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A Data-driven Multiscale Analysis for Hyperelastic Composite Materials
Based on the Mean-field Homogenization Method

Suhan Kim™*, Wonjoo Lee*, Hyunseong Shin*?

ABSTRACT: The classical multiscale finite element (FE?) method involves iterative calculations of micro-boundary
value problems for representative volume elements at every integration point in macro scale, making it a
computationally time and data storage space. To overcome this, we developed the data-driven multiscale analysis
method based on the mean-field homogenization (MFH). Data-driven computational mechanics (DDCM) analysis is a
model-free approach that directly utilizes strain-stress datasets. For performing multiscale analysis, we efficiently
construct a strain-stress database for the microstructure of composite materials using mean-field homogenization and
conduct data-driven computational mechanics simulations based on this database. In this paper, we apply the
developed multiscale analysis framework to an example, confirming the results of data-driven computational
mechanics simulations considering the microstructure of a hyperelastic composite material. Therefore, the application
of data-driven computational mechanics approach in multiscale analysis can be applied to various materials and
structures, opening up new possibilities for multiscale analysis research and applications.

= EB:7)29 HE|AA Y 83L8 A (Multiscale finite element, FE*)2 #A] A7|Qo] BE HEA A T F A&
£ 4> (representative volume element, RVE)2] W|A] A 2] wA|E W2 0.2 Absh7] w2l 71 a4 A7t g
dlole A%t 33+& F AR gt o] 5 s Asty] fla] & Aol A Bt E 3 diolE 7n e AA Y sfA
712 Jieslict. dio] g 7]Ht 2 Ak g} (data-driven computational mechanics, DDCM) 342 HEE-2-2 ¢o]
B S 0% Agahi 2T o) (modelfree) Ut HHAlo| T W] 22 B4 S Salr] 913, BER 2
% 3H(mean-field homogenization)& &-8-8to] EFA) o] v]AlFtz0] et U E-32 o] EfH] o] (database)5 &
8402 FEL, o /N Blo|E] /|uk WA s} Al B o HE 2T B = Bo| AL et Hel
AL s A | ) ¢ (framework) S | A of| 485}, 2T (hyperelasticity) F¢HA &f n]A] 25 123 b
o] 7|uk HAatet AlgHold 2aE SISkt wEkA, HlolE IRt ZAkst H WS 283 HE A

o 7L thast Al W o] 48 4 glom, BeAAY S A7 Ul 8 e AS dolE Ao Yo

Key Words: 40| €] 7|1t At & &H(Data-driven computational mechanics), HE] A7 Y 3]4 (Multiscale analysis),
B+ 23 (Mean-field homogenization), Z&HAJ (Hyperelasticity)

1. M

ru

o2 Ay AEol ik A} a4 o] JgEo] £F
t}H1-8]. 1= HE|AA Y 8-35FR2 A (multiscale finite element,
clebat AAQolA ] WA ol23 RN S Avk  FEY) S|AL ulA] AAAT AL AALY AAX £AE

Received 5 July 2023, received in revised form 21 August 2023, accepted 27 September 2023

*Department of Mechanical Engineering, Inha University, Incheon 22212, Korea
Corresponding author (E-mail: shs1106@inha.ac.kr)



330 Suhan Kim, Wonjoo Lee, Hyunseong Shin

A aLeehs FEha s 7N sljA] HiRoth[9]. 7]&9
FE* f & A A AA| A 2] AA 2] EAE s d3t7] $3l,
o Agjupch AAl AAA {34 HEo] s A EA o
Al tE A A Q A (representative volume element, RVE)o]|
oot A} s AS A sfiof Stk whebA, AEs] B 6l
A Azt glolel A% g7he e g s Het. o]t FE?
Ol A&AS FEAZI7] S8l A2 sl 7] [10-12]2
AFAIEY(13,14] 9 RS 83 A7 ELsH
% f’ﬂﬂl Atk e, o] H 3] FE? 3|42 A4l AlZko] W
2QEAL o= Hr 9] %QEE E7V8fjoF Sh= FE

olg|gt ZAIE A7 f18 7P aabAQl U+
ﬂb}i A ZA2F mA] A 2] 72 (decoupling)
/o] A7=ar AcH15]. whebA, A4t aa4
AZ17] sl A= AAl 2A Dol A o] A A A A
Aldol Ao AAA wAE sHA o= 2T
A, A= g 2ok o] AR s 7o) Qs

32 B

;‘,:.-l
Loirﬂohul

B

>

E

ook

=)

