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ABSTRACT

Dynamic buckling, also known as parametric resonance, is one of the dynamic
instability phenomena which may lead to serious failure of structure. It occurs when
compressive dynamic loading of axial direction is applied to the structures.
Therefore it is essential to consider the dynamic buckling behaviors of structures,
especially when the structures is designed to be utilized in compressive dynamic
loading of axial direction such as faster supersonic aircrafts, ballistic missiles,
launcher, re-entry vehicles and supercavitating underwater vehicles. In this study,
the finite element program is developed for dynamic buckling analysis. Linear and
nonlinear static analyses, dynamic analysis and static buckling analysis are
performed to demonstrate the accuracy of the developed program. Also the dynamic
buckling analyses are carried out for various models and the computational results

are verified by comparing with analytical and experimental solutions.
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2.1 MITC4 Shell Element
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2.2 Geometric Nonlinear Formulation
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S}, oo tjsh AFAIgE 82 221 oA tFLEF 313l

o o

21(2.32),  (2.33), (2.34), (2.35)9 FAAS 2A(2.31)0A4
8E, , ANEy, By, AE, O Z}Zhe] ol thislshdl 2(2.36), (2.37), (2.38),

(2.39)¢} o] UpERd 5 9Tt

e, 5{( 2 2B 2. (L) L)

ST 8S  8ST &8s
2oy | S B B2 )

1 1| S S
+E{Xt ~ Xo} Iiaé_p@}{xt — Xo}

1 | 08" 08 ST @S | _
‘E{x°} {agp o5 + T agr’}{xt X, ! (2.36)

1 11 68T oS  6ST 6S
+—{xt—xo}T{ ) }{x %)

2 2| 0EP 9EY  BEY DEP

1 r1|esT és  oST oS
:_{Xt+xo} E|:a§p agq +a§q agp:|{x _XO}

1
:E{Xt + XO}T [epq]{xt - Xo}
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i E SR )

T T
1X oS oN 0SS ON

- 2{ o) {ag*’ PEIMPYE agp}{AU}
1 1| esT eN asT oN
L -x,) {65" R aggp}{AU}

1., | 0S" 6N &S" &N
Lix,) {w R agp}mu}

= {Xt }T [a pg ]{AU}

(2.37)

Pq_z &fp aéq aé:p'agq aézp agq aép 5§q

SAE _1( X oeu)  oeu) ox +[a(a1). aut}(aut ‘a(au)D
1, | 0S" N aST oN
oy | S )
1 [osT oN  6sT oN
bl | 2 S

1., 7| 8S" 6N 8S"T oN
20| 2 2% 2 )

2

= {Xt }T [a pq ]{&J}
(2.38)

SAE = 1([5(5“) . 5A“]+(5AU , 5(5U)B

2\l aeP ot ) \agP  ael

1,..|ONT 6N &NT &N
_E{w} |:a§p o0& * o& aérp:|{AU} (2.39)

= {&J }T [C pq ]{AU}

21(2.36), (2.37), (2.38), (2.39)S (231 Wiydstd 224003 o]

498 + 9tk
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(o857, = o0 By DX B G 0+ X, - o
+ J (lou}"fe I x e (. I [au Jiau v,

ol Bl S ix .o v

(2.40)
a8 A F=00d we] 23 Piola-Kirchhoff 23S 2](2.41)3}
2ol AT, 21(2.40) 2)(2.42)8F o] Fye 4 Ut
st =3 b, o ewlixe - o) @)
jéE SdV, ~ j( T, T (X sday,
' J( g T X ™ (0 ) o, Hau v,
+j( I le, Jausdav,
[ u[a.,mv}
ol [, e, [ak.])dvo]{Au}
+{ou) _ Vj (s(;i [cij])dv()]{AU} 012

21(2.42)5 1 FEA(natural coordinate system)ol A 2x2x2 7
2] B (Gauss integration) 3l =, 21(2.43)7 o] & 4 9t}
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[ sy,

Vo

r Jg(ssf[ai,-wdfdnda}{xt}

+{éU}T_m([aU M T[T X Fag 9| dédmds AU} (2.43)

+{ouf _m (siile; D3| dédndé”}{AU}
={oUf {FX j+{ouf [K faut+{ouf K faul

A7IA K = %7] W9 el #dd 24 3 H(initial displacement stiffness

= gy ddE A A H(initial stress  stiffness
matrix)5== 7|8l 744 & E(geometric stiffness matrix)©] 1L, F = WP O =
A%t 3 WEE JehiH, 3] & A=v]QE € (Jacobian matrix)el] gt
determinantS o|v3te}. 12lm DM Ao #mw #HHEA(local Cartesian
coordinate system)ell Al g2l =o]ql= -4 & H(constitutive matrix)® ©] &
i FEA(natural  coordinate  system)=  HIE| T & HEE
& & (transformation matrix) [T] S A8tk ool whdt 2pAlE 8-
222 AolA BFEF a3

matrix), K, < =71 &

21(2.182) -+ = (surface force)@} )4 2 (body force)S HERUIH,
21(2.44), (2.45)2} o] olikststo] vpebd 4 Qi

Jou-Fsiion, ={ou]" [INT {Thoa, ={ou Q1) 0t
J gV, = (oUT | o INT oV, = U] (Q,) 0

21(2.43), (2.44), (245)S 2(2.18a)°] uldsta, FH EAO|EZ
AlZrell th3t &S FAIEhE, 2(2.18a)= 2](2.46)3F o] AT 5 Ut
-20 -



