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Numerical Study on Inverse Analysis Based on Levenberg-Marquardt
Method to Predict Mode-l Adhesive Behavior of Fiber Metal Laminate

Eu-Tteum Park*, Youngheon Lee*, Jeong Kim*, Beom-Soo Kang*, Woojin Song**"

ABSTRACT: Fiber metal laminate (FML) is a type of hybrid composites which consist of metallic and fiber-reinforced
plastic sheets. As the FML has a drawback of the delamination that is a failure of the interfacial adhesive layer, the
nominal stresses and the energy release rates should be determined to identify the delamination behavior. However, it
is difficult to derive the nominal stresses and the energy release rates since the operating temperature of the
equipment is restricted. For this reason, the objective of this paper is to predict the mode-I nominal stress and the
mode-I energy release rate of the adhesive layer using the inverse analysis based on the Levenberg-Marquardt method.
First, the mode-I nominal stress was assumed as the tensile strength of the adhesive layer, and the mode-I energy
release rate was obtained from the double cantilever beam test. Next, the finite element method was applied to predict
the mode-I delamination behavior. Finally, the mode-I nominal stress and the mode-I energy release rate were
predicted by the inverse analysis. In addition, the convergence of the parameters was validated by trying to input two
cases of the initial parameters. Consequently, it is noted that the inverse analysis can predict the mode-I delamination
behavior, and the two input parameters were converged to similar values.
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Table 3. Mode-| energy release rates of a selected specimen

Method Value
MBT 1.1940 N/mm
CCM 1.7862 N/mm

BAE FgslioF sh, o]2fgk A= Fig. 81} o] H2ka
48] Aol Hhgshy| Aip o= vpdTh J2ha o] &4
o] HAgst7] Ao ME AsS BASH| YA = HET
A=} B ¥ 73/d (penalty stiffness)E =E3}o]of gt
th & Aol = BE 134882 Collano Atof| A Al
ahe B2 2aste], A2 9] QA= <l 30.3 MPag
e AL ofgjet e Ao g &3t

2= QIeH17)
K,, zf @)

& o 0.05 mm= 7}%40}0%} 0%, A waol w
Al o)%:2) 73] 14 wAEl] $la) Table 37} 210] DCB
A% dlo]E % s Asle] MBL CCM WHo® &
2% 2= 1oq7) SjIES Aesian

siA] 72t % Hlm

A e R i L
ot fataad)a o e dadt ol 1Y Te
vl wsko] 2254 wlof el FEatoleh Fig 0
DCB Al g7} fatasdd oz e 2535 3519 1
== vhehdich. CCM W o] %9, DCB Aol 1]3) o
Zo] AR og =29 oF 4= ¢) o, MBT HPH o] A9, CCM
Aol vl 20 2 o158 w1 0 2 | Zssto

422 wigkol ¥ 97} oF 121 mmY w] A Ho] £ K
7} 9 212 ok 4= Qirk. ASTM D55280] w2 @ MBT 1
ol th2 ol Hlsl 7 HapAQl g mEdTha B

120 1
100 .
—
Z 80 ]
3
s 60 1
L=
8 40 1
é ¢ DCBtest
Numerical simulation (MBT)
20 Numerical simulation (CCM) )
Numerical simulation (average)

0 1 1 1
0 40 80 120 160

Crip stroke [mm]

Fig. 9. Comparisons of experimental and numerical results

= e v(16], o] 7k o] wiZofl MBT ¥ o] 4o} 4]
o2 Y2 EF YU E vy #ed 5= Qv &3
2 Aol M ARERE frk 8] ZIE M o] 9] Lee &
[5]0] Akt A|sl 4] vt Fdgt o] miZof
A4 Ko Bpg/d e S sHAIN, Fig. 93 22 Aih=
DCB A o 2 HE 9 @217} 3 A 7]t Ao|g} Tets
o 53], 2ol uhE HaSo A H oA sy
Ee =& AR Alde T o, olet LAt At
2 7hs/del w71 "ol g 7He o dAleH
AN s g2 AZo] 27t 4= Hofl glvkar aehEn.

4. AsiM 71E &

0

a
2 Zut 1

2

4.1 Levenberg-Marquardt 7% 0|2 |

2 QoA WA w1 e} o] s
52 9|=3)7] 93l Levenberg-Marquardt 7|2 7|WFst &
3 4-& 42331 ¥t}. Levenberg-Marquardt 7| W2 Fig. 103}
& o= 7ol Hm, DCB Alfl 3 f3kaar] 7|ut
wARNE wEY ShEd o B@ ARE AL
Levenberg-Marquardt 7|§] 2] B2 3}t=7} ). o] wj, 23

34t ofelel Alat ol golstairs.

