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Micro-mechanical Beam Modeling

of Initial Twisted and Curved Composite Structures

Won Suk Lee

Department of Mechanical Engineering, The Graduate School,

Pukyong National University

Abstract

Along with the increased knowledge and fabrication techniques of multifunctional microstructures,
research on the usage of composite structures with them in designing and manufacturing future helicopter
blades have received considerable and consistent attention in the past few decades. Unlike the published
work invoking the prismatic beam modeling, the present work proposes a new micro-mechanical approach
for analyzing and predicting complicatedly mechanical behaviors of composite structures with initial
twisted and curved configurations. At first, the three-dimensional heterogeneous elasticity problem is
compactly formulated in an intrinsic form which admits initially twisted and curved effects. By taking
advantage of smallness of beam-geometric and microstructure-heterogeneous parameters, the variational
asymptotic method is then used to split the original three-dimensional problem into a linear three-
dimensional micromechanical analysis on the microscopic level and a nonlinear one-dimensional beam
analysis on the macroscopic level, respectively. Furthermore, the formulation obtained from the present
approach is transformed into a generalized Timoshenko-like beam model as a reasonable compromise
between efficiency and accuracy for modeling the initial twisted and curved beams. As the primary
validation, a few examples available in the literature are used to demonstrate the capability and accuracy of

this new model.
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Figure 1 Inner Structure of Helicopter Rotor Blade (
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Figure 3 RSE for beam-like structure
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Figure 5 A Initial Curved Beam with Repeated Unit Cells

Uceld Aol ol e fo] x o tgt nRe gy 2ol y 9 3
T2 x2ddh
aﬁ(xl;yl;yz;ya)zﬁ L9 Eﬂ'+lﬁ\1
6x1 axl y=const n ayl X, =const 1 (2)
U (x51:230s) :lizlf
6xa 77ayot n e

ANNA gt $AE uisks Aol oy Mz bE ¥ e 78

-20 -



S dehle r=A AHgEE 7 5ol

AL 99 W AFE A Q9 A FFS geva A,

i

gkek o, 7F UCHl e flAlelA el wejebd o] digaks Qo A4 3

o 97 EA g

=g i = £ wao=(u) 8

Undeformed State Deformed State

b, (x) TGy)

Figure 6 Schematic of Beam Deformation

3
ok
=
1o
o
ok
o
o

Aol Y VI=H oA VIE

2y
0%
1©
»

221 -



WHE b, 2 FAHE JXHE P2 UERE oS3 go] FdH)

f':r(xl)+17y2b2(x1)+77y3b3 (xl) “)

A7IM, r 71EA e x o f1AIE SIAHE oA, x ol sl mitsh

¢ F 3D TRAY IS mAE] ARA WY A

FK

o]
el Hx e dgHE WY Fo 99X HWEH RE they 2o

li = R(x1)+77y2T2 (x1)+7]y3T3 (x1)+77wi (xl;yl’y27y3)Ti(x1) (5)

o714, THEE NPT FEle] WolAo SeluEE WY Fo| /A
of Hsh: A HEAIM, VAME o] &3] AU Folt $9S 89
A a7 $lskel AEE STk T 9 b Abele] Al BF ALY W
) 0= A3 Lol e Yele) o) s wAUh

T.=C"b,=Cb, with C,=T b, (6)

g

-2 .



At} 7]

[ox
i

g

VARG
ar

91 E (b, )ol T

-

R

ehy)

SHAl k.

S

l

[e)
2] X

-

R

o9 7142 AXMEE r+u T

dolado] §1 ATNAORE T 9 b,

¢

;OU.

B
)

ol

R¥} 1, % Flobd

-
R

A=t w,

o
™

°©

(x,)=(ny,) =00l 2]

1

PR

(e}

PN
T
 wglel YFS FA dorE u

A

3—4 (Rﬂ T,'v W[)/\]—O] Oﬂ g EH &l Ulll]
A

S|
&

R
9 34 FEHEAS AL

[e)

(5)°l A
AAl AA

<wl.>=0

Al
&

W o

o

R

R
¢+

ol
oH

oy

(8)

-23-

<W2\3 a W3\2>



L —
R

Uce rkEAgdow Mz Ad4dF

PN

B

-
ol
Ho
=)
oy
B

~N

)

Wi(xl;_dl/2’y2ay3)

Wi(xl;dl/29y2ay3)

ID A2 Zds7] 9t

=
=

o] 3D FA|

)

R,:(1+7/11)T1

T

=k+x

with K

KxT.