0={ou}" (K ]+ [k Diauj—{ouf (IQr )+ Qs } - {F) (2.46)

olul U&= 2o ZholEE A(246) WE3dl7] YeiAE= A(2.47)
2ol & 4 i, 2(247)2 Newton-Raphson A 07 AU o th3l wis
AASE B3l FHES Fol Yoz H vy as S8 5

([KNL]+[KL]){AU}={ T}+{ B}_{F} (2.47)

A7IM Ky & K 9 o] 71€7] 74 ) H(tangent stiffness matrix)©]

ok
2.2.1 Finite Rotation Formulation

Aol ol Wl wet 247ke] wSold Ho @ H“Ei (v, vz, v)
5 EREL

_0|L
=
[
o
&
o)
s =2
)
<
_V:I,
<
krt
R _l“
_0|L
X

R VAR Hrk o=
HAX o7 THsH, /\1(2 48)1’} 7Fo]l & 4 9t}
t+At Vln :t+A: R | t Vln (248)

21(2.48)2 A 7ro] tHE t+At7bA] W g R e Py B s B e = )
H3lE Holgs Aoz "AR, & 34 "X (rotation tensor)E 2lm|stH,
=10]t} [9]

H Vn t+AtVn

a3 A | UMR & VL VA VTS Ard . 7] A (orthonormal
basis) = Sh= FHEACA 2 (249) ¢ Zo] FH FHE ERE F ATk
[10]
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[0, (2.49)

6, =l ¥ +(8 ] (2:50)
0 0 4

[©]=| 0 0 —¢ (2.51)
-B 0

AZIA a8 B 7F mla S 3] A(infinitesimal incremental rotation)©] ™,
2z WV VR o] odt Z8 ¢l w4 3] 7 (independent infinitesimal
rotation)= &Mstal, o & B 7F gt S 3] A(finite incremental
rotation)°| ™, o, &} B & AE SHH oA ¢dow 3 ’HAME A5

He7E ot [9]
2.2.2 Constitutive Matrix
T4 @ H(constitutive matrix)2] - H W& (plane stress) 7HY =

[}
Abgsl om, 2(252)9F T}l o] w] k= A B Al<(shear correction
factor) 2 5/65 A&-3}%Ith
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~ E
[D]xyz =— ~ (2.52)
1I-vil o 0 0«1V o 0
0 0 0 0«1V o
0 0 0 0 0o 1=V
L 2

SHAIEE 21(252)9] A9 A9 Auw F3EA(local Cartesian coordinate
system)ol A AolE =2 o]5 i F3EAl(natural coordinate system)of A
A ol3t7] QaliAd= M3 3 (transformation matrix)S AF-E-3fof 3o},

A9 Aw HzZAL} a4 HEA Atole] A= Fig. 49F ZoH,
A7IA Gy, G,, G, & A FHEAL FH 7] A(covariant basis)©] 1,

e, &, &= A Aw HxEAY 7|AE n|e

Fig. 4 Local Cartesian coordinate system

HE 57 Sgof tfst HEwskS 2(2.53), (2.54)9 o, o]ZHE

-23-



3 |4 gele #&
Ao Aw AR HEbs)| T HE Ydolr)
Ely =[TL Bl (2.53)
{S }5774 = [T ]x—>§ {S }xyz = [T ]-:,I;—»( [D ]xyz {E }xyz
- (2.54)
= [T Eax [D]xyz [T ]gax {E}gng = [D]§n§ {E }gng
[D]éryg = [T ]g—»( [D]xyz [T ]e;—»( (2.55)
of W [T, & 2563 o] uerd 5 91, 77t AR
21(2.57)7 2t}
[ Ay byby GG B¢, aCy ayy
a,a, b,b, C,C) b,c, a,C, a,b,
[T ] _ aza bbs C3C3 bsCs asC3 aghs
X 22,3, 2b,b, 2C,C3  bycg+cCyby a,c4 +Cray aybs +byag
28,85 2b,b, 2C,Cq bc; +cby ac3+ca; ab; +bag
| 239, 2bb, 2¢,C, bc, +cb, a,c, +ca, ab, +ba, ]
(2.56)
a,=r-G' b=r-G? ¢ =r-G?
a,=r,-G' b, =r, -G* c,=r,-G* (2.57)

a;=r; -G b, =r,-G? C,=r,-G*

aEal A A HEAL V1A 8, &, & & 2(2.58)8F Zo] ilfr

>

F3A el ¥ 7] A (covariant basis) G,, G,, G, =% E & 4 Slth

32”2_3”, L TP (2.58)
3

D>




2.2.3 Mass Matrix

A WL (mass matrix)> 4 el Ad&Ho® FxHo] 9l BAY
A 24 W 2 3 (node)el HF A#F(lumped mass) FA 0=

—

(@)

