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Abstract

Finite element method (FEM) is utilized in the development of products to realistically analyze and predict the mechanical behavior
of materials in various fields. However, the approach based on the numerical analysis of glass fiber reinforced plastic (GFRP)
composites, for which the fiber orientation and strain rate affect the mechanical properties, has proven to be challenging. The purpose
of this study is to define and evaluate the mechanical properties of glass fiber reinforced plastic composites using the numerical
analysis models of Digimat, a linear, nonlinear multi-scale modeling program for various composite materials such as polymers,
rubber, metal, etc. In addition, the aim is to predict the behavior of realistic polymeric composites. In this regard, the tensile properties
according to the fiber orientation and strain rate of polybutylene terephthalate (PBT) with short fiber weight fractions of 30wt%
among various polymers were investigated using references. Information on the fiber orientation was calculated based on injection
analysis using Moldflow software, and was utilized in the finite element model for tensile specimens via a mapping process. LS-Dyna,
an explicit commercial finite element code, was used for coupled analysis using Digimat to study the tensile properties of composites
according to the fiber orientation and strain rate of glass fibers. In addition, the drawbacks and advantages of LS-DYNA's various
anisotropic material models were compared and evaluated for the analysis of glass fiber reinforced plastic composites.
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3 (thermoset) XEAF 71X Al (matrix) 9 FEldF, &4

A 53 28 A8 434 (reinforcement) & A% o] 2},
& F AEAYCE AREE feld R A3t Z22H (glass

fiber reinforced plastic, GFRP) B35 & <stA
A=, A7l ek e A 89 A AP wE A
W T 2 R AFAte] - FESC] AR
sl AHE-Ela JJoh(Brunbaer et al., 2014; Park et al.,

2015). frealr 23t Zebad BdAse 93t sS4
AR} A vl wE i & A A5 2ol
uhE 718k @/dH] (aspect ratio) 2]l freladfro] wigk

w49 G Wk 988 54 F HEA

o,
=
==
o 9
=2

)~

78»7

v
o
o
0.

' Corresponding author:
Tel: +82-42-821-6649; E-mail: yonghkim@cnu.ac.kr
Received June 25 2019; Revised August 29 2019;
Accepted October 8 2019
©2019 by Computational Structural Engineering Institute of Korea

This is an Open-Access article distributed under the terms of the Creative
Commons Attribution Non-Commercial License(http://creativecommons.
org/licenses/by-nc/3.0) which permits unrestricted non-commercial use,
distribution, and reproduction in any medium, provided the original work
is properly cited.

ZHAFE SIS =28 H32H M62(2019.12) 349

L(.)l



e Ast Eetage] 984 As FdS 9139 Digimatehe] AAHA AT

Te Fedfe A S dEgrlge] 10, 15, 30%= 57t
Ghell whet HRH o g Frhetn o]et FAll| Al SR
-0 533}&_; olg) Bt 4] 2oz}
1) Xt Thomason, 1996 Giillii
et al., 2006). B3 EWW 23t ZepE SRS %
B0 d&s T AFuld(fiber orientation)& AFEA Y
g F<t BTN Zhou et al., 2005; Thomason et al.,
2006 Brunbaer et al., 2014). 382 #4 "WaH(mold
flow direction)ell thall a3t AHdulk(0°)
Hjgk(90°) Bt} &&= ®¥gle} W¥E £k (strain rates)]
7t et =& =S UEdtH(Thomason, 1999:
Wang et al., 2002). &g G2 Al 77 ko] A-
Fo]-A (shell-core-shell)©] FEfAQl 3o ZAijolt},
A Gox e e 239 A Wkl dis) HHOJ‘QU%
Fo] FAolxe] Hfir= 589 fA Wkl tsf & o 2
go = wjdHnt. o]y 3 A2 FAF WAk Al (scanning
electron microscope, SEM)¥} A& 53l &l

2008; De Monte et al.,

AC)
o> OX
j[go
Hl-r

A9 A%

g 4 At (Bernasconi et al.,

2010; Tanaka et al., 2014).

