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Inverse Estimation and Verification of Parameters for Improving
Reliability of Impact Analysis of CFRP Composite Based on
Artificial Neural Networks

Ji-Ye Bak*, Jeong Kim*"

ABSTRACT: Damage caused by impact on a vehicle composed of CFRP(carbon fiber reinforced plastic) composite to
reduce weight in the aerospace industries is related to the safety of passengers. Therefore, it is important to
understand the damage behavior of materials that is invisible in impact situations, and research through the
FEM (finite element model) is needed to simulate this. In this study, FEM suitable for predicting damage behavior was
constructed for impact analysis of unidirectional laminated composite. The calibration parameters of the MAT 54
Enhanced Composite Damage material model in LS-DYNA were acquired by inverse estimation through
ANN (artificial neural network) model. The reliability was verified by comparing the result of experiment with the
results of the ANN model for the obtained parameter. It was confirmed that accuracy of FEM can be improved
through optimization of calibration parameters.
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Fig. 1. A typical energy curve for drop-weight test
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Fig. 2. Geometry of (a) single-layer & (b) multi-layer shell model
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Table 1. Material preperty of the unidirectional lamina of com-

posite

Properties Value
Density (kg/m’) 1550
Fiber modulus (GPa) 142
Transverse modulus (GPa) 7.79
Shear modulus (GPa), 1-2/3-1 direction 4.0
Shear modulus (GPa), 2-3 direction 2.55
Poisson’s ratio (v,,) 0.34
Fiber tensile strength (MPa) 2251
Fiber Compressive strength (MPa) 1078
Transverse tensile strength (MPa) 58.47
Transverse compressive strength (MPa) 199.81
Shear strength (MPa) 69.36
Normal failure strength (MPa) 52
Shear failure strength (MPa) 40
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Where E =E,=G,=v,=V, =
- Compressive fiber failure mode (o;; < 0)
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Where E =v,=v, =0

- Tensile matrix failure mode (o, > 0)
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Zn | 4|22
[ Y ] +[ S, J {<O Elastic 3)

Where E,=v, =0
- Tensile fiber failure mode (o;,<0)
2 2 2 )
on| (X)) |ou,[on] |20 Foiled Y
25, 28, Y, S, <0 Elastic

Where E,=v,=v, =0

~



62 Ji-Ye Bak, Jeong Kim

A1 (1)9] B(BETA)= Adkatol thgh wA shetnjg & A
o) Qahol ofet Hekg o] G 004 Lajo] o
Zro g HASE 4= Qlrt, f=0Y o, 4] (1) Maximum Stress
Failure Criteria®, f =1 W], Hashin 3}t 7|& 07 7143}

1 E

% UcH1LL B AFEALe] A5l net 4HE 4 Qe
W, ARe B NS 5 gon 22 AP o
3 A%t
MAT_540f| 4] €t/ ol A o] A, 71 4], Aol of
& SR AEE o] Salo] wet AL
€ :L(O-n_vlzazz) (5)
Exn :L(Uzz_vuo-n) (6)
2 —ir +ar,)’ 7
ylz _G12 12 12 ( )
A1 (7)9] a (ALPH)= A S Aek-g-2atof tigh g ot

ol

ZHlE 2 004 19 M= AR E . o] utetulE= A
o7 2A% £~ glou g AP HE B3 nAE

21 (8), (9), (10)01] uw}2} FBRT, YCFAC, SOFT9] __L]—FL}-U]H
o B3 AR Aws AstAA Al R wt
HAFSE 4= Qlt}. FBRTS} YCFACE 7]R| 9] b4 o] &
950) 95 9 Aol i 24 shebol ol
FBRT+= 004 1A}0] 9] gh2, YCFACE 09141 X /Y, Ate] 2]
Zroz AAE} SOFTE Q@ 49 25 AFg) A] Aukz] o]
AMEAEE JARAZF O R okl 5 XAs= nH 1}
2| E| 2 00]| A 1AFo] ] gEo = A Ft}. FBRT, YCFAC,
SOFT ul2tu|g] E3t AL 3] =g 4~ glonz =
Z AFPRreoH oz 2AHL 25 Ao AL 7w A5}