. =1
ASIAA 2 Zlo®m, o] AR Y W 74 FHeAE dekd, 49
A S

g, A9 AT, T, d9He

N
oft
[
m
N

= 371 fsiAe= olelsr A
¥ A% 3y (consistent mass matrix) ¥} F 5

A A= FHL2> 22599 Zo] vERd
o

Ath[2] A71A p= HE, N2 F4 35 3d-S epdith
[W]= [ oINT Nov (259
\%

e A= g 4§ A3 A=z F4&  dlZ3}(diagonalization)
gozM Axle] T &I} A AES Y & Utk Ao
AARH2] & =FelAe B9 28 EHo=2ZH fdst d9E 47
A Hs AZF dEs AESGTh 49 AF gEE dAgste
W ols ohekst S0l EAEHE, B =i e A4 3E dehe
W (row-sum  technique)= AHE-3FATE[3] 2(2.60) .= HEH ZH7+e] Q49

s Ay A% Pyd M9 PO F& Tk g oS 2(2.61)F

o] ME2 s A= FH M Y tZ}3)(diagonal entries)el]l T ¢lstaL,

=

[

[e]
tz 3 (off-diagonal entries)>  F(F)S Ptk o] W nd Q4
7z
-

S(i):Zn:l\~/l(i,j) for i=1, n (2.60)
j=1
M(i,j)=S(@) fori=1n

M(i, j)=0 for i+ j (2.61)
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2.2.4 6-DOF Shell Element

Autx oz 4 QA4+ 5709 A-I=(degree of freedom)S A8},
W4 ME (normal vector)©= 7 A S s WA WEE 2t 84
A QAE RAA(stiffener) . AMESHE A9, A Q49 A 240 A
AeiM= 6702 A7t Bask, ol9h tmo] ZF AR A9
M #Ee] it 5% o] dQsith oo & =ioA=
Aol AoxE= A FHEA(local coordinate system)yES Ho]  Z
#} 3% 7| (global Cartesian coordinate system)@ WH3lal] F oz 4 Q49 4
249 Ags FASATY o W A9 HIEAE V, VA V'S 7
3t HEAR TP
HxZAANN AHeE I AFE 4,6, 6, % AY
#H3xA o AYgHH= A ARE a, B,y & Q628 T
DA & RES3)jof st

(e o 2

2 L )
Pl RIOL

N

a9 A

Fig. 5 Global Cartesian coordinate system and local coordinate system

O, + 0,8, + 0, =V + NV + V" (2.62)

- 26 -



o] wl 2(2.62)° AT W] Zt7 WY VIS wElFd, 2(2.63)7
2ol Yekd S 9l wiEvbx W VA V' & Felsd, 747

21(2.64), (2.65)2F o] Yebd 4 Ut}

a=0e-V)+0,e, V')+ o, V') (2.63)
B=06e,-V?)+6,(e,-V?)+ 0,6, - V?) (2.64)
y =66, V" )+ 0,06, - V" )+ 04le, - V") (2.65)

ol ¥4d FyE A FH 2(266) 2ol & 5 AUt

ke

a e, - V') (e, - V) les- V) ([ 6
Bi=lle,-V?)le, V?)les- V)16, (2.66)
y e,-V")le, V" )les- V" )| 6,

Bl
b
it
53
;

:?L_',
N
rlr

9 Homwe Ao Am ARANY A
YA H267)3 2ol O B & glor, of W L& 4268)3 2k
[5]

1, 0 0 0 0
L O 0
TF ' 3: 0 6 (2.67)
sym. 1, O
L -

e, -V e, V') leg- V!
[L]=|le,-V?) (e, - V?)les- V2 (2.68)
e,-V") e, V" les- V"

el Wl wEg @ WEHE Ad AAAA A ARAZ
W oZb7h A(269), (270)3 2ol e Atk o) W 9 #A
=27 -



e e dia Fo Hodes oJvlstt [4]
() = {7 (269

=y (2.70)

T8 A @ (stiffness matrix)-> A HEA A 22713 2
A AAA o7 YeEbd = Tt [4]

fr=Ktar 2.71)

o714 2269 (27005 27D WYsFH, 2(2.72)9 7o
Uebd 5 Qla, uEbd A dde Ao HuACMH Ao HuAR
Hels| = BA24 L 2(2.73)3 2t} [4]

) =T [RTfFJur (272)
[<F =[][R] [F] (2.73)

AW 6-AFES EQow A HyH K o AL oA WA
AHrEel  slEeheE W do] BEF O )l Ha, olE IS
E-o| A (singularity)e] WAEHA ) o]o] E =Fox= o5 WAy
olaiA oA WA %9 thzld(diagonal entries)ell 2](2.75)$} o]
e Hagkel 10°0]8S 2w dislekeloh

—}
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0 0
0 0
K, 0 K, 0
0 0
0 0
0 00 0 0 d - - 000 00O
KT -
0 0
0 0
K, 0 K, 0
0 0
0 0
00 0 0 0 0 - - 00000 0 d|
(2.79)
d =min (R(i,i))x10° for i=1 n (2.75)
a83 6-AHFES EYORE I "HANE FEked Fest 2(250)2
(2.51)2 21(2.76), .77)3%} £ Hej7t At
Py 2 2 21
B, =l P+ (8 + (P (2.76)
0 -» B
[®|]= 71 0 -« (2.77)
-p a0
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2.3 Buckling Theory

Hostes o ol 7‘1%6‘ QA Pk oy FHw=e W sh-thet
7150l gk o] 3 = (flexural buckling)oll Wt =3k¥ = Zlo] ofn,

L

=A42 FF Pl AgAHoer EAS= =H FH=(local  buckling),
Ao 2oslo] of7|¥ = HAwk F(shear buckling) “18]1 H]EH o]
ola Ask= vl E- #H(torsion buckling) 5°] Stk