freta s (finite element method)& ThggH Folol| A
Aze] 94 A= vLr] dAHoz Msta o Ssh=
W o thekek oo AlE idel A& it A
Asugk HE g £57) Agka EAd] 93k nxE 58
A st Eekay B3R Bek FXEA S o] &gk H
WS AAZEA] tha ofelgo] Atk B ATe] 54 A}
I, 2% 5 2L g EPAEE ¢ 4F, #dd
=AY AR 2dy T2 3399 Digimate] $X|814 A8
22 &8st feldh At Skl BRI 934
548 AYsta dshe A Ao =3 ol B £+ o
Ao iz B3RS AFS dSstaAt gt ol
el ohFet EAL 7 30wt %] AR A HES 2t EE
Feld g == o] E(polybutylene terephthalate, PBT)
o] Arigt WdE S wE g SAS FawdS 59
AT =3 Moldflow Z2I#E AME AEe| S

el Afuey FEE At en olE v (mapping)

3k
freked I Al Rl HdEsigith tiEARl
% sl LS-DYNAE At
g 542 ATty Sl
Digimat#te] 1/ds}4 (coupled analysis)ol &&= et
& 743 ZgaE HIAEE gAslr] Y3
LS-DYNA®] t}eket v]5H4d (anisotropic) A& ZdEe
FHe M= vlasta st
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2. 2

rhu

2.1 PBT GF30wt%<¢] |3+ E4

Mortazaviane GF30wt% @d--(short glass fiber) &
FE3Fsh= PBTO] 98H4 EAS H7ksh] 918 A8 S 72
39 tH(Mortazavian, 2015; Mortazavian et al., 2017)
o] /\]?‘5401]}\1‘:. 0°, 18°, 45°, 90° Al 5x107s
WY E é?—E -40C, 23T, 85T, 125T &=
Te tpeket Wirse] ARREIY. BEg PBT GEF30wt%9
A 595 3893 E(stress-strain) ’ﬂl]:_a Sslo] 73k
WAXEE Uit ol ¥g & 18° AldeS 34
AR AFs] 9 Aol HEE S5 1, 10,
100, 1000mm/min ¥} %% (displacement rate)°ll <]l
S Al AHE A 399 114 100mmXx
200mm>3.8mm (B XZo]xXF7]) A|g=o] A2ty i
olm 3.0mm AE Egst] 77 ¥l e EdAs
Qg SAl disiA A Frlsiaith A fdke aeste
QG Al AF Al AR 2RE 60mm AR E AR
SFA] kSkrt.

2 Ao E gefet M4 F 23T =<4 1, 10, 100
mm/min ¥¢ &%} 0°, 18°, 45°, 90° A-f¥&} 3mm,
3.8mm B T thefA FAIs)A WP o R HIeTt.

Fig. 1elli= ASTM D638% ISO-527 7]l whet 533
HIAF(E), F54%E(0,), FEE(s,). AF=eAA
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Fig. 1 Tensile properties for PBT GF30wt% at
displacement rates (a) Elastic modulus,
(b) Yield strength, (c) Tensile strength,

(d) Strain at tensile strength
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TelA Mg 57} SU1sel wet BAS, dEAE, <
Fert 71k slom gl §40 ekl gt Adfulgke]
7V EE AEE 2 ok A AAE A7 (SEM) = 5
HAH vk i S AFsPA, MY S0t 71 wet A
o] B2 42 Y3 Wie a4 8908 & gt o]
A BetolA 28 A3k(stress relaxation) S AAA1A
AR AsS £ o Akt e Aoz Flx}, a8y
U =& S Zhe PBT Al A0 R Qg7welr
HYEL WY o T3 AsS 3k th(Pierantoni
et al., 2011: Schaaf et al., 2014)

A ARl SEH-AYE Are dubd o g HjAag Al
AEE Holw 4] (1)3} Zo] Yehd 4= git}. o] =& Ramberg-
Osgood #AAelgl tHKim et al., 2004; Kamaya,
2016).

1/n
g ag
e=eE+ep=E+ Ve (1)
Table 1 Values of K and n
Flow Displacement rate K
direction(®) (mm/min) (MPa) "
0 1 221 0.149
0 10 282 0.186
0 100 281 0.165
45 1 118 0.123
45 10 120 0.110
45 100 113 0.074
90 1 101 0.118
90 10 96 0.09
90 100 99 0.078
. —
%xc R
VA - e
B l =+ 90°_lmm/min
0 0.01 S‘Ora:“ 0.03 0.04
(a)

120 / 120
gso P gxo ,‘__‘- ==
(‘% “° //',A B = 0°_10mm/min 5 “ //-,4 e (°_100mm /‘min

ra = -tk =\ e

0.01

0.02 0.03
Strain

(b)