1

1

(10)

|

T
T,
I

|

(k3 o K}) _(kz = Kz)
0 (k, +x,)
—(k, +x,) 0

0
—(ky +x5)
(k, +x,)

|

=

oy

Hr
TR

I 70 (Hodges, 2006)°l whet R o] w4 35 3D

3]

=]
RUN

87w

sk

1

d

kYA
ar

|

o

7}

fol vhe

S

& 8-S AHE

€]

Jauman-Biot-Cauchy¥

(11)

Uy =5 (F+Fi)=9,

_24 -



o714 8, + Kroneckor 7|55 YEMI i¢} 7} Zod 1, v=2dH 0

g

gebdnt gel3 FE ad P dAS Gehge oga go) w.

E‘j =T, 'Gkgk 'bj (12)

@y T WAleA ¢ @d A 3D Wel whd A WEC T, 6,k W

g 3D W T /IANEHE G 7127 WEE ojnjdct

g =——0,8,xg, with o, =3D permutation symbol (13)
e
0 W Tl
0 =(-1 0 1
1 -1 0

A71M g = ¥ A 3D W FWIIA HHE TeHE o Yle7] 9y

£ Uehdth
g = (14)

1

-25-



g, = (1-ny,k; +nyk, )b, —ny,kb, +ny;kb,
(15)

g, :bz
g, =b,

A o] 3D e tig vk ZIAWE S e vk 2

g :T
g
g’ =b2+'7j3g—k‘ b, (16)
ny,k, b,

g’ =b, -
© e

\/g = (1 —ny,k; + 77y3k2)

Wy 59 3D Wl g 33 V|AMEE ek v Ak

R,
G =—-+~ 17
=% (17
G = (r+u)’ +x, T +wT +wT
= [1"' Yu—ny, (k3 +K3)+77y3 (kz +K2)+77W1’ —nw,k; +77W3k2]T1
+[_77y3 (kl +K1)+77W£ —nwk, +77W1k3]T2 (18)
+[_77y2 (kl + K1)+77W; +nw,k, _nW1k2]T3

G,=T,+w,T,

-26 -



(i
of
i
oX,
Mr
[-‘O
1>
o
)
=
ol
o
2
W
)
33
of
i
o
=2
=
=
N
kit
X
[-‘O
o%
o

tu = _g(j/11 — 1Yy N Y3Ky W — Wik + wik, + Wl\zny3k1 - W1\377y2k1)
1 !
St _(—77)/3K1 Wy = Wik +wik; + W2\277y3k1 - W2\377y2k1 ) W,
Je
1

2l = _(77)’2K1 + 77W3’ + wk —wik, - W3\377y2k1 + W3\277J’3k1 ) + Wi

By

rzz = Wz\z

L, = Wy + Wy,
Iy = Wi

(19)

0%7]}\1’ \/E:gl-(gzx&):l—n(yzk}—y3k2)=1—77)(RE R AAR 2] w2 A

g vhep,

3 5]

1
=140k — k) AP (ks = ik, )+ O = 14y 42y = HA T

Je
2(19)9 3D HEYgE F= FANE} A= FolstA sl flEl vt

o] FHr AT

1
r:rhw+E[r85+n(er+r,w’)] .

1 1 = 1
= w+—=T.e+—=n(T+T;)w+—=nl'W
h \/g \/g ( hR R) \/g !