SHA FHmoll ot EA9 Wigo] FxEo] olFw= HY el A=y
ofyw wpge] Qli-vkell wEk WUl & (in-plane buckling) 723l 9]

#}(out of plane buckling) 2 317 % 3t} =2 A9 tiFE =49
FAbolup sl 2719 E A (imperfection)ol]  7]1Q1ETE oS S0,
719 &Y FAe Ags] F WEgeR T 4FIS heivy g
o, o]&3 oIy EHE Ao

2: 3 Bgoz P WANL o
.5'__ e

Zgste ARE Ags] F9 T AASA derh uebA
2l AME YA gFE o]
2-g-ghol mE Eebdstel wet 3 Wekow o] Wiy 1 AE Al Hoh
F=2E 249 7ttt AEE YehdE Z4 T38| (aspect ratio) 7}
275 Bok 24 #Aggn vl 28 Holrt 11 7lEel e 7%l
Hla] o] Buh fA B a8ln FFE F9E 44, dA 9

o
kit
e

stz E EAE 55t A A7 (boundary condition)ell =LA
¥ et
ok #Hae Aok ol A4 dtFolvr w4 dtFolvkel wek 4 A
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F} == (static buckling)?} &% F=(dynamic buckling)® & < 1o, o]
o= A4 A= 54 A= sl Lol =E a3l

2.3.1 Static Buckling

O:

oA HEe debd W7 By, 27 5
AE sAsk] Qs A A
U] %] (total potential energy) 21(2.78)2} $1x| YA (kinetic energy)ell

Al
2
Hamilton’s principles %83t -3 4 it}

o
gl e F &%

ozi
rlo
N
)

2

Im=u +V:%qTKq +%qTKgq (2.78)

T= %quq (2.79)

21(2.78)% 21(2.79)°ll Euler-Lagrange %782 2](2.80)= # &34, =
A fAsh Au) HAZA A@28l)s 7 T Uk

%—i(al'j 0, where L=U+V -T (2.80)
oq dtioq
M{d}+ (K + K, fa} = {0} (2.81)

o714 M2 AT FH(mass matrix), K= 74 W H(stiffness matrix),
K= 718t 744 @ (geometric  stiffness matrix)E o w| st A uj
WA o ZRE A4 H= A (2822 FHE UEdh

o] A& Hx FAl(eigenvalue problem)}t A HEIES A1

2]
orz  ;HA  HA EWE Agste] 1ex 4 o 1HF
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e (eigenvector) & T8 4 Utk o] w IHA HAE #1814 Block
Lanczos "HS  AFE-3 “BLZPACK”O]EP:— 2= Z*(open source)E
dgatqleh. AvrAQl A iAo A Tlek A qE K A el
A% 49 M= AHgstH, A% 4o 54 4 AF B (lumped matrix)
= A& FH(consistent matrix)S ©|E-3to] A S AALsL EFANE
A4 H= WA B Vel A BE K= AT BE dHE AL
o EE d¥ FYE FEHE ANS FAeof dvh webq ZA =
OHM A 22820 st naA A B A(283)F ol YA

= <3 (critical buckling pressure) =& A Al < 3l (critical buckling

AlxtstA Het. [6]

K o

i

l

o:
d

0

4

:a

load) =

P, =AP or F,=AF (2.83)

Ch;

2.3.2 Dynamic Buckling

_

€4 #H= XY A A4 H= NI dd A@e84)9 Zo
Az wet WglsleE sksol el o471 R = A4 4F
Sl (static compressive loading), P+ 5 W&e &2 3}5(dynamic axial
loading), 0 + = W& T4 stz dist 71X F3(excitation
frequency), ti= Al7HS olw] Skt

P(t)=P, + P cod&) (2.84)

2(2.84)8F ol Aztel wep Wslsk= sko]l TRl W F

"7 2l (equation of motion)> Aul Y2 2(2.81)ZF-E 2](2.85)9 7ol
T2 T UAr[6]

MG+ (K +KS + geos@K® g} = {0} (2.85)

A7l K & shsol ZFlAIAl @& AdEielA el 7FA] 38 H (stiffness
matrix)e] 3L, KO = A2 45 5ol dst 71s A4 % (geometric
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stiffness matrix)ol™, K = & 2o 57 sl o 7lsk A4
FHolth, M2 AF FH(mass matrix)elil, g = &4 2]
91 2} (dynamic load scale factor)E °]u]dtct, o] T8 &4 544 AA
J o (principal region of dynamic instability)2 2t7] $siA 2(2.86)% 2o]
F717F 2T(=2x2z10) Q1 @& 7Fgstslch. o171 a ¢k b & 299
HEE &gttt [6]

q(t)=asin%+bcos% (2.86)

21(2.86)= 2(2.85)° digstel gl

3 Z70(Fourier series
expansion)= st 2](2.87)3 #o] vebd 4 9tk

2
asinﬁ —e—M +K+ K +£Kg”
2 4 2

2
+bcos%|:_%|v| +K+K(gs) _gng):|+_O (287)

highorder term

21(2.87)°1 - xS FAlEkE 2)(2.88)3 o] & S QT

2 2
asin & —9—M+K+K§)+£K(gd) +beos? —0—M+K+K§)—£Kg” ~0
2 4 2 2 4 2
(2.89)