0 0.01

(c)

0.0,
Strain

0.03 0.04

Fig. 2 Stress-strain curves by Ramberg-Osgood
equation (a) Tmm/min displacement rate,

(b) 10mm/min displacement rate,

(c) 100mm/min displacement rate
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K& 7% Al (strength coefficient), n< 71 723} 2|
(strain hardening exponent)o|™ 21 2~A|Y 2] A 32
2 E E(true stress-true plastic strain) 2] FAlA
AR Table 1= Afulak ¥9) 2o e K9 n
HES Helsdeh

Fig. 2= Ramberg-Osgood BAR .2 AAtE 288
AAYE A=S 0°(F0E), 45° (g, 90° (3w 4
w82l 1mm/min, 10mm/min, 100mm/min ¥ &=
wheh VERARITE o]# @ QAR AFE fgkaa sl A
sta 1 AAE sttt

2.2 EZANEE 91 LS-DYNAS Az 2

z27#8 FEQ LS-DYNAoAE thekst
gt2g Edaj g #3 BS54 AE 2d

S AFsla Atk Table 290& 0|83 A8 RUES A=
Hlwsla UTHLS-DYNA, 2016).
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MAT24 (piecewise linear plasticity) <
Z\_‘Qoﬂ ﬂ-z‘s} E}AJ_J_M OﬂOﬂ/] EH L xl gl-gs = xHJEJ_ )
2 dEA Qlu o] Rde HYE &xo wE sy A
(strain hardening)Z Ve 4= 9l
o3l v (failure) 715S B

SRR MAT24 A5 2de Heugks Aod 4 gl
Fig. 8?% 2ol MY E &=

Wets freld 48 Fehay BEAnel 99
23 H}"é?‘% 4 gitk(Hubert, 2007; Dobes et al., 2017).

Table 15 AHEH MAT24E A3 L& 7oA HH
g v E4E 88 4 3ih. o] AE T T &4

Table 2 Anisotropic material models for composites in

LS-DYNA
Material Elasticity |Plasticity Strain Failure Orientation
model rate dependency
Anisotropic/
2 Y Y
Orthotropic No No ©s ©s
22 Orthotropic No No Yes Yes
P 1—
24 Isotropic Yes 1a.Stl Yes No
city
54 Orthotropic No No Yes Yes
58 Orthotropic No No Yes Yes
103 P Isotropic Yes Plgstl— Yes Yes
city
108 Orthotropic Yes No Yes Yes
Anisotropic/ Plasti-
157 Y Y Y
> Orthotropic s city o o
. Elasti-
158 | Orthotropic No . Yes Yes
city
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Fig. 3 Stress-strain curves concerning PBT GF30wt%
and MAT24 in longitudinal direction

AsE g 4 e 29 MATI103 P(anisotropic_
plastic), MAT108(ortho_elastic_plastic) 2|1 MATI
57 (anisotropic_elastic_plastic)°lth. J8]x o] A8 =& F
HYE $28 A48 4 de 29 MAT 1087 MAT157
oltt. MAT157S HT¥E &4 s 299 MAT002
(anisotropic_elastic)Zt BlEHAY &4 As 2Pl MAT
103 P 2dlo] zgtoz o] oA itk MAT157& ¥l54A
74wl E- ~(anisotropic stiffness matrix), B]1S%A At
&, A5 B SH-1gE A2 FAH] Tt Table 3
o= LS-DYNACIA #443ta & MAT 1579] A8 7l=&
et (Hatt, 2014).

Table 3 Material cards for MAT157 in LS-DYNA

Cardl | MID | RO |SIGY |[LCSS| QR1 | CR1 | QR2 | CR2

Card2 | C11 | C12| C13 | C14 | C15 | C16 | C22 | C23

Card3 | C24 | C25| C26 | C33 | C34 | C35 | C36 | C44

Card4 | C45 | C46 | C55 | C56 | C66 | F G H

Cardb L M N Yes |AOPT| VP

Card6 | XP | YP | ZP | Al A2 | A3

Card7 | V1 | V2 | V3 | D1 | D2 | D3 |BETA| IHIS

Table 3914 HlSWA 24 WlEg2AE 43t Y& C
= B 24 1M E uista vSelH & 2
Wd (orthotropic) ol & 979 ®FE FA ] Stk 4
(2)& 5 AEd dsiA Folve & & 71F(hill

yield criteria)& YeRNx it}

o, = F(U22 7033)2 + G(O'33 *JH)Q +H(JH 7022)2 (2)
+2Lo3, +2Mos, +2No3,

1 1 1 1
Fe (e ——
> w TR 3
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L1 1