-27-



T
LWI W, W3_| 5

w =

T
r:Lrll 21"12 2r13 rzz 2r23 r33_| )

4714,

3} o] AolHr}

e
=]

=t

e=|r, & x, k] o™, A @oylM 2 Aikat

-ny,

nys

—nYy;
0 ny,

0

3}

A

2.2.3D °HX]

-28 -



MAeIA S A gstFel A% MY

FE= AHEsto] 3D Rlel A%

B Wy ouAE o gol Yelar

(22)

U = uds,

HE
1 1 1 1 1
rw+r—TI,e+— nF w+—=nI' W | D|T,w+—=TI e+—=nl w+—=nL W |;4/g
H@ 7 @’H”@ @R@’}M

[(Tw)" DT, )| (1-nz
«2{(r, ) ( &)+ [( w)" (1) + () D) |

={ Loy o)

+2n[(r£g) D(FRW) (F2) D(rw) | (14nze +723)

+7 |:(FRW)T D(T,w)+2(Tw) D(T,w')+(Tw') D(r,w')](um 0’k

(l+nze+n°22)

(23)

A7IM, u = &9 Aol MFuA dEolH, o=y W ucHel,

D "4 FHEA(y)=E EHE 42 (forth-order) B4 ®IAQl 3D 6x6 A=

W5 Ee veha,

-29.



71 F&(Yu et al. (2012), Yu (2013))1 A #|AI s W2 of whet, 3D ¥ 53

rir
)
2
=
2
ofo
ol
oiN
=
1o
%

FxAel Ago A5e AAHAeT BAF
HHA e oYX & L # sk 7 Y (Virtual work)e] ZHEe] =) sk b3

2ol WM Aol Lagrangian WS Foto] 7 WSS 3ot

SR=56qT +ny, 8T, +nSwT, +nw ST, (24)

5q,=6u-T,, 82:3;ﬂ3x1 (25)

5q, 5 Sy, = 27t T AN Y W9 g s e Ee v}
A3 Qry, WESS7) wlastuz 7 W (SR WESS9
A F& FAE & vk wEhq olF HFAHQ 2t (order)?] 7 2ol

o A AavE FEE W, A F Y §oldE s AEeT e

oW =6Wip +775W:+7725Wz (26)

-30-



SWip = I;(ﬁg_q[ + mi@i )dxl

+—[(0)3q,|:

(0]

e, (19,0,)0y, ii:é]
» 27)

1 1
W, = j;;((Fﬁwl% [ weds)ax +=—(0om) 1%

oW s :I;$(<Fa5wa>+ ISQa5waJEds)dxl +$<Qa5wa>

x =L
x=0

AnksiEl 3(f)3 THE(m)E oldlsh o] FelHr)

fi= ( + [ Qeds), m i=w il (mvaF)+ [ ny,0eds) @)
\/E=|rxg1|=\/g+(xz%+x3%fkf

°17]14 si= 3D WO S¥ %%

r|
J
~
N/
=)
>,
~
)
=2
>
1o
i,
w
w)
('
ot
2

-31-



3} 3

fol Zbgale] felel Foz vk

A& o] &3

o 71y

=
K

gl

Y=g} 2g

(29)

oo

*

nowW . +n>W,

5U—(

21(29)°f W] R

u# a3}

A
=

i A A el

o 93

P
“im

ol

HE

=41<1 mA°] 3D

¢

-

;OE

B

o
B

alg

X

i

(30)

* +772W:)

W,

H:U—@

e},

G1)

3} o] FolAt}.

e
=1

=

Aoy A

el

i

gl

4714, &

-32-



(32)
(33)

LO F2 F3_|T ) QH_LQl O O_lT B and

/ £
WV dxl

0

=]

*
N

W

Lo o] , F

dx, and

{ *
WE
Fe

=},
),

*
e

w

o]
O, = LO 0, Q3_|T O] E]'

mj

Fol 21 (30)°l A <

gl 7|x3s

o

A4 Au oA Hxge

-33-

ZA A7), A@®)S FERATL A9 F71A AA 36l A

3k O
=

o] ¥mZ vVAMel g3t x}

23}



ZF
=

e

M3

3D A

449

4 ol btk wepy B

th

o

ﬂ
ol

alp
ol

0

M

I well A€ 3D

3]

°o]&

1, VAMS

3]

Az E07] 4

1D HEE(e)9

she

o = St
AL BF Y=

=
=

b0

S

Az 2k 7

NUA &

A
=

E

el

%)

=°] m& wispd

Fob ddE eHEA EEHAE, H

hsi
ol
il

ol

(smallness) "J7iHFE o] &

w4 el v

& e 283 g

1.