M N
ﬂ.IlO o X

of et FA44g wHy J%E}DIEF sty R A
2AES e 2= it} Felipe[12]= v]& A2l A]H 2
WS WAEH] 918l FBRT= 0.70174, Az o] e
ZH2A]7]7] 918 SOFT:= 0.80|AFo. & AAslATh.
X, = X," xFBRT (8)
X, =Y. xYCFAC (9)
[ X, XY, Y, |=SOFT X[ X, X, Yy, Y, | (10)

MAT_54 Az ele A8e Ba) 248 240 da &
71 o] BEAOIAY AN 55 AU she: 7
B2 BALY] 913 st e 59 A Ag nAo] A7 W
t}. webA] ALPH, BETA, FBRT, YCFAC, SOFTS] u}lztu] g
o SR A F S Bk A2 o Z517] 919
A AAsA mAE Bast ek fasnd o] gt

2 MABE] I3 A2 gl Qlo] HlE el Al
o B4l AT AR E A G o B ol §oho] 1
% e e 2 85stan; gt

2.3 s7H2El 29

2 A7 AYA L A4S BPA RO DR HFH Abo]
o 37 @Al FAAGAT oA Foel thal 3
T2 714 7Ps A0 k. utetA] SRS 9Pt By
FRE BUT 5 UES o5 249 U 84 0D A 8
£ Aolo] AATE wAYSSIEL YA SO
5 ATHNELS) 3hé et 4] (109 A $27]4 )

EN 7]4344 o] #-8-%¥ CONTACT AUTOMATIC ONE WAY
SURFACE TO SURFACE TIEBREAK 7|9|=2 A}&3}o] &
238 PSS

2 2

O-n
NFLS?

O-Yl

+ >1 (11)
SFLS®

3 oA o7} o 27t AN 24 2 Ak
2 e, AR o] ZER-S 7S critical crack-opening
distance(CCRIT)Z A o|=]= A g g=rol oJsto] = 2™ 7+
o] &ato] AR o]E = A 71ko] A a7k CCRITOﬂ

9l o], tiebreak contact 0] A E| 1L F = Alo] 9]
EZ vx]5}7] )8} surface to surface contact 5373__& 5]
A=t} o] A= LA v o) A tiebreak contacto] A E
qE S Y7 EAA PSS o mlskaL, Ao A &<t
=2 3olshr| = Al LH o] #4128 Blols) 2 Q). E

o2 T uvua

G2 AHel mae Wil 02 fea s
A Azje} FaEale] YEAE A vlwslo] Fig. 30

25 T T T T

! & .
s ~
: \< b
20 4 el I e T TP i
A1
: .f A
L
of 1 A

= 154 Vil % R
> gt R e s G
o .
o 4
w 10 /] 4

5 .

A Experiment
4 = = = Multi-Layer
g — - — Single-Layer
1] T T | T
0 2 4 6 8 10
Time (msec)

Fig. 3. Energy Curve as composite modelling methods



Inverse Estimation and Verification of Parameters for Improving Reliability of Impact Analysis of CFRP Composite... 63

4
=
it
=

Fiber Direction
i

Fig. 4. Delamination region of multi-layer shell model

QLTS ©E 02 THE 4 fao HS A0
2 a9z jge] AW Holrk Am HehHE hehy
L Age] SolAl P Hek & olluiA] FARF 20,1861 ]
= 4Egel el 17.88%9] 0312 ST R0 T4
3 4 fat Aol Beshe Ade] 27 0|21, ¥ &
oA e 139527 2 ©F 4 2k melo] u]3) 0.64%
g 2 18.52%0) 035 7RItk SHAY B 4 ok =Y
of s HhstFel w=esh] A7 ez Ago) )

> BAR RS BT 4 Ytk
EG AR B 27 Bels b 27 2ol Ay
2 HAAFS B F0E RS 85 THE 5 9
Aol 9L, 1 ABE Fig. 0] Lehfeiet. oi7]4] A
Thgtol 1019l ZHE el s WA BeHE 4 9]
owf, uby Gefo] Fa Rol Ao AT AHsHs 7
2 selstgic. & oA ol g o3 geel 2
T AT, A Aot AR THEASS oS5 of &
1Al ch