7

-

ko 10 o & o O O X
so
i)

E]]O]H 7149} 4 Aked &} (data-driven computational mechamcs,
DDCM) [16-22]2 #H+H Hrhl o] Fa3t 7= 5 skt
& 233 ok DDCME o]2] cjsgel ¥ E-5 ¢ ¢

o[ B H| o] A5 FL55}L, o] & &-&-5to] AA BA A ZA
o] H LA AT} ASHHEA A8 71 A; 2 UEE 5= b o] E
£ Agste] = 73] vl (mapping)sh= a4 AlE
glo]d 7]&olth Hu dlolg 7|yt Al&d|o] g 283t
of, 3t 4 FA3 golg o] AF o] 83 Hlo] ¥ 7]yt
HE| AA Y 338 4 (data-driven FE?) W& 7 sl ¢l ok
[15]. AA 2} v|A] AA 2] ZAE FAl s 2T B aglo]

o) A|4 @ x2a}kQ] 38 (microscopic offline computing)¥}
AAA 22}9] 735 (macroscopic online computing) ¥4
oA doje Zv We A HAg 7
LS SRS TR e AU B8

4& molzglon, o) S Fal 7] &) FE 7]y
s}od Hﬁﬂ‘”‘:}L Aol Huw it ey o

AlA 23zEle] HrE Aol A AR A X (prior information)

Microscopic offline
computing

Macroscopic online computing

Inclusion

Matrix

Data-driven (E*, ")
VE

MFH

Macro scale

Homogenization

Fig. 1. Mean field homogenization-based data-driven computing
framework

PE
o rg
-
_&_

A= %,_Xo 143} (mean-field homogenization)
5 <9 HolEHo] A5 aa4oR
3t Eﬂ 18 7|8k HEAA Y sjAle 4=
o} glol g H o] A5 F53517] 9% "
i A4 3/\01] et 3t 4 7Rk A S} Ak
01 ol 28 5= whyo] ik ey Hat 3
(23-25]> A3 & 2ot A9 7144 =
Ao g o &sts WHORE el glomn,
o] ¥ B R A= =& A
wwollAe 2 5ol tiell Bt
—% Z-g-sto] dlo|gHo|AE agor A
o|ElH| o] AE ET & do]E 7|k HAFeE]
Fegste] duts glskqint. HEH o2, o
HE|2AY ZHAY A= FEEEES Bt $7)
e B R 9 2 AIAEE A5k 91 7
o Aeg 7gEh

N
o v o
ol
2
£l
o
frt
m {
op
9|L'

ox f rlo rE o2 N
N~ fo s
of 2 R
quo gzi
Bt
,
EN
i)
i?l

LR D e

2

o>4 m[o _Ilm

°
, i LR
FPI
SORRC S Ol

oXx

2. diolg 7|8t ZEIAAHY SHA

2.1 WRE FA 5

= Aol A= Mori-Tanaka (M-T) WH-& &-8-5fo] &g}
Aol fa Aw AseS =Eshith FAA R, T3] A
Al HIZE Eof tiall, Al &9 X5 AlAbet e, & At
off Al A& 2'HY Ek Aol et #A3S} o] &
Aol ZAISHA] a7 =l o] Slet25].

28 AF BARE ot AR 2dE FYyPEY 29
(Mooney-Rivlin model)& A3}t 284 A7 2
MYE ol WeE Wy o) SAE ol 8stel Azet
e adEn Wy ol "lA= 5 AE (principle

| F=35N

O Z =
2 HaE

15 mm

45 mm

VE

VIR RRINNIRssaassiinig

45 mm

Macro structure
Fig. 2. Cook’s membrane FE model



A Data-driven Multiscale Analysis for Hyperelastic Composite Materials Based on the Mean-field Homogenization Method 331

stretch) o] ©]3t £-H &f(invariant)S &-8-3fo] & o] 7}
Sk, MEE ol WE WAL ok g

W =Coll =3+ Cy (T =3+ (1) ()

1

WL, 1, J) = W,(I,. 1) + Wy () 2)

Be2e mee el 9 (distortion) HE ofu]x]

T2} W,21 A& (volumetric) HE oA U2 o] F oA

A4 mAE AR ek o7|A 1, L, = F A

ol ot EHES vehdlth Am 24¢ Cyp, G Ae

7lﬂ¢, D2 A & A2 oz xdE T Do) 021 7
]OPZ/H ZHE_E 7]_261- 2~ 011—4_'