froiat
4

1% o Aol

AAA el 27iE

oy

-34-



(34)

e 27 vEdH 539
Astol w18 wir 18 SAS 7HACF @tk oV E B S 4

sfo R} jo] e erjehn AU

3.1. A% 350 Zeroth-2.T] ZALS)

2134)elA F49 29 Hoo gsto] m A W-gd42] Zeroth- 2T
SAgko] AREE W, Aol @ A AL AeEE Fol nAje o
S 7HAER Zeroth-2 U AFStol A= A 4 Qi mheba] 2(29)¢] A

A AadeiA g4 Wy dowy mdw.

al=0 with 6U=0 (35)

-35-



i kel e o] maH )

Al=0 with SU=0 (36)

JE P2 HETFY Zeroth-2T ZAFE O] AEAow AYHE= w94

o9 1D WHUA ) Hux TS vk Prt
2011y =((,w)" D(T,w)+2(I,w)" D(T2)+(T2)' D(T ) (37)

AREAQ "R AL A S A@Nol AEForEM, WsdF7E 1D ¥

(38)
=—(1,)" D[(T,w)+(T,)]=0
o)2 Mo MEHFE thed ol nAN
w(X:33,92,Y5) =V (7 2,.55)€ (%) (39)

-36-



of W, v (£ VY, i=4, j=3)E UC HelA gous mAA HE3
O % 3x4 YHo|th

HEBNE EWAEAUA S Wg el tig Ml 4380l thdshd, &
25 yc ue 7ekerd 1z FAAQRES aydoln HolshA xwe

S EE s A8 pHol $o3 PDE Fet o pol fEw

—

(r,) D(TV,)+(T,)]=0 in Q (40)

R0z A0 A®ANA 47 FEEAL ORI 7717
AAZO] e B WH O COMSOLAN +Aa4 Faol 4A A

243k ")

M\ = ) 0\ _
<W»>—° and <nm)_p@n>—0 (41)
il
V((]l)) (dl/z’y27y3):I/((ji)) (_d1/27y27y3) on 0Q, (42)

-37-



240)2] PDE #A1E @D 449 T2 FA£AL o] &3l

rr
KU
il
oft
%
~
Il
o
il
)
2
ol
o
X
i)
)
lf
1
®
3
2

e e

o

TA
A PR FoHor w8 euztx BARE ouA FeE 4
A,

201y =" ((1,7,) D(T,)+(T,)" D(T,))e =&" e 43)

{714, 4+ ucY EF% Jetetd pxe FAAR wHAEE B

F 2HE 1D MY ES 4x4 A4 AEe YERAT

3.2. HE 30 First-2.9 AFSH

7] M E o = o9 /AR mdo] Jadith = A o]ES

AEsh7] Sl v Ao Ak WE o] AR E WA s ofof gt
=

-38-



w=w,+nw, with w,=Ve (44)

2@44)S Al digdsted ucHl e First-2 6 8] HPAUAE b3 2

o] & 5 9tk

CRAY R R
[r wy+nw )] D(T,¢)
[T, (wy +17w)) D[r (wy+mm) ]
[ [F (wy +nw,)] [T, Wo+nw1)]}
20Ul = [(T.2) D(T,2) (1402, +0°22)

{(Fs DI:F w+nw):|

e St }(1+7m+77 %z)

1%+nm D[F M@+mqﬂ
+n° +2[F wOJrnw1 :l D[F w0+nw1):| (1+77;(R +n2;(§)
[F W, +77w1 D[F Wy +nw ):I

(45)

244 2(33)°l didste] ZEstzel 2% Fist-2U4 2] 7 A& o

&3} gol 7% 4 k.

-39.



wW=wa+wa
=UR@%+WWO E>+I@%+nm)§2J:bJ (46)
+772(< Wy +1W) E>+I Wy +1W) Qx/_ds)

21(@45)9F A@6)s tAl A@Eo)el g oz wel thet First-2 8 7k+] 4
oA oR AskE AT A de] FREIS ved 2ol = < 9l
O First- @8 ZARSEOl M HARABANAA S AZHOE u(h/i+h/R) &