H=o(t )

Rll R22 R33
3,1 3.1 3,1
L=—(—),M=—"(—),N=(—)
2 Ry 2R 2" Rj,

o NEE FAYFT BLUFE oW nEA BT
Azl FGA AREE L T o] HellA iy 7 el mhe
<38 onlsla Uk (Korte, 2016) dtzo] A8l W
o wet HEE Bl SHH= AN F, G H L, M, N&
A
3

] 3oz 2d¥Y R,= W 5 58 vlojt}
Jolat7] 918 LS-DYNACIA & 23H 8.4
i3l element_shell beta, 32 840l did] element_
solid ortho& eJstedof gt} o] flal A=A Z2aE
ZH| = (in-house code) & 48 Z213 I=E o] &
sto] A ge] ek 'lA JHE FEstofof gt} -1
PE ANEE HYE S50 OE F35 &9 (effective stress)
I & &AW P E(effective plastic strain)® YERATE
7 LS-DYNAdM = A 23} Zehg E3ase] Wy
Aess TA37] A e BFEE 749 As Rds
AAlSta ek 2y o] MEES A osy] sl Brelg
Al@3 w4 (calibration), 578 (correlation) &9 2ol

8

shol AR ge ek Aeshs ol GAl ofdd

RS

<+ Mortaz
avziang Al@Z 22 #2420 100mm*200mmx3.0mm,
3.8mm (R xZ o xFA)) 2|59 AAe i Jejo] 53
olt}y, £ AolA AMEd uEAR= SABIC Innovative
Plasticse] PBTe|H 984 54 ddal7] 93 A=
0.25mm H#Zo], 10um B3 282 30%wt & 48S
Zte fEdAE A7HEAT Al 2L 260T A
&5, 82C 5% 2&on Bt & WZAARREE 302 3151
o AREs|M AME PBTS frelidfrel B4 FHE:
Table 49} Zt}.

ko

rl

Table 4 Material properties of PBT and glass fiber

Weight | Young's . ) Aspect
R Density | Poisson .
fraction | modulus ratio

(g/cm®) | ratio

(%) (GPa) (1/d)
PBT 70 10.7 1.6 0.35
Glass fiber 30 72 2.56 0.22 25




Moldfow Folgar-Tucker ik W34S A}-&-ate] A
Hjgk RS Folgitt 4] (4)E 33 849] Al-FHjES AAr
3l7] 913 Folgar-Tucker ¥idF Wy 4o]th(Linn, 2005).

DZ] — E(wmaki—aikwkj) + EA(Vikakj"'aik'ij (4)
— 20,5, ) +2 Cpls;;— (2+Dy)a,]
a,; = A& &4 (fiber orientation tensor), 1/2w;

= 9% ®A(vorticity tensor), 1/27'”-35 HEde A
(defor mation rate tensor) 183 C & A 45 247
Z=(fiber interaction coefficient)|t}. o]2f &t W22 53l
Fig. 494 & A olA AR 3.0mme} 3.8mm 77 <
2 93 AlE 49 Moldflow AHEsA 2ats 339
A W& (yy) ol mHE AR EF ' (tensor, T)9 X2 1
Bl 3 ik Alrulek diM e ofsd g ellA frelid o W
ste 88 49 oot} Al o] ARS-gF HH
F39 fetesd 2 AlHA (tetrahedron) 32H 2.4:9]
M 3.0mm 74 2o F 949 AH FE 7471474
137,22570°]1 3.8mm 7/ Ede] F 949 Ad =
T74,67170¢ 1423667001t 7 2de] A Wi Fe
100t}

0.2000 03875 05750 07625 09500

Fig. 4 Fiber orientation for PBT GF30wt% in
Moldflow analysis (a) 3.0mm thickness in 7, ,
(b) 3.8mm thickness in 7

vy

32+l v 29]& Digimat MAPe|A S35t on
Aol e 2 e 60mm Holzl ol QIAAIHE XA
7 %@ AlEel Moldflow AREsiA] A3l A fraf el ek
A JHE Fehes A Rd2 Fig. 59 2o] HYs
Ak Fig. 5(a)elre Afrudel me AAd 2d&
SA717) SJell Aol AltEE 58] 4 BEde 7
frekas Al BdS 0°, 18°, 45°, 90°= $A|AIF T