TE Azrel dia] 2(2.88)% UM*S}L A EkA] 92 &l (non-trivial
solution)= &17] 98- = 21(2.89)9 #& 2]
FHE 2zt 6]

7= = Al (eigenvalue problem)

2
|K+(K§)i§Kg‘)j—%M|=0 (2.89)
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A FH= A A 44
ARgshH, 2 =EeAM e JHs A

£ T3on, o W I{HA =614 0] @t 123 o] ZFE
o] EebyallA= 7Fxl F3b(excitation frequency) 6, & T

stz Wslel] wE Bk AA o 9 (instability reglon)—% T

&)™ (lumped mass matrix)= A&}

=

He A 2Agde 2 dY dds
I

o
N

-
o |10 N Ho
2 Mo

oo

5

1T}

By e
b4

2.3.3 Dynamic Buckling Theory of Beam

T.x‘

P+ P cos(07)

Fig. 6 Dynamic Buckling Model of Beam

Fig. 63 #o] H(beam) TxEo = WIdowr AHZA g=
35 (compressive static load)¥} &% $+= 3l% (compressive dynamic load)©]
Al 7t d A Be 4w d4S olEHoE AMNE 5 QT

A ®We] HZA F(static bending)oll TEF 212 2](2.90)3 . [7]

d2
El—jL Pv=0 (2.90)
dx?

21(2.90)% F ¥ wEshd 2(2.91)3 ol & 5 Qi

=34 -



dv _d%

o] Wl Ex= ¥4 74 (Young’s Modulus)o] iz, 1= W& A4 EHl E(area
moment of inertia)°] ™, Pi= & W&e] 1S olu|stt}. 183 Fig
44 45 et 24 A4S sksol wAlel TrEiAl=

A(@2.92)9+ 2ol e 5 Ut}

P(t)=P, + P, cod&) (2.92)

A7IA Py Holl 7HliA= FA 45 steoll, Re 5 WY 4
kol th3t R Z(amplitude)E 2ulslH, 0 = F o A 5
st 7} Syl (excitation frequency)ES oJm]stt}, o] uwl FA %59

o
F7] TE 2z/6 0]t}

3 0P BAERS aedel &% WANS THSE, 4Qo)S

(2.93)

oAv(x,t)  d%v(x,t)

El . +(P, + P, cos(&x)) " =2 =0
(0 t ( )} ox2 P o2
2.93)°1A v(xt)= ARt wE AQS rlsi, p = @ dol'
UEE ougith 99 2(293)0] (2949 T FH I dE ztevhd
2] (separation of variable)E &3l 2(2.93) 2](2.95)¢} o] T
o] uwl 2](2.94)= 77 %7 (boundary condition) S T3kl

1>

i
e

v(x,t) = i f (t)sin kTﬂX (2.94)
k=1

2 k*z* k27?2 d2f, (t) | . kax
kz El = fk(t)—(PO+Ptcos(6[))?fk(t)+p dtk2 S'”T=O
=1

(2.95)
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22,952 W=3sl7] Y= BE kel diEl sin &9 AST)
A (FE)o] Holok stH, wetbd BE ko] tisf] 2](2.96)0] wHEaof Fhul.
k474 k2r

T f )~ (P, +P cos(ét))T f (t)+p

d*f, (t)

dt?

El =0 (k=123;-)

(2.96)

a8 olE AFxlE AdEHelA e 1 F3F(natural frequency) o, 2+
$% W (Euler beam)®] Y7 = 85 (critical buckling load) P& S Z+7}
21(2.98), (2.99)¢} o] st olF AREste]l 2(2.96)F Al AW
2973 o] YEkd &+ Sl

2
d sz(t)+60k2 1_L§OS(6{) f0)=0 (k=123 (2.97)
2_2
O = ‘ 72[ ,/E (2.98)
L p
. k2r?
R =" El (2.99)
w3 AAE okE s Bt MEAE B 1 Fag Q9 MR

] 7§ ¥4 5=(excitation parameter) g, & 21(2.101), (2.102)2} #o] “olstil,
olE A7l ALt (21003 Eol & + Uk

2

‘ dftkz(t) +OF (1- 2, cos(@))f, (1) =0 (k=123 (2.100)

cr _
g =03 BL-P) @101

k
R

Hi = (2.102)

2 PkCr - PO
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g8 o371 k=19 wo] 7]EE=(fundamental mode)7t 17
21(2.100)2  21(2.103)7 Zo] vEpd 4 9, mRREAE 2](2.101)7)
21(2.102) %= 21(2.104)¢} 21(2.105)Z YERE 4= Ut}

d ;Iz(t) +Q%(1-2ucos(@))f () =0 (2.103)
Q° {”—z\/EJ {1— P, '2‘—2} (2.104)
) 7%l
p

A P TEY (2.109)

o] u] 2](2.103)> 2](2.106)3} 72 Mathieu-Hill 8212 e = z2HA
wt} [8]

7+ Q21— 2uD(t)]f =0 (2.106)

714 @)= MR FI7F T=27/09) Q)9 F7] o), vhe
o] wiAwse] Wate] met sz gt BagsA & ok

= o] F7)7F T(EE 2T)olA F7] 2T(EE T)E vd A% @ o F
= #9 F717F T(EE 2T)elM 7] T(EE 2T)2 vk A4S @ 293