QUZHA AxtE Al 1 o) de) aak g2 AlAETh

T, )= (Tm) D(T,w,) 2

20lT =7’ <(Fhw1 ) D(T,w, )>
(T,w) D(T,
£ FhRWI) D(
D(
r

+2n <

+2n? [
{(

+( Twy)+(T,ewm) D(T,¢)
+(T, wl) Tow)+(Tom) D(Te) 7

T

o) D(Cowg)=(Fw) D(T,mp)=(Cw) D(T&) ]

( .
< e> wl) Q\/_ds)

2

—2n

Zeroth-2.6] ALl A] AL w, =V,e & 2A@7)el tisista w v 7

A MBS St HuddA 42 78 5

- 40 -



2011 =7’ (Fhw1 D(T w1

(T,w) )=(T,w)"
Fthl ) Fthl
<{ Fon ) ) (F ) ) @)
[r

2

+2n° | ( hw le (F,w1
2n2(< (w) F, > (w) Qfds)
123 Zeroth-2¥ IAMSE Y wUsE WAl o7 HFEO AL S

A48)°l st A 8ot

ot = () D(r,w)
[,) DT )+(T,) D(EYL) 2
T) D ( ) (i) D(T,) e

) D6 +(F) DT &
I

5 < )<r>TD<rm>—<F1>TD<FE>J8’

~
=
[+
(

°o|& WO R First-2t]9 WEFF(w)7h e o, Wl AFHA F

S8Adel FEEHL a3 o] i

-41] -



w (xl;ylay2’3’3): Vis (yI’yZ’Y3)g’(xl)+VlR (y1’y2’3’3)3(x1)
V. (xl;y1ay2’3’3) (50)

:WIS+W1R+W1L
ATV W (e K. i=4, =3 K (FE Ky, i=4, j=3)C 3x4
gdolm, v, (BT Vi, k=3)> 3x1 FHEHR UC Wollx H¥ First-
ey el WA E WES YeRdT
FAR A ] golds fsl 2(50)= 249l Al "o zA 249
First- 2.0 9] WE3F(w ) wIAA HEES Adsty] A g3 22

PDE7} $=HTh of7lo] BWas 47kx] FEZAT 774 AAzAE

[r,,]T{D([rthS]+[r,V0])}+[rl]T{D([rhVo]+[r8])}=o in Q
Vi) (/2,32 0,) =Vl (=41 /2,30, 3,) on 20, (51)

(ril))=0 and <Vs;zm) Vi) =0

-42 -



(DKL D)-TFT (D(E[ J)0 o
(d1/2,95,05) =Vl (=d, /2,95, 9;) on 0Q,
'.>=0 and <V1i) =V >=0

R(2/3 (3/2)

(52)

[0, D(r/.])=F in @, D(r/,])=0. on aQ,

VlL(k)(xl;d/z y2>y3):I/IL(k)(xl;_dl/zﬁy2>y3) on 0Q, (53)
<1L(k)> 0 and <V1L(2/3)_V1L(3/2)>:0

AN H(52), H(53)= ©1838 First-21 8] viAlH HEFS At

o] o

F e, Axd  ®WEEE AEs)st  A@e)dd  didEgoeEH
p(hit+h/R) &> QU7 A R A FRAAUA S v o] 7+

9
20l =e" Ae +2¢"Bre'+&'"Ce'+2¢"De" - 2¢"F,, - 2¢""F, (54)

1714

-43 -



A, =({([r ]+ r.) oIr.))
en({(Ir.1 pIrJ-0RY DIE) 2207+ PIrsl))
{AF]MFV]F ]NanhHRYNRM1>

(0,7, ]+[0.]) DICFe )+ (D] +[TH]) DIE Y]

—n{{([r]+[r) plry]))

(AR R AR AT AR R A
+ [0 DCF )+ [V 1) DIT ]

AR APARE VA A R

2

n2<[ers] D([r 7 ]+[T.])+ ([rths]+[FlVo])TD[r,Vo]}>
’7<( ] [r.]) DTV }>
Fo=n{{In] £+ [ 0] oneas
(T2 )+ LT @)
([F v,]+[0. ) DIy
+n° {+ += ([rV] [r,]) D[r, ]
(AR APA =
([ £)+ [ 15,7 @
T F)+ 172 0. eas)
+<([F,,V0]+[FE])T p[ry, +[rW,] D[V, ]> .

F, =

1
=50

-44 -



3.3. 44t3}¥E Timoshenko %!