(o) - &Mr) (5)

y= BATE Auish, pe vz, mE 5k HlolE
, 1 Zk2} W E| (residual vector)th. o] uff, Zkx} wlE
Aoz =& 4 Qo

r:fFE _fDCB (6)

2HE =&d sk HolHE
olu|5}, f, = DCB A]E QETH ==d 55 dolHE



182 Eu-Tteum Park, Youngheon Lee, Jeong Kim, Beom-Soo Kang, Woojin Song

Initial values of the
parameters
p.A
k2

Forward FEM analysis

v

Calculate initial J matrix

v

| Update J matrix Calculate §®)

v

POHD = p) 4 56

v

264D Z 0.1 264D _ 10260 Forward FEM analysis

v

Evaluate (1)

Fig. 10. Flow chart of the Levenberg-Marquardt method

o]u] gt

Levenberg-Marquardt 7| ¥-2 4=3§3}7] -r]oH/\‘Hf- =7] ujf
A ghe Aok stk 1 F, fraka sy Zlu e
23 5% G0l S FSeto] njrjRse] S vE S

EE3Ie) of uf, i) S8 e ofgfet 2o 4
o= Aelshect.

=[J77+ 2diagy" )] T 7)
J=o0r/op )
4] Z]4>(damping
iagonal matrix)&
o} =} = (central
gedon sz

= Jacobian 3YH-LS 9oJn|siy, A=
factor), diag(J"))= ]T] 32 o] )z} 3
ojw| gt} o] uf, Jacobian FYH-L-
differential method)& A}-&-3}o] o}z
aheict.

Fay
A
=z 0
3
o}

J=

r(p+ap)-r(p-4p)] ©)

e Ape Fo =2 o] Fofxl A4=o] ™, Levenberg-
Marquardt 7| o] =9 o Fof upe} FashAr; St
(18]. & HAFtoll A= o] M o] A gk ghol A H2 ¢k
ZFET 3™ 7HA A4S 271473, v o] Ao 7
2 2422 ZrAAZIt) o] A4 mElo] BAFT) S~
HoHA| 9= 7B 4] A7t S71sto] AL HdH (gradient
descent method)} A& & 4= Qlct. REHO| 4] ]
27} HAsH 7F-A -8 4 (Gauss-Newton method)a} 8-
AR o o Aok ol PRt 4] A= 2dE F A

ol g|o) @A W 8 £ 2 1T 4 9l Ao
Levenberg-Marquardt 7]¥ 9] A o|ci[18]. FEFH o2
Levenberg-Marquardt 7| -2 B2 3t=7} 4= aly, ufj 7)
Z=o]| tfgt AthAtt] 2 2} (absolute value of relative error)7} &
4 o) olshrt B trkA] ki it of o, v
off ofat At 2. ak ofafe] A3t o] Helahlct.

_ pupdated - pald

relative
p old

Erelatwet O]Z—]Q,] UH7HEH.'/'[E% %XH‘O’] UH7H%<I\—OH q‘]i:j.— XéEH
BHLAFOIH, ppgaess DAY TAANHS, po= ©1319] v
AWeE ofujaith 2 =Bo| A ZHgss} Seetn,
| 7<=l o st A A 2217t 107 0]5+Y ) HHE 423
& FreEs Ayttt

(10)

4.2 DCB A|&{0f CH&F dsiAM =8 = Z 1}

E =3oj A= Levenberg-Marquardt 7|5 2] wj7/jH=
A BETRAS AT U HGES AT 27)
o4 Zhe 35 MPao] $H41-$-2 7 1.8 N/mmo] o]
e AAst o, 58 dal AZE Yool MATLAB
= ARESto] w7 o] SE 9 ]acobian PP = o34

o e gt 4ot A4S A 1 5, gk s 7|
A gl ABAQUSS} 15511 DCB A

2 WA =254 =3 &, 515 o] ]S MATLAB
o] LSRR sho] 4123} 2 AL W el
asict.

z7] wj7f ¥4 7o) [35 MPa, 1.8 N/mm]¢] 7-$-2] &3
A AThs Fig. 117} 2tk 73] Wh2 Selolg o, A
o2 B}5-W9] Tess} A DCB AF o 2 HE o] A}
of 4she AL & 4= Ak ol w4 BE 13
& EﬂJJr oy sfff-go] HA347F HadtE= WFo R