%{!—ZH.J A (matrix)= 2B RS, A7) (inclusion)
L e 22 44519 DIGIMAT software= A7} 2]
A, PG, G SO WS welst, B 298
= &85t EFARY 57 24 AT RN B
Az o] Ase ol 4= Sk o] & Bl nlAl 29 =
= 7IRke 2 sto] B A m o] A s wEA o

a4 qlglet

=

Ay

2.2 olo|E{ 7|8t MLk o5}

Al a4zt el 715k dlolE] 79k ZAE & 5H(data-
driven computational mechanics, DDCM)Z d}|41 7] s> g
e TS LB @25 el
125 AAZ AFES= 98kA sjA " o]Th[16]. o]
5] $eist s ol £, AN Fxol 4

LA

o
lo

rE
rlo
2

~
>,

Zi
-0,

P As By A A wEshs Yol e 3
225} daelzo] 7

(Y

J9keteh. of 7] A, A 243 &
dlole] Al toll A ST AoF 24 Ei BEE
92 A e £RAS B A B
ol A= DDCM 7|HH& AA|
A Aol ALgBEI, T ol A A A ghol
A%H]—;HM Etﬂa} o%o] XHE 7_]% Eﬂ ]Eiﬂﬂoli
qo2 ALgslgict. oljel Y S, AR A%

4 3= 7dle] mElE] o QIst 9 2B 2] 4= 9J9ir}
et e xd.%cd Hd e g4 o5 B3 o] g
o2 % AT W E-3Y dlolel st

i}

b

Q'L
2 rle
X

od Hd R izl

Fo}h[16-22,26,27]. £
El

|
kst

loomm N fu W orfr ok ok
ok
JN—L]

Table 1. Mechanical properties of inclusion and matrix of a com-

posite
Young’s
Phase Model modu%us Poiss.on’s
(GPa) ratio
Inclusion Elastic 74 0.3
Phase Model C,o (MPa) |C,, (MPa)| D, (Pa™)
Matrix |Mooney-Rivlin -280 400 1.6667-10°

ek ATEA W B WP Ae] Aok A(E SN o
ole] AU(E, ) Atol9] 7e] 248} BAS cheat 2ol F
N8 4 ek

O(E, %) :(E@QD%J.Q((E—E'):@:(E— EN+(Z-2):C":(Z-2")dQ
(3)

o7]14 Qi AAF Qolil C & WS- 9]
2lE AYstr] 98 =dE dAolt. Hlo] D
o A= MFE-&H dolH T, Alek= “‘ﬂr 7V
77k HolElE A ()= o]&3to] A2 a3}t ZAIE Al
Abstal, ol 5 E8f A A dlolE ME oyt s gl
=, 43} ora1e]Z 7|8k DDCMO] B4 312l ]
e A Wl G A A o] Aok 2 AE WA 7| HA] AL

al
s

1%

., oo
:o
l>

SO

H o -1 =X 0 © A= 1=
Aol #53 WFE-3 wlojelulo]~ o)A 7bg 4
g HYPE-SE SIS e Aotk A A FFYA
A& ohgat ol 2@ 4 ek

E=B-u (4)

V,L—> [ T:(B-u—E):Bd2=0 (7a)
V,L> ¥-3=C:Bq (7b)
V,L-> L}z:gd(zfjm: fdr=o (7¢)

A (B, B AN 120 Satas A8 8 27
-39 ol olulgk of A4l has g =
a

o

o o2t &

o
o

LZ((B-u—E*):@:(B~u—E*)+(Z—Z*):@'1:(Z—Z*))d.Q

—~
oo
=

SJQ((B-u—E'):C:(B-u—E‘)+(Z—Z“):(E" (2 -2"))dR

o714 (E, 2= dlolEH[o] 2 Dofl EAsh= delo] ¥d
g-59 Holg EAEoH:. BadE sl T3l e



332 Suhan Kim, Wonjoo Lee, Hyunseong Shin

S, Mises (MPa)
(Avg: 75%)

+3 30 ?n-ll‘l

(a) Classical FE?