3

e}
= &

I wiAESE] & R/ Y VS PPE SR VAM

o
R

(54)

Al
&

p(h/1+h/RY ¢ E7HA

pu—

Aol AN

SRk

14 A9 QA

x5

72

e}
R =

¥ EdoM 284 o, D ¥

13

0

Z AEEE 1D

A o
- —

e

—

A8
;OO

i

o7
Wy

)

s

e

o

Aol ARgst7lel A}

1|
&

~X
T

rulle AgAolx= vl webA] Timoshenko W}

Gl

1D H RdR o

Al71=

SAlAl T

S
=

&3 2t

[e)
H et}

Timoshenko

(56)

=2y, F,

F

&

2 Yy +y Gy, -2¢g]

=¢' Xeg

2011,

e

s

*
12

K k] el y =2

5

K

A7V, & =[r,

dE M2 AHfFEolth 3D ¥ % stelA 3

-45 -



Figure 7 Coordinate system used for Transverse Shear Formulation
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Table 1 The Properties of Unit Cell with Square Core

E 3.5 [GPa] s E, 70 [GPa]

v 0.34 poopatics | A4, 0.34

Core
Properties

5014 FE 7hz] F37EA Wel g @9 3#

Nz e Anz olFoln A molg AW BETaA M=o W

& Abgstgon, 1 /s 448 Figure 83 2k 13, 783

W= Table 29 2,

- 64 -




Table 2 The Geometrical Variables of Unit Cell with Square Core (Unit : m)

Variable b d h t a

Value 1.5 1.5 1.5 0.1 1

AHE FolE 7R =SR] W o] ke ARte] thsko] Alqtd RES

gato] S|4 @ Avhe TS Table 37 2o, 7]E B vud A7

0 4% 959 o2 we ok 5 gk

Figure 8 Unit Cell for Sandwich Beam with Square Cores
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Table 3 The Effective Properties of Sandwich Beam with Square Core(x 1010)

Stiffness Unit Dai and Zhang (2009) The Present approach
_11 [N] 2.662
G, [N-m] 0.863 (with k, =1.2) 0.830
G,y [N -m] 0.057
X, | [Nom’] 0.744
X, |[[Nm] 5.532 5578
X, | [V ] 0.499

5.1.290° 3 AE Azt Fo12 71al W) U@ G944

90c FAF Azt

2l e B2

Figure 99} #ow, 7]3}stA

2012 ez 4] A %

A5 AHgetel BliLstel w1 7|5

H== Table 48} 2t}

Table 4 The Geometrical Variables of Unit Cell with 90° Square Core (Unit : m)

Variable b d h t a
Value 1.5 1.5 1.5 0.1 1
B9pzAl 9o w9A] diste] Alkel Bl A gatel AT 2
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Figure 9 Unit Cell for Sandwich Beam with Square Cores

Table 5 The Effective Properties of Unit Cell with 90°Square Core(x 1010)

Stiffness Unit Dai and Zhang (2009) The Present approach
X, [N] 5.385
G, [N-m] 1.358 (with &, =1.2) 1.357
G,, [N-m] 0.471
X, |[N-m] 1.590
X, |[N-m] 10.221 11.022
X, |[nvom] 4.248
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Table 6 The Properties of Unit Cell with Square Section

E 2.6x107 [psi]
Material Properties
0.3

Table 7 The Geometrical Variables of Unit Cell with Square Section (Unit : in)

Variable b h k,

Value 0.5 0.5 Prismatic| 0.05 0.1

Figure 10 Unit Cell for Square Section Beam with Initial Curvature(k, #0)
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Table 8 The Effective Properties of isotropic square cross-section(prismatic)

Stiffness | Unit Prismatic The Present approach

X, [16] 0.650x10 0.650x107

X, [1b-in] 0 0

G, | [b-in] 0.207x10’ 0.207x10

Y, | [b-in] 0 0

G, | [b-in] 0.207x107 0.207x10

b |[bin] 0.879x10° 0.879x10°

X, | [m-in’] 0.135x10° 0.135x10°

X, |[m-in] 0.135x10° 0.135x10°

7] "ol e BE £,=005% 27 k=012 HAARE 2
Foto] Ajkd WHow Aiks FIeglh. AatE A whel Ay
Table 99} Table 10°] YERY} 9low, o)l o (YuW. HodgesH.,
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Table 9 The Effective Properties of isotropic square cross-section with initial
curvature(k, =0.05)