2etu g thg 4 84 Hdo] f3ka s o] 7
S|
2]

AZHBLE 0|8 2=
0]-Z A1 73 (Artificial neural network)2 | 9] AESHA] +
Ao YELIAoA g7 w2 m4l2d (Machine Learning)

H = shutolt). 19439 ¢)9 ufZd 2] (Warren McCulloch)

Yo 52 (Walter Pitts)7} 48 Sr212] A& 28] gat
e ANEES Tk 908, 2000408 o] F el
ool Fel Aol B ] ApE o
SH2 Bof 3 shujolch. QIFAAYE Fig. 59 2 b
MEE 25 S its SR S5HA] o4& ¢
s S A5 5= o] vidE FeEAE
7] Sla) thopsl Robol 4 AHg-HIC

2 A9 A el vl 54 (Matlab) = = 71 9]
9] Neural Network ToolboxE AME-3}o] =34} 153t
AEAEE 22 9= S (input layer) ¥} 24 5-(hidden

o N
AR e
28 Sk ol
L) ~

£ W o [r 2 Jz
|

A=
e

ol
2
d£o

Input Layer

Hidden Layers

Output Layers

Fig. 5. Process of artificial neural network

layer), &5 (output layer) &2 FHJ3Iith A2 S-9] 19
glolel= oA A5t MAT 54 A2 ridlof w7 uleto] g
o] ALPH, BETA, FBRT, YCFAC, SOFT 57}|2] g}2}u]€|o]
ok dEolgo digt MEL StedWA 5= (Latin
hypercube sampling)2 ©]-&3}o] Fig. 61} Zro] uleju|g o
107)4], 5 507§ & F+&3HTH14]. 1007]€] I ER o] Fo]
A 2YZE VI PASIEL, A (129 AU A 18
o= Fhr2 ST AFEsto] MAIF BAlo] dhat o
Zo] s otEs shich 250 FYe F5 e
9

HEHES feteandol Jgsto] sf4S 33t Al
ARt W& FerolldA] Lo, IFAIE T 859
Aol E (x)oll 7+ =] (weight factor, w))& & § Z4
(@) st} =88 )E &5 S 3 o
S5 okl A (13)2 FA@SEGIT) o171 4] bi= HEF(bias)S
ojm|girt.

o(x)=5"% (12)

yi:Q(Zwﬁxi+bj (13)

geledS EA717] A &9 dolg e &1
(training), A] & (test), 73 (validation) H] &S Z+Z} 70
15%, 15% 2 493k 7 wlo] = 775} o 7n} Tal 27e)
Z(Bayesian regulation backpropagation)2 AF-8-3} %t} o]
&F112]&-2 Levenberg-Marquardt 243} ¢a1g]|Sof ufaf
7SS Hoke HolEshs AW EHETE, Alue
2k} 7k A o] A= 2 Asksto] dRbey FE = 414
= A

98 AFAAY gz AHojolE S B At
oS A=Fde A5 2ot o webA Fig. 63 ¢
o A9 Al HlolE FEste] et e



64

Ji-Ye Bak, Jeong Kim

05

. "
- - - P -
.
5 L] - . * - .l
8 . s * 1 o4 T -
a® . b | ol . =
. . : w"e
064 = & . = 0.3 L ..
L] < L] L
E . A - = - [ ]
2 . . _ g
0.4 - " L - i 024 " a s o
ne " . L] . "
. L] -
.. ™ -
02 P— . w 0.14
- . -
L] ] .
. P L] [ .' .
00 A S S T - L 0o L
0 10 20 30 40 50 1] 10 20
sample number
10 . .
. i... Lie w
.
» e "
084 o L] . o
L™ -
= - . L]
06 g - . ) .
9 s O aw 9
- L
b 5 . . .
> o4 - =
L LR
. . -
. L ] .
. .
0z{ e . . g
i | o "o .
L] " . " .
N . .
004—L - S o
o 10 20 30 40 50

sample number

- . i . "
- " . - - %
L] -. e
.
o &g 0,95 -
. - . . H
LK
- o . L]
= .
" . Eooo e .
. - o = e " . . 2
-
= Wiy an »* . - -
L] -
- - 0.85 4 . «
L] . . [
. .
LI L] ' - '. L]
L] . L - " » .
o . a 0.80 r = T 1,
»n 40 50 o 10 20 0 40 50