Fig. 5(b)ellr= visg o] Fed< lshr] fd 0°,
18°, 45°, 90° ool wE fhaa gAH 2do A
W ’AE Flaiglnt. A dMe 1.0 285

7} %ol Sl

-

Hu ol

@)

FN

o
o2
=
o
o
ot

60mm |

Receiving mesh

Donor mesh

(a) S
Mold flow
direction

(b)

Di yed value : First eigenvalue
0.625

0.739 0.854

Fig. 5 Mapping process of fiber orientation
(a) Defining fiber orientation in FE plate model,
(b) Checking for fiber orientation in FE tensile model

2.4 B85 93 Digimate] A7 22

Fe§ 28 Sea BARE 284 A 25
A
A=

DigimatelX+ AAH AP EF} &8
nlA FREC] AUAQ B vFEY Ho $HEoE HoT
& 9= B4 #83Hmean-field homogenization) &
ARk et 2EiA DigimatollAde o] 5 7F4] A8E B4l
o 283t} fel4df+ Table 4914 Yehd A8 €4 (linear
elastic) A5 RA=E oty 1Z2} 71X A= 2H2he] 38t
7 BAE 123t Elasto-Plasticity(EP), Elasto-Visco
Plasticity(EVP), ViscoElasto-Visco Plasticity (VEVP)
T 2e v As mdEo] vk

2 AFE PBT GF30%wte] ©18 Asd AR EP
Az e A ozt dvk EP AR 2de 4 (5) 9%
2ol J,-plasticity a2 EHHH Digimat, 2018). J+
E A2 32 (von Mises stress) & £&317] 913k g0l

o BAY GRYEES ula

flo,R) =/ h(a) —a,— R(p) (5)

N
<

of

(0,R) 2 0cll 7P7HJAI™ 3E w2~ 3 7] uted
= ohH 0Eth Zow R(p)ell ofsiA HAdE 24
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R(p) =kp+ R, [1—exp(—mp)] (6)

R(p)+ 733} 2 (hardening stress)©]al 4 (6)3} o]
yepd it ke
us), R.& 7A3-&(hardening modulus), m< 233 A4
(hardening exponent)°|t}. pe A7t wel F4E A4
W E(p)eltt.

olHH EP A5 Rde v 99& Fofshr] A
B AIGE, EoldH] (poisson's ratio) & ©]Fo% 143
(constitutive equation)® FEAT I8l &4
gejabr] 91k Mgl ddAske, Askedt 43 Al
d 73t gYor Aot} olzig Am B9
DigimatellX= g e &8-1FE Aot A=
o2 vlwdleE 2 944 (reverse engineering) 2
AR ek digk Wese] HAsd e =&
AL & HAZ PHe fedf 23t S8 53

gk LS-DYNAS] A

A8 73}&(linear hardening modul

rE
&
o

o%
>,

w1
ooz g oo
fo12 o Joat 418 ox

[
lo lo g ax al 2 o ox wo U

¢
4
lly
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et
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e
N
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Ly
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ll
lo
ox
lo,
_0|L
N,
o
ot
=
)
L
2

3 =
a2 AgelAe A (7)ol Yehd B8 E 71%] Tsai-
Hill 3D &5 (transversely isotropic) RE-S o]-&3}
L

}<=x] # (failure indicator) S 393t

fa:\/FA(E) (7

2

F(e) = ‘- et (e T e35) _ e tel ( 1 2 )
AT X V2 N7 2t
(2512)2+(251a) +( 1 1 )(26,.)2
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52 y2oaxrT®
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*Prescribed motion with
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tensile test:
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X direction
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Fig. 6 FEM model of the tensile specimen and
boundary condition

Ael Ao AHE-gH LS-DYNAS] fr 2l
Fig. 6 Yeplidet. o] mdle Fiek 434 (fully integ-
ration)¢] LS-DYNA 84 W2 (element formula tion,
-1)& 2= §394 (hexahedron) 9] 339 SAER T4 5]
Aok, 849 AVe Aa(ig B uAHE FEES 2.5mm,
71 9 o] MhAehs B2 1.25mmE T3kt 3.0mm,
3.8mm T4 Rdlo] F a4t HH £ 4,160719F 5,248
Nz Fdst 7 B3] S A=A =¥ 2 10
ojt}.