@ageha wekst S gk Fig 119] At 5452 v)w

120 F ' ' ' ' }
100-
30-
60>

40

Axial load [N]

20 & Experiments |

—— CZM model (1st iteration)

—— CZM model (7th iteration)
1

0 " 1 " 1 " "
0 40 80 120 160

Grip stroke [mm]

Fig. 11. Comparison of axial load curves obtained from DCB
test and inverse analysis



Numerical Study on Inverse Analysis Based on Levenberg-Marquardt Method to Predict Mode-l... 183

2.0 4

RMSE

5.000
12.50
20.00

27.50
35.00

P 050
50.00
65.00

—e— [teration

Energe release rate [N/mm]

5 10 15 20 25 30 35 40
Nominal stress [MPa]

(a) Distribution of root mean square error and path of

input parameters
w ]
) ]
=
& ]
6 o
4 L L 1 L L
1 2 3 4 5 6 7
Iteration

(b) History of root mean square error

Fig. 12. Numerical results obtained by inverse analysis; p=[35
MPa, 1.8 N/mm]

S ote wf, A4 RE 2 RE ] |t 5150] DCB A
Yoz HE Y Y st diFes 2 As g 5
UL o= Al H O H2FFo] FUSHA A X5
ool et EA2h ek Fig 12-(a)= w7 H ol
W2 Bt Al exbe] EExroF mizEso] o H2
£ Uehiich of o, 27] sl Rss B AE D SA)
2 23pE s WEo 2 ke o & 9lou, Fig 12:-(b)s
v ol e W AlE 2Ao] tfg Tezolu, vt
5 3ol B AFE 230 2AE 4K 1t
ehusich AT 02 Wit AR 2A7) vk 915 23]
2E B8 dasts AL o 4 9e0], Levenberg:
Marquardt 7|fH S 2 Fg 9F 39.1541 MPa®] Bt I $HA--
2} OF 1.3685 N/mm2] HE I o | %] stES E&5}131
o} A DCB A|H o2 RE ®E3 BE 1 3HAg-Ex of
YA S-S} Hlwskels of, = 13482 oF 29% &
7¥soich R E T o | #] sfi-E9] 79, MBT {iof &gt
HE TR siERet oF 15% F7skelen, CCM
Holl o3t mE T oy skl oF 24% Hashs &

% giek

4.3 =7| of7iHs0f WE +EHY el
Levenberg-Marquardt 7|¥-2 % 7] w7 H4=9] 7kt =9
Sieof w7 el tRE =7 2|54k (bad local minimum)
of T 4= 3= TS 7HIAL IeH19]. wEbA, Levenberg-
Marquardt 7S X143t olal4] 7] 5343 o, o] 7}
A 450 27] vj7|H4E ARste] £ olng Bt
Sopt B}, 2 QLo A= Table 49} o] % 71%] 9]
27) T ESE skl oald ZIHe Sashect. Fig
139} Fig, 141 2t 5ol e Bt AR 04 Hawel
i) EA R, T2)al RHE Slapof whE et Al
&+ QA5 YE oW, Fig. 13-(a)ofl A 27| B= 13+
A-sol A A= o= At 40 MPaz 7841 = %)
7] w2l Fig. 12-(a)2f W] a3kl w] FUf AwksiA 1
SR 2G o 4 9k Eeh Fig. 13-(b)2} o] ik 5157}

Table 4. Two-additional cases of initial parameters

Case Mode-I nominal stress Mode-I energy release rate
1 20 MPa 1.2 N/mm
2 10 MPa 1.5 N/mm
2.0 —

1.5

Energe release rate [N/mm]

0.0 _ L=
5 10 15 20 25 30 35 40
Nominal stress [MPa]

(a) Distribution of root mean square error and path of
input parameters
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5.8

56 .
1 2 3 4 5 6 7 8 9

Iteration
(b) History of root mean square error

Fig. 13. Numerical results obtained by inverse analysis; p=[20
MPa, 1.2 N/mm]
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(b) History of root mean square error

Fig. 14. Numerical results obtained by inverse analysis; p=[10
MPa, 1.5 N/mm]

Table 5. Numerical results of two-additional cases of initial

parameters
Case Mode-I nominal stress [Mode-I energy release rate
1 39.8792 MPa 1.3692 N/mm
2 39.6330 MPa 1.3710 N/mm
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