(b) Data-driven simulation based on the MF data

Fig. 3. Distribution of macroscopic von Mises stress: (a) classical
FE% (b) data-driven computing simulation based on the

MF data
3 WRALe et go] maE.
J‘QB:(E:B-ud.Q:JQ@:E*:Bd.Q (9a)
[ B:C:B-nde= jmz fdr-{ £ :Bdo (9b)

o714 41 (9a)e} 4] (9b)°] Sl kA 2glo] W] ubo
e 4 g2 A @k A (b)) djelstel kR 2
glo] Mg g S ATED, 29)e 2 4 ek 01714
(BY, 29z wkEA] Apdol 3 dlolE] Mol D o
ZAJ5Hs WP B2 tlo]g EIEL oh]u], do|g ]

ol D o]l Qe WFE-22 dlolg Fof, (B, 2¥)o] 7}
717k wlolel g Akslel, (B, 6 )z ojster.
o] AL WHE-3 7t U Yo whEai.

= Aol A= Fig. 13} Zo], B4 #23} o] 2& &85}
of 28 EA HlolHE F55kaL tlofEl 7]HE HAF o

g} 34 Atk ol E F Y F o0& Abgate] f
Faas Fojufr] s ST Hed SR E 96l
W2 Fo] glolguo| A7l a7 gt S|4 A T FH

J =

of YA A flol U E-59 BAE diolHH ol AE
&3l hAsh= B9 S2T dlolE 7 Lo sl eat
7 A EAE 4= Atk SE3 HlolEHo] A AEA L
2 757 918, By #Ast o2 Agste] A A
5 dlolejulo] 22 AT 4 Agich

B O] A B 02018 7SO0, B T
A& =42 Table 10 713k 5UTh AA HEE
W= [-3.10°< E,, <3102 -3-10%<E,,<3-10% -3-10°<E,,
<3107 Bt HAsHE ARgste] 7 HEE w9 2t
A 12507118 HEE-5 A= HolelE A4t Hlol
WolAg P

Fig. 20] B4 93tat g Bg3lo] 7] 93|, Fig. 31+
o] 1260719 @49} 1333719 =2 o] F0JZ 1 mm F
7] 2D HE WRE feres wug TS A%
& W] 1T WA ARAL Fofshy 9 2 wof
A YE WEo s 92 ety 8k Bdge 9]
sS4 ABAQUSE F3ff 484 sho|He|= AF AMTE 84
(CPE4H)E A}8-5F%t}.

2272 WA H 9 Yol 7]t 7 7S MATLAB
in-house Z &2 Z8Y3}91 1, ABAQUS A B FE 9] SIGINI
52 ol 83 5 |2 F5A DDCM Ze ¢ 92 S
TAAZIEH22]. 71 A3 Fig. 35 W, 28 532 o]
Al A2A| DL 183 AA] FLREA| Q] von Mises -8 E3L
2 34918t 4= 9ick. dlo]E] 719k A Belod Aufer 7|E FE?
A Aal= Fig. 4= B3 AgA o2 v|uskyth. Fig. 49]
AARAFRY) = AFA 02 dloE 7|9k Al Edo]d A}
7} 71 & FEA ek AR =S vhe] 7] AR, 3t ¥ 9l
© 0FE Z7HA7F H, 19 7P7ke 25 o etttk 2
& oujgich AL A R 097762 F2Hdo] 555 &

=
&
s s
g o
a
& |
g
= —10-
=
= -154
=
£ 201
= =281
§—30
@

30 -25 20 -15 -10 -5 0 5
Stress distribution (MPa)

Fig. 4. Comparison of stress distribution between DDCM Based
on MF Data and classical FE?



A Data-driven Multiscale Analysis for Hyperelastic Composite Materials Based on the Mean-field Homogenization Method

333

Q15T

Z A28 AI7E2 i9-10900K CPU @ 3.70GHz 2|4 7|5
© 2 mAlA ezl 7&%‘%‘()1%1 clojEjHo] 2 YA oF
304, AAA —%EFO oAl dlole 7|RE HFdE A=
glo] a2 oF 10: 4 3E1°*D} ojuff, H+ wZ3} 7]

= ©]-&s}od 71]]*&6L 739 °F 0076271 A ggn} o] m}
E A S5 7, njA A e zel HiEe aed
Oi_,_sﬂtﬂ—/\ Q1 T}, E3F, ul A& 343}01 Axe 1}

= & dlolEHo|AE 5, o] Fol = AA -2
94 A 27 9 ks 7o) MigtstE etE AP 5%

glojefHo] A5 A &2 02 F-ga o= Q). o] 2t A%t

d79e Bo, Wel2AY BAIS ARHOE HAY 4
s19iet

4.7 =

B QoA HEl AA Y A2 98 B A
dlole] 7]k ZAL A B0l 4& A4 sHe. e e
2AY A TPt vAH @ Tekel FHFY A
A 2t AFYOR Belste] WEAAY BAS 5
PYopolek TAH O R, 0 Tokel R YA NHY F
g3t Hlole 2 le] YABHE S AW 28
=G 4L TElRk A BAN BAL B A5
oS B3| HEH O ANl o] AT TEH
S AT L ek, AN E 2ol AR vl BT
A3 dolelulo] 28 7w @ dlole) 71 1y
o oJsh 2] BE HEHo| HUH MFE-S to|e]
ﬂ%@%&%ﬁﬂgﬂ1ﬁﬁ4—iéé SAgict.