Stiffness | Unit | Borrietal. (1992) |  VABS (2002) T:;pligzscft
X, [1] 0.650x10 0.650%107 0.650%107
X, | [-in] | ~0.934x10°* ~0.880x10°* ~0.371x10°*
G, | [b-in] 0.207x10’ 0.207x10 0.207x10
v, | [in] 0.218x10* ~0.226x10* ~0.069x10°
G, | [b-in] 0.207x10’ 0.207x10’ 0.207x10
X, |[®i]]|  0.879x10° 0.879x10° 0.879x10°
Y, | [-n]]  0.135%10° 0.135x10° 0.135x10°
X, |[®n]]  0.135x10° 0.135%10° 0.135%10°
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Table 10 The Effective Properties of isotropic square cross-section with initial
curvature(k, = 0.1)

Stiffness | Unit || Borrietal. (1992) |  VABS (2002) T:;pﬁf;scft
X, (1] 0.650x107 0.650x107 0.650x107
X, | [®in] | —0.187x10° ~0.176x10° —~0.744x10°
G, | [b-in] 0.207x10 0.207x10’ 0.207x10
v, | [in] 0.436x10°* ~0.452x10° ~0.138x10*
G, | [b-in] 0.207x10’ 0.207x10’ 0.207x10
X, |[[®w]| 0879x10° 0.879x10° 0.879x10°
X, |[®]]  0.135%10° 0.135x10° 0.135x10°
X, |[®-n’]] 0.135x10° 0.135%10° 0.135%10°
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dEHE G2 Btk

72 -




Table 117} 2t}

Table 11 The Properties of Unit Cell with Circle hole(k, =0.1)

E, 3.5 [GPa] Face E, 70 [GPa]

Properties

Core
Properties

v 0.34 v, 0.34
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Figure 11 Unit Cell for Circle Holes( k, = 0.1)

Table 12 The Geometrical Variables of Unit Cell with Circle Hole Cores (Unit : m)

Variable b d h t a k,

Value 0.55 0.5236 0.55 0.1 0.3 0.1
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Table 13 The Comparison of Stiffness for Classical model and the Present Approach

Stiffness |  Unit Classical Model | Stiffness | The Present approach

A, [N] 8.558x10° X, 8.558x10°

Ay | [NVom] ~0.407x10° X, ~0.407x10°

G, | [v-m] G, 2.814x10°

v, | [N-m] 2y ~0.128x10°

G, | [N-m] G, 2.771x10°

4, | [N-n] 0.458x 10" b 0.458x10°

4, | [Vem] 2.042x10° 8 2.042x10°

A, |[N-m] 2.160x10° b7, 2.160x10°

Ajkd S F3l dojxl Aol FEAdS Felstr] fEl,

Figure 125} o] 919 Fo] gl 3o]2 7hd @) dAE o] olxl Bt
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Figure 12 Sandwich Beam with Unit Cell including Circle Hole Cores
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Figure 13 Full 3D FEA of Sandwich Beam with the10 Unit Cell
including Circle Hole Cores
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Figure 14 Full 3D Analysis Process for the present Approach
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Table 14 The Properties of Unit Cells

E
Core E, 3 2] Face /

Properties y 0.34 Properties
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Figure 18%} om 7 7]8}8t% W= Table 159 YERY T}

Table 15 The Geometrical Variables of Unit Cell with Circle Hole Cores (Unit : m)

Variable b d h t a k,

Value 0.55 0.5236 0.55 0.1 0.3 0.15 0.1

Figure 18 Unit Cell with Circle Hole Core (k, = 0.1)
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Slice: Dependent variable ull (1) o

v-0.1

Figure 19 Warping Field of VO((II)) for Unit cell with Circle Hole Core

Slice: Dependent variable ul2 (1) o

A014

y,\L'x

v-0.14

Figure 20 Warping Field of Vo((lz)) for Unit cell with Circle Hole Core
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Slice: Dependent variable ul3 (1)