= F7] 2T, 19l &7 E=A3EE o]5 Fglo| F5=(Fourier series)®
7 etaL, ol & Fl miHSe mE e HFAdE WEHE 4 gl
Qg o (instability region)S 3k7] 93l F717F 2T(=2x27/6) Q!
£ 2(2.107)3 #o] Aok vt 2k

ft)= > (<’;1ksink76t+bk cosng (2.107)

k=1,3,5
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o] ZFoA k=1¢1 A s, 2](2.108)3 ).

f(t)= asin& 1 bcos2
2 2

o] & 2](2.103)°l th{istH 2](2.109)<}
Fg o

H\T

0> . 6? @
——asin— —-—hcos—
4 2 4 2

(2.108)

Zdom, o] w F7] 2T tjsl

F5 AAE e A@R10)7 2ol v S gtk

(2.109)

+Q?(1-2ucos@t))asin % +Q?(1- Zycos(ét))bcos% =0

2

2
asinﬂ(_e_+gz +m2J+bCOSﬁ(—H—+QZ _m2J+:O
2 4 2 4 highorder term

(2.110)
a3 22110004 F717F 219l &S Hetn uHA uAEds
FAsHE, A(2.111)3 o] YEkd 4 Qlar, o] wWl R Alghe] thEl
2(2111)& WS AEEkA] 9 dl(non-trivial  solution)S A7)
Qe 21(2.112)5 ok st
2 2
asin& —H—+QZ+yQ2 +beos® —0—+QZ—pQ2 ~0 (2.111)
2| 4 pet=" 4
Q° 1+,u—1(£J2 =0 (2.112)
T4l
ol &MY oS AAWAe Wi 7 s ZAbskE
Aog 2(2113)7 o] ¥ JMH WEF 9/20) 5 wiAWNE el
et e FuE AT F o, ol ZEAske] 7R wiz) W
poll e Bk 9] wsglEs Ay & F Q.
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3. Numerical Example

Ao A3t T2 FHF Fe sy TRgRS o] £3h]
T4 H= S sy g 71EHQ e s VEHow
A8 ZA &, wAdg AF dld aga AE HE A
FasIR o, HFHog B AFY HHA T4 = ds s
olEF Etx AYHUAY HunE FIA w4 H=E FILEH
T2 o] et AFAAS HEE T

3.1 Linear Static Analysis

3.1.1 Patch Test

X2

T 5 (0,10) 7 (10,10)
6 (4,7)
8 (8,7
4 (8,3)
2 (2,2
X
1(0,0) 3 (10,0)

Fig. 7 Patch Test Mesh

% HAE T d(patch test model)> Fig. 13 7t} o] Zdle] tjsjA
constant curvature, constant shear, constant twist @ ] B|~E S a3} o v,
A=l BAAIS(Young’s modulus)™= 2.1E+06°]3L, 3Fo}2] H|(Poisson’s
ratio)= 030tk 721 e FA= 103 0001 ¥ Rl tha X
HAEES T35kl
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3.1.1.1 Constant Curvature Patch Test

BENDING

Fig.

Constant curvature ¥|x] EAE HTdof sk AAFHLS ¢4 1
AR disl] 1,3 HEFe] Mot 2 BEFe FHdE &8, 51 AA
sl 1,23 W] Wl 2 WL s ! RS
7 Ao 2 W RHEZE 7hetR i e 7= FA
1.09 = M=1000, 77 0.001% = M=0.0001& 7tabqivt. ojelst A
ZA3 98L& Fig. 825 &<l 4= 9lom, constant curvature
HAE a4 dx 2+ 235 HE(p)= ARDIH 2ol 7+ 4 Utk

do d?w
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A NODE x-coord. B Y
2 2.0 0.0011429 1750
3 10.0 0.0057143 1750
4 8.0 0.0045714 1750
Lo 6 4.0 0.0022857 1750
7 10.0 0.0057143 1750
8 8.0 0.0045714 1750
2 2.0 0.114286 17.50
3 10.0 0.571429 17.50
4 8.0 0.457143 17.50
0.001
6 4.0 0.228571 17.50
7 10.0 0.571429 17.50
8 8.0 0.457143 17.50

Table. 1 Constant Curvature Patch Test Results

Table. 1-& constant curvature 3% BH|AE ZAyZ
TEZXH0 FALE AHS ALYsE YR AR o] A

dor e B 5

3.1.1.2 Constant Shear Patch Test

ARSI

Ui Q

Y,

Us=0

Fig. 9 Constant Shear Patch Test Model
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Constant shear x| HAE R tfdt AAZALS ¢4 1HI 5
ARl hal 3 W W9E FHU, Be Aol el 1,2 W
Helel 2 Wk IHE &Gtk Eek o9 39, 7H d e
Wl HAF skss Zheralem, o o §e AVl= 7 1.0
Q=2000, +7 0.001 = Q=2.0= 7}&tieh. ol¥ e A =3 99
Fig. 925 E &9l 4= 9l o, constant shear WX H|AE 34 Az}
Table. 29} 7t}

7 | NODE x-coord. z-disp. (w) dw/dx
2 2.0 0.000495238 2.47619E-04
3 10.0 0.00247619 2.47619E-04
4 8.0 0.00198095 2.47619E-04