2~
2 g9t
ehA), dlolg Z)uk WelAA Y Za|9) 9IS Fgdto] FE?
o L PRI, o|B Fof BUYE L T& Ax
9o] 42 AR Ao sashart.
5 Aol A

HE| A Y 2l 4] EA o] o2l gt

(elastoplast1c1ty) W e (viscoelasticity) 2T} Z-2 oA}
%24 (history-dependent) A& A5 Egol= WHAloZ
S egs Aol
=z 7|

B oA Ayl 2021 % 37| SAHHEAI RO jglo
2 AT AU wob sAE AFINo.
2021R1C1C1004353).
REFERENCES

1. Shin, H., and Cho, M., “Multiscale Model to Predict Fatigue
Crack Propagation Behavior of Thermoset Polymeric Nano-
composites,” Composites Part A: Applied Science and Manufac-

10.

11.

12.

13.

14.

turing, Vol. 99, 2017, pp. 23-31.

. Shin, H,, Choi, J., and Cho, M., “An Efcient Multiscale Homog-

enization Modeling Approach to Describe Hyperelastic Behav-
ior of Polymer Nanocomposites,” Composites Science and
Technology, Vol. 175, 2019, pp. 128-134.

Wang, H., and Shin, H., “Infuence of Nanoparticulate Diameter
on Fracture Toughness Improvement of Polymer Nanocom-
posites by a Nanoparticle Debonding Mechanism: A Multiscale
Study,” Engineering Fracture Mechanics, Vol. 261, 2022, pp.
108261.

. Shin, H., “Multiscale Model to Predict Fracture Toughness of

CNT/epoxy Nanocomposites,” Composite Structures, Vol. 272,
2021, pp. 114236.

. Lee, W,, and Shin, H., “Temporal Homogenization Formula for

Viscoelastic-viscoplastic Model Subjected to Local Cyclic Load-
ing International Journal for Numerical Methods in Engineer-
ing, Vol. 124, No. 4, 2023, pp. 808-833.

. Kim, J.H., Wang, H., Lee, ., and Shin, H., “Multiscale Bridging

Method to Characterize Elasto-plastic Properties of Polymer
Nanocomposites,” Mechanics of Advanced Materials and Struc-
tures, 2022, pp. 1-15.

. Lee, W, Kim, S., Sim, H.J,, Lee, ].H., An, B.H., Kim, Y., Jeong,

S.Y,, and Shin, H., “Development of Homogenization Data-
based Transfer Learning Framework to Predict Effective
Mechanical Properties and Thermal Conductivity of Foam
Structures,” Composites Research, Vol. 36, No. 3, 2023, pp. 205-
210.

. Lee, S., and Ryu, S., “A Review of Mean-Field Homogenization

for Effective Physical Properties of Particle-Reinforced,” Com-
posites Research, Vol. 33, No. 2, 2020, pp. 81-89.

. Raju, K, Tay, TE,, and Tan, V.B.C,, “Review of the FE? Method

for Composites,” Multiscale and Multidisciplinary Modeling,
Experiments and Design, Vol. 4, 2021, pp. 1-24.

Yvonnet, J., and He, Q.-C., “The Reduced Model Multiscale
Method (R3M) for the Non-linear Homogenization of Hyper-
elastic Media at Finite Strains,” Journal of Computational Phys-
ics, Vol. 223, No. 1, 2007, pp. 341-368.

Yvonnet, J., Zahrouni, H., and Potier-Ferry, M., “A Model
Reduction Method for the Post-buckling Analysis of Cellular
Microstructures,” Computer Methods in Applied Mechanics
Engineering, Vol. 197, No. 1-4, 2007, pp. 265-280.

Kim, S., and Shin, H., “Data-driven Multiscale Finite Flement
Method Using Deep Neural Network Combined with Proper
Orthogonal Decomposition,”
2023, pp. 1-15.