B g)Xo] AA ZA(boundary condition)< Fig. 64
Spro] A7t nEE U T (T AAY) o BE %
el Weloh 3| Af=E sttt At 1 EE 2

Aok APAH YL
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202 4 A2 e] B AR

Skt

Fig. 7€ LS-DYNA®} Digimate dAAlsiAle] Alew
3.8mm A fFaad A 2o A AFE WY
2o mek Jepa ot Fig. 7(a)dXe &AdHEE &
IE Eg] 2ulske] A&ujgke o2 & tﬂ-%kﬂ\:} o ¥ o
Aol b5 AAtaL glom oA A Tho]
e %LE‘:} Aehdake] Ak Bt AW YPE B
© tE T Uk Boh ek A=E Hee] geld 5 9l
ot gkl Ak dolHE 4 she Al ST
LW E Tt ATl o dAdA dFsAl gheo
Ayt 3k W9 £t Sl whek A fulake] wE
DYE o] T7tete] 2AWMFEES o FHAQ A T
Yaa siet

>0.010 0.009 D.O‘(W O,DHOOS D.T04 O.DHOOI <D.‘000 ‘
1mm/min 10mm/min 100mm/min

Strain:0.0228

Strain:0.0258 Strain:0.0246

Strain:0.0275 Strain:0.0245

(a)

Strain:0.0280

120
100
s /
£
Sw
2 6 / Pt
4
@ 0 -  Test
: = = 90°_lmm/min_Test
N ——0°_Imm/min_Digimat
B ——45°_lmm/min_Digimat
. ——90°_lmmmin Digimat

0 002 0.04 0.06 0.08

Stress (MPa)
Stress (MPa)

Strain
(d)
Fig. 7 Tensile behaviors with the failure indicator of
Digimat (a) Tensile behaviors at the failure,
(b) Tmm/min displacement rate, (¢c) 10mm/min
displacement rate, (d) 100mm/min displacement rate

F1g 8— 3.0mm AE A2 3.8mm A1H FA9 18°
ArEFe] Imm/min W9 £=9] A4dsiA Adteltt. Fig.
8(a), (b)eXe LAWY E BXE 53l Fol& A1He
Wtz Zukske] A eu|ske 71& el o) Té F e
A 9% 2 Bk Qnk. e Fwee] Aaujge 71
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Fig. 8 Tensile behaviors in 3.0mm of thickness, 18°
and 3.8mm of thickness with the failure indicator of
Digimat (a) Tensile behaviors in 3.0mm of
thickness at the failure, (b) Tensile behaviors in 18°
and 3.8mm of thickness at the failure, (¢) Tmm/min
displacement rate in 3.0mm of thickness,

(d) Tmm/min displacement rate in 18°, 3.8mm of
thickness
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2 X

3t 8 W (finite element method) T3 HokollA] Az 934 AFS gy dAHoz gAsta JSsts U
o= vheket Rofo AF Ade] AE&H vt A AGE WHE S5 984 5 JFS VA= AR
745l ZepaE B s dgk FASAS o] &5 T WHS dAZA thi o sl k. B ATy HHLe uEa, 1
o855 53 22 gJs EAREE fs A8, uAy geaAd A5 2dy L2399 Digimate] XA A5 =
9 &8st FeEdf Ao Edad B3R5 93 5SS FYsta AFete Aol Adrk £33 o] & Fa Frl d4
Hog AEA BFANRY AFS dSstax gt} ol & 98 vt 1EA F 0wtk HAF AH &S Ae R
24 g Zeg o] E(polybutylene terephthalate, PBT)2] Afwlds} MEE Sxo] ©pE A EA4S Fuids i) =
Abstgith g Moldflow Z213S AL AMZSA S B3 Feldf M ARE Altstdew o]& vl (mapping) o
A& B3 fdes 9% AE Rdo dgstth dud] ek 48 Z2a3W F sy LS-DYNAE 44 vl
ot Mg E S5 mE AR 1F 54 A8ky] 918 Digimathe] 9149814 (coupled analysis)ol 285 At 71
ga FARF A5 Febay 5RARE HA 7] 98 LS-DYNA9 th%d v 54 (anisotropic) A& EHES oA
S A= Husta Hrhsk
Lol @ FEYAF As ZTa", EFAE, AHE HEE S5, A4, digimat
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