+0 6 4.0 0.000990476 2.47619E-04
7 10.0 0.00247619 2.47619E-04
8 8.0 0.00198095 2.47619E-04
2 2.0 0.000495238 2.47619E-04
3 10.0 0.00247619 2.47619E-04
4 8.0 0.00198095 2.47619E-04

0.001
6 4.0 0.000990476 2.47619E-04
7 10.0 0.00247619 2.47619E-04
8 8.0 0.00198095 2.47619E-04

Table. 2 Constant Shear Patch Test Results

Constant shear 3% E|AE A=z F 7H4] FA | disf &30
S8 S ALdE urA oM BE A 7]=77 vEhde
= I g e, AR 3T W= H(B.2)E AHEshe] AAtd

\
:—:G , =—,
T A Ve v

T 20+v)
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3.1.1.3 Constant Twist Patch Test

TWISTING

Ui2=0

Fig. 10 Constant Twist Patch Test Model

Constant twist W% HAE mdo| ojst AAZALS ¢4 1,
A8 disl 3 WEke] WAE 58y, Be 2F
HAE FHeth =3 g 7 HAHe 3 0F i
7hstlown, o] wl 3ol FA7]&= 77 1.0Y w P=1000, 7 0.001%
P=1.0E-06 7}5Fith ol#idt AA ZAY 32 Fig. 10°ZHE
gkolglr 4= 9l o constant twist 3| x| E|AE 8124 A¥}= Table. 339} 2t}

1o, o
ol
=
)
of w

)
of
Ol

O{N 099 o
£ o 1o g

i /IR NORE co)(()-rd. € Pr co)(l)-rd. p P2
2 2.0 0.00751761 | 266.04 2.0 0.0075345 265.45
4 8.0 0.03103950 | 257.74 3.0 0.0114079 262.98

1.0 6 4.0 0.01518240 | 263.46 7.0 0.0272324 257.05
7 10.0 0.03767130 | 265.45 10.0 0.0379748 263.33
8 8.0 0.03104290 | 257.71 7.0 0.0272190 257.17
2 2.0 0.00742857 | 269.23 2.0 0.00742857 | 269.23
4 8.0 0.02971430 | 269.23 3.0 0.0111429 269.23

0.001 6 4.0 0.01485710 | 269.23 7.0 0.0260000 269.23
7 10.0 0.03714290 | 269.23 10.0 0.0371429 269.23
8 8.0 0.02971430 | 269.23 7.0 0.0260000 269.23

Table. 3 Constant Twist Patch Test Results
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Constant twisting HAE Ayds B2d F77F 00019 W xob yiakel
s A S50 Yes s & 5 AAN FAVE 10d W 28A
des & T %‘E}. o LAl= FAZ FAE W & A WA (transverse
shear deformation)] X|wj# o2 yeY7] wiEo] A= Zo=z Ack
1.7 Al<=(shear correction factor)E AFg-3to] ek 3 (shear deformation)<
AA AU AMZE 245 AMgdozH o] FAE AT = Urh[1]

3.1.2 Pinched Cylinder

P lm
| |

End wl L BC(12)

diaphragm % diaphragm

Fig. 11 Pinched Cylinder Model Fig. 12 Pinched Cylinder 1/8 Model

2

ol
=

_0|Lr
of\
N2 rlo

Fig. 113} o] ¢ & "ol 1= pinched cylinder -2 o]&% <l
Hlwd & Q7] wwel 4 s Al sty o
FAeA A= Hid) W3Fo 2 A st P7F 7FelA| AL 9le
shso] g e]”] wiel Fig. 129 #o] 1/8 R3S ARE-slaltt.

Pinched cylinder 2] 42 Zo](L) 600, *+7(R) 300, F7I(t) 3°]iL
A5 542 &4 7l95(Young’s modulus) 3.0E+06, 3+ H|(Poisson’s ratio)
0.30]1, 98 P2l = 7|+ 10]t}. 7 A (mesh):= 20x20, 30x30, 40x40 2 A=
Abgetlow,  AA xS Hddwe 27 dAd AA 21 E
212311 2™, pinched cylinder 2 ¢] end diaphragm -2 X&F Y wW3ko]
HeE 58kl

A AT} Table. 4 ZHE ABAQUSS &A & BF o]&ZF<l
FAFSHA UES &1d 4 9lom, ABAQUSA 7L Kt} o]l dj
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TWhEE #eld 4 Qlth ol A Q4 thEV] wiEd wAshs
ZFol 2 ABAQUS & 247t dAl A Q4o HlE Hu /s &
otk Y1 Fig. 130 ZHE 249 7t F71ste] uwlEl ABAQUSS)
AA de] A3yl BF o]EAQl s FHEdS

14+ YEFe] Wolo dial] a4 AHE =A%

FARA ee BT 5 gt

Mesh Exact Present Woresent ABAQUS Wabaqus
IWexact IWexact
20x20 1.74362E-05 | 0.9555 | 1.77866E-05 0.9747

30x30 1.8248E-05 1.79593E-05 | 0.9842 | 1.81676E-05 0.9956

40x40 1.81878E-05 | 0.9967 | 1.82150E-05 0.9982

Table. 4 Comparison of Linear Static Analysis for Pinched Cylinder
with Exact Solution

1.01
1.00 ‘
— 7 A _F
0.99 4 /
— 1 .
& 0.98-
3 A
2
~ 0.97 4
L
LL E
= 0.96
] [ J
0.95 4
—@— Present
—A— ABAQUS
0.94 T T T
20 30 40