A 0.03

v -0.03

Figure 21 Warping Field of Vo(g) for Unit cell with Circle Hole Core

Slice: Dependent variable ul4 (1)

A0.02
x107%

¥ -0.02

Figure 22 Warping Field of VO((Q) for Unit cell with Circle Hole Core
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Slice: Dependent variable vs11 (1)

A 0.82

0.8

Vv -1.16

Figure 23 Warping Field of Vl(sl()l) vs11 for Unit cell with Circle Hole Core

Slice: Dependent variable vs12 (1) o
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Figure 24 Warping Field of Vlg‘l()2) for Unit cell with Circle Hole Core
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Slice: Dependent variable vs13 (1) o

A 363

v -3.92

Figure 25 Warping Field of Vl(sl()s) for Unit cell with Circle Hole Core

Slice: Dependent variable vs14 (1)

A0.02
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Figure 26 Warping Field of Vlg() 4 for Unit cell with Circle Hole Core
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Slice: Dependent variable vrll (1)

o
A6.14x107°
x107%
6

)
v -6.17x107%

Figure 27 Warping Field of Vlggl) for Unit cell with Circle Hole Core

Slice: Dependent variable vr12 (1) o
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o s
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Figure 28 Warping Field of VI(I:EZ) for Unit cell with Circle Hole Core
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Slice: Dependent variable vr13 (1)
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Figure 29 Warping Field of 1/1(,;23) for Unit cell with Circle Hole Core

Slice: Dependent variable vr14 (1) o
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Figure 30 Warping Field of Vlgz 2 for Unit cell with Circle Hole Core
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Table 16 The Comparision of Effective Properties according to Circle Hole Size

el = A X, oM & A7)

The Circle Hole Size [m]
Stiffness Unit

r=0.3 r=0.15
X, [16] 8.558x10° 9.274x10°
X, [ib-in] —4.071x10’ ~8.103x10’
G, | [w-in] 2.814x10° 3.202x10°
Y, [ib-in] ~1.283x10’ ~1.645x10’
G, [1b-in] 2.771x10° 7.018x10°
X, | [m-in] 4582107 8.899x 107
X, | [m-in’] 2.042x10° 2.128x10°
d |[min] 2.160x10° 2.350%10°
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Figure 313 ow, 771 7|8}s+4 W= Table 17 YE} Ut}

Table 17 The Geometrical Variables of Unit Cell with Circle Hole Cores (Unit : m)

Variable b d h ti t2 k,

Value 0.55 1.237 0.55 0.1 0.1 0.2 0.1

Figure 31 Unit Cell with Square Box Core (k, =0.1)
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Figure 33 Warping Field of Vo((lz)) for Unit cell with Square Box Core
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Table 18 The Comparision of Effective Properties according to Box Thickness Size

The Box thickness Size [m]
Stiffness Unit
t=0.1 =02

X, [1] 1.676x10" 1.762x10"
Xy | [ib-in] 1.592x10" 1.674x10"
G, | [b-in] 1.778x10" 2.256x10"
v, | [Bin] ~3.681x10" —4.950x10"
G, | [b-in] 1.057x10° 7.001x10°
a |[w-in] 5.925x10" 6.591x10"
X, |[b-in] 1.517x10" 1.594x10"
Xy || [1b-in] 4379x10" 4.603x10"
d |[bin] 1.686x10° 1.775x10°
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Table 19 The Geometrical Variables of Unit Cell with Circle Hole Cores (Unit : m)

Variable b d h ti t2 k,

Value 0.55 0.8247 1.1 0.1 0.1 0.2 0.1

Figure 44 Unit Cell with Ladder Core (k, =0.1)
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—n
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(o

The Ladder thickness Size [m]

Stiffness Unit
t;=0.1 t,=0.2
X, (1] 1.651x10" 1.761x10"
Xy | [ib-in] 1.569x10'" 1.673x10"
G, | [b-in] 1.829x10" 2.178x10"
v, | [in] ~3.597x10° —4.056x10"
G, | [b-in] 8.595x 10’ 5.308x10"
X, | [w-in] 5.847x10" 6.209x10"
X, |[b-in] 1.496x10" 1.593x10"
X, | [w-in] 4.160x10° 4.438x10°
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