A0 BulEgs ol

Table 1. Mechanical properties of the composite (AS4/3501-6)

Ell E22 GlZ SIZ v v
(GPa) (GPa) (GPa) (MPa) 12 2
147.0 9.0 5.0 138 0.3 0.42

Table 2. Mechanical properties of constituents (AS4. 3501-6)

Efu Ef22 Gﬂz Vv " v
(GPa) (GPa) (GPa) 2 123 "
235916 | 15982 | 20.134 | 0.2796 | 0.3288 0.3
E, bl X© x,r X, ¢
(GPa) (MPa) (MPa) (MPa) (MPa)
42 3500 3000 69 250
23 M2 24 ¥ &4 ¥ ni2lolH

231 A7 B4

Ol AFolde 2 A5 FIRF 22 AS4/3501-6 F
B EE AL AL 93 fu BAL 7]
A3 AFZHE 2 ~5}93\E]- M lamina A of A
9l 7} = Shokrieh et al.[9]2] A& Ayt HE), 7]
A b, 80 7k = Kaddour et al.[25]0] A
=3 Z,:?gl'@‘_]- =W SR E]—.Q_o],oﬂr;]_ L0 EH?,—]. 7
SHA

> o\ i ol
flo @ 10 ox 1o oﬁL
sz o oy

giu} ifﬂxﬂﬁg} 7L7L4 A
S4, 3501 64 EA% H = Table 13} Table 29] A

2 1E oXx [
@ H wo

ol
-

5 e b
2 L
2ty
o o

rE
=4r
o
&=
A
A
_llm
o,
ﬁ'

X N
K
o
ulN
. o
>,
oo
9#

ofgl w2 &4 Mo et 5 E S 8 5F
= 7]89ke] A3} v o] chaotic ﬁreﬂy
AtH26]. FASE Qo BAEgrE L
Ast7] fl8liAl= Aol dlole et dduole7t Ha
) A g o] el Shokrieh et al.[9]e] 4 24 T2 A%
Fol ) 5 Aol Z sl tet 17 24E AHat g
t} 2= A dlo|gs 2.3 wbeF 2l Aok vkak Zhzbo)| A

r O °
diste] ZAIstaL 3 27)e) A2 ThE slE(EY
3F: 80, 60%, 345}

Z

o
Jo
0}
e
=
Ach

71— H]—-cs]:

60, 40%, AHFSF: 59%, 40%) 8} A

249 9lek. 25 244 HolEE F3l 4 God Fow
£ AbolZ ol A ehulut SAO A O] LSS AL
I 4= 9k,

Eg — Ex(N)

D (N) = B (30)

Ik = 11(longitudinal), 22(transverse), 12(shear)

4] (30)0ll 4] D(N)Z 574 AtolZoll A o] &4 W, B
7

27| 4k 4 0 74, 12) 3 E(N)& 57 Abo] o] 4
A5 7ok



Multi-scale Progressive Fatigue Damage Model for Unidirectional Laminates with the Effect of Interfacial Debonding 21

ROl diolele) A%, S ehuljol=e) A+
S grol 92 515 stol A et A7) uEe] 97
;}Eh s 4k W 7127 A (0), QIES Aol

= 4 No g AES= 3 AL B3 EA Alo|Z 4= Noj H
3 PR T £ WA 4] (G1)-G3)2} 2o A
% % vk,

Dy (N)=1- (1 — Ayf * (2Byyp + Cyyp + 1)

. ] (1)
Aol oy
TOLE
Du(N) = 1= (1= A * (2B + G + 1) # A(o3?) ™™ # N )P Cnt
(32)
Dint(N) =1— (1 — Appy * (2Bipe + Cine + 1)
(33)
1
+ A(od)Pint « N)PBmiHCine¥1
olFA ArtE FEAMRE B4 HeE o8t 22
S S Fof vy gAY &4 e At
At AlEdoldnt dede ol ALtd &4 Haes w

=58 _/J‘:./lo]- H:]/\ E_k1§:]—§_ T]U]— EZ—I ‘81—/\ 7_—"/&]—01] /\]—_9_—5}_01
t}. o] o] BATrE = Hot Alg HAH(root mean square
error, RMSE) ¢H=5 ARE-SFAATE. £19] ¥4 Fig. 20f L}
Wk

Chaotic firefly algorithm& 3l HojAl £&AF Mo uletn]
B 55 Table 30f 253l

r = <Chaotic Firefly Algorithm (CFA)> =

Generate initial fireflies’ location — x "
J——— <Objective Function Calculation> -----

]

]

]

]

]

- [ domege g

] Assign damage parameters

iGen=1nGen ] > =

1 1
Firefly's locations Caiculate constiluent damage

| (Damage paramaters) variables (D)1, Due Dine)

[ ,—1
Residual stiffness data

Homogenization

Catculate light intersity
of mach firefly

Update firefly's locations. |
based on the light inlensites

iGen=1 rfj..-_r:;} ,

from the experiment
(Byy. E3q Gyg)

Calculate lamina damage
variables. (D, Dy, Dys)

Relerence lamina damage
variables (Dy,. Duz. Dy2)

Yes

Light

. [m’“t"'e -
: T (RMSE)

Nexd generation

Fig. 2. The algorithm for the fatigue damage parameter charac-
terization
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