LE, B.A.,, Yvonnet, J., and He, Q.-C., “Computational Homog-
enization of Nonlinear Elastic Materials Using Neural Net-

Engineering with Computers,

works,” International Journal for Numerical Methods in
Engineering, Vol. 104, No. 12, 2015, pp. 1061-1084.

Lu, X., Giovanis, D.G., Yvonnet, J., Papadopoulos, V., Detrez, E,
and Bai, J., “A Data-driven Computational Homogenization
Method Based on Neural Networks for the Nonlinear Aniso-
tropic Electrical Response of Graphene/polymer Nanocompos-
ites; Computational Mechanics, Vol. 64 No. 2, 2019, pp. 307-
321.



334

Suhan Kim, Wonjoo Lee, Hyunseong Shin

15.

16.

17.

18.

19.

20.

21.

Xu, R, Yang, J., Yan, W,, Huang, Q., Giunta, G., Belouettar, S.,
Zahrouni, H., Ben, Zineb, T., and Hu, H., “Data-driven Mul-
tiscale Finite Element Method: From Concurrence to Separa-
tion,” Computer Methods in Applied Mechanics and Engineering,
Vol. 363, 2020, pp. 112893.

Kirchdoerfer, T., and Ortiz, M., “Data-driven Computational
Mechanics,” Computer Methods in Applied Mechanics Engineer-
ing, Vol. 304, 2016, pp. 81-101.

Kirchdoerfer, T., and Ortiz, M., “Data Driven Computing with
Noisy Material Data Sets,” Computer Methods in Applied
Mechanics Engineering, Vol. 326, 2017, pp. 622-641.
Kirchdoerfer, T., and Ortiz, M., “Data-driven Computing In
Dynamics,” International Journal for Numerical Methods in
Engineering, Vol. 113, No. 11, 2018, pp. 1697-1710.
Eggersmann, R., Kirchdoerfer, T., Reese, S., Stainier, L., and
Ortiz, M., “Model-free Data-driven Inelasticity, Computer
Methods in Applied Mechanics Engineering, Vol. 350, 2019, pp.
81-99.

Eggersmann, R,, Stainier, L., Ortiz, M., and Reese, S., “Efficient
Data Structures for Model-free Data-driven Computational
Mechanics,” Computer Methods in Applied Mechanics Engineer-
ing, Vol. 382, 2021, pp. 113855.

Karapiperis, K., Stainier, L., Ortiz, M., and Andrade, J. E.,
“Data-driven Multiscale Modeling in Mechanics,” Journal of the
Mechanics and Physics of Solids, Vol. 147, 2021, pp. 104239.

22.

23.

24.

25.

26.

27.

Kim, S., and Shin, H., “Deep Learning Framework for Multi-
scale Finite Element Analysis Based on Data-driven Mechanics
and Data Augmentation,” Computer Methods in Applied
Mechanics Engineering, Vol. 414, 2023, pp. 116131.

Pierard, O., and Doghri, I., “An Enhanced Affine Formulation
and the Corresponding Numerical Algorithms for the Mean-
field Homogenization of Elasto-viscoplastic Composites,” Inter-
national Journal of Plasticity, Vol. 22, No. 1, 2006, pp. 131-157.
Pierard, O., Friebel, C., and Doghri, I., “Mean-field Homoge-
nization of Multi-phase Thermo-elastic Composites: A General
Framework and Its Validation,” Composites Science and Tech-
nology, Vol. 64, No. 10-11, 2004, pp. 1587-1603.

Doghri, L, El Ghezal, M.I,, and Adam, L., “Finite Strain Mean-
field Homogenization of Composite Materials with Hyperelas-
tic-plastic Constituents,” International Journal of Plasticity, Vol.
81, 2016, pp. 40-62.

Nguyen, L.T.K., Rambausek, M., and Keip, M.A., “Variational
Framework for Distance-minimizing Method in Data-driven
Computational Mechanics,” Computer Methods in Applied
Mechanics and Engineering, Vol. 365, 2020, pp. 112898.
Nguyen, L.T.K., Aydin, R.C,, and Cyron. C.J., “Accelerating the
Distance-minimizing Method for Data-driven Elasticity with
Adaptive Hyperparameters,” Computational Mechanics, Vol. 70,
No. 3, 2022, pp. 621-638.



	초탄성 복합재의 평균장 균질화 데이터 기반 멀티스케일 해석
	1. 서 론
	2. 데이터 기반 멀티스케일 해석
	2.1 평균장 균질화
	2.2 데이터 기반 전산 역학

	3. 결과 및 토의
	4. 결 론
	후 기
	References