¥ T v —
- . E .. o..
L ] -
0.95 4 L] -
- L] - o - ¥ I.
- . * . - . -
080 = o
. - 5 "
= LI L] : * L
& a5 - i 4
W # PR L
- . e .o
.
LELT B ’. 7 i " 4
e .. g . & »
4 [] L -] e
o] m : - I ®  Training sample
e " . ¢ Testsample
(k1] T T T T
1] 0 20 0 a0 L]
sample number

Fig. 6. Training & test samples with respect to calibration parameters of MAT_54

/
/

Training(ANN)
L]

R?=0.9999179

s " " £ £

Training(FEM)

(@)

7/

» .

113 Ll
z
z
-
= L]
A
= wf

s o

R%=0.9981236
Test(FEM)

(b)

Fig. 7. Coefficient of determination of ANN, (a) Training, (b) Test

F AL FABII, L ATl A7
aEEe e mae) A4S B3

(Zi_ x)z

R=1--——n—
(z-2)

2] (14)2] A A A 4=(Coefficient of determination)S AHAF
slo] olZAI AW el mdlo] AR AL Teksk 4 Ql). 9]
Ao A z= G3ta x40 AT 2= QABAAY
o A z, = 2,0 Bgkolth AFAAY e = o)

>

™

(14)

S

™

o} 4| @ ol el el T3t 2 A5 Fig. 70l ekl
A G 0004 14ko] 9] & 7hA ] 10] 2 AL
wee] AgEs} ot Aol gk wadt
CAWE O R ARASIE 09 o4 o AFHE 717
s AT A] o] thefmEE 09 o] Aol
3 ARASE Gz NS 2

(L

:::rg_g
=R
E

% majole 4%y
AR gkate] 0312 HAaskAd 4 gl LA shebng



Inverse Estimation and Verification of Parameters for Improving Reliability of Impact Analysis of CFRP Composite... 65

A=A st7] S8l A} Y aLe] 5 (Genetic algorithm)E
golodt. $0A A HS ABA ] 1S Ael
nokel Wel 24} 7]
2 & AAF ASIAA Aol 2
At Sl E == 4= Qv o] A8} 7| o]&3to] ¢
ofo] sheulel QgAY BHe] eistel AuEe =

31 11 AWgES Alsigkol| oigt H+t Ao @ XH(MAE: Mean
Absolute Error)& AAFste] o] X &7} |47}t H s HHE
AR-E Fol 1l

:r(lj-r‘

Qe whebuE o)A 4 9l
o 4 09904 = 484 5, & 32 A4 N
& dlollo] 45 ofujgict. Bt Ao oA FmY
o) U2 o) 45 A E2 T8, 1 gho] 0o 2o
= Qege 7k wee 4 9o

2

MAE="T—— (15)
N

Table 2= S A7} oty =g =
MAT 54 AR 39 fefolfolek o Setoleis §
e amdo] olelst Anke} ol FAAY e nde] At
23 A sl Flg. soll Lepeict,

% grouA %ol 49 e rdy fgasnd 2
7} 17.264 ], 17.3 J2 % A 7ko] 283 7S =&319
I, 7 X 717F 0.814%, 1.024%2 1jl-$- A& A9 3ol
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Table 3. Comparison of MAE between ANN, FEM and experiment

MAE

ANN - Experiment 0.7945
ANN - FEM 0.0405
Experiment - FEM 0.8152

Table 4. Comparison of SMAPE between ANN, FEM and experiment

SMAPE

ANN - Experiment 0.07513
ANN - FEM 0.0042
Experiment - FEM 0.0755
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