Number of elements per side

Fig. 13 Comparison of Convergence for Pinched Cylinder with ABAQUS
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ABAQUS

Fig. 14 Comparison of Linear Static Analysis for Pinched Cylinder
with ABAQUS

3.1.3 Hemispherical Shell

Fig. 15 Hemispherical Shell Model

Fig. 159} 2  uF73(hemispherical) ¢ 1/4 =4S AFg-3}o]
ol&2]]1 e} ABAQUS A¥gkel s vlusl B krh w14 REEL- 10m,
A= 0.04melal, Q4 F e W 97l 1771 A XK (mesh)E AHE-3FATh.
B A== 68.25MPac] 1, Eolk  HlE 039 EAXE  Fuh
AAZAL F9 Aol W& oA AAxRAE HEsela, shs2 Fig
159} 22 ARl ()Z, OXEFoZ 2470 14 Jhakgth si4 A3} Table.



5E5E ABAQUSE olE#Et & #eol vex, dAA I:= Ads
olZghET A2 #ol vae & & oded ols AR A eavh
gEER g4 SAd wE Aoz & F gtk AN Fig. 167 FE
oA BF e b gl wEt olEgkel] FRTe AT
lom, Fig. 17> YW wlel dis]l ABAQUSSE Al z=ol &4
dis AR ZAF OgeR MR FARE A3t vgs & ¢ 3o

Node/side | Exact Present Woresent ABAQUS Wabaaus
/ Wexact / Wexact

9 0.0888439 0.9615 0.0941153 1.0186

17 0.0924 0.0919091 0.9947 0.0933083 1.0098

25 0.0921386 0.9972 0.0928799 1.0052

Table. 5 Comparison of Linear Static Analysis for Hemispherical Shell
with Exact Solution

—@— Present

1.04 4 —A— ABAQUS
1.02 4 A

3 1.00 4

; ' . .

L

L

2 0.98-
0.96 ®

Number of nodes per side

Fig. 16 Comparison of Convergence for Hemispherical Shell with ABAQUS
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present |

[ __EET TR ]

Fig. 17 Comparison of Linear Static Analysis for Hemisphrical Shell
with ABAQUS

3.2 Geometric Nonlinear Analysis

B C(Fixed) M°“"e“f
y L
X
Fig. 18 Beam Model for Geometric Nonlinear Analysis

Fig. 187} 72 H(beam) Aol disl] 71shu]| A8 A& )4 (geometric
nonlinear static analysis)= <=2 3}9] ABAQUS®} 7 A¥E H|wdl| Htc)
wA 7k2 12m, AlE 1m, T4 00Im ol1, L4AE FT OLAE
AREs it A A= 1.0MPac] iz, SFobd Hl&= 0.08] EAAE T



dal X A Tk A4 A3 Fig. 1923 E ABAQUS H14
Adst A A3t vUgs g1 3 4 glow, o] w 3o F7te
w34 Wk Fig 207 2tk
0.04 4v. o.
N o
§\ u]
S a]
. o
0.03 - o o
. o
+— -v\- D
5 et o
VA Lo
E 002- v R
s K%L
- 'E’WV o Present_Disp.X
B - v Present_Disp.Z
0.01 e % A Present_Rota.Y
o Bve :
& =T L NG Abaqus_Disp.X
' bl — - R Abaqus_Disp.Z
e —— Abagus_Rota.Y
0.00 = T r T T T T T T T T T T T
0 2 4 6 8 10 12 14 16

Displacement & Rotation

Fig. 19 Comparison of Geometric Nonlinear Analysis for Beam with ABAQUS

M=0.01

Fig. 20 Geometry Change of Beam According to Loads Increase
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3.3 Static Buckling Analysis

3.3.1 Rectangular Plate Shell

A2 H= A 299 HES Sl WA Fig. 219 22 AAME
33t d(rectangular plate shell) E4tel tis] 94 = SH“ S st
A7) 7F2 20m, AlZ 8meolal, T+ 0.01m=ZE 4% 4 40x16 HALZE

atelom, Az EAAE BAEAF 29MPa, FobF HlE 0.3&
°*D‘r 73741 1219— ?‘5& E“‘i% XYZWake] WelE FHekqlal, Rt

X (& B X Hd

49 rlo oo pg

_°|L ol
09&
1o ©
(E
o
ﬂl
P
=)
32
&
&
ic)
=
W
=)
N
—r
e
flo
N
ok

o%
o i
|o

BC(123)

z

A

Fig. 21 Rectangular Plate Shell Model

Y A3t e 115X (eigenvalue) A = Table. 63 711, ABAQUS<2}
AR A3t Udss gR1d ¢ Qlth ‘t??l % #E (eigenvector) =
FH AP ¢ 3l #HA=w I 94 ABAQUSSE FAME S #E
31t} (Table. 7)

-50 -



MODE Present ABAQUS
1 1.67189 1.6736
2 1.69982 1.7033
3 2.01893 2.0198
4 2.57052 2.5706
5 3.30094 3.3003
6 3.46471 3.4751
7 4.2056 4.2041
8 5.29042 5.2879
9 6.47877 6.5154
10 6.56839 6.5648

Table. 6 Comparison of Eigenvalue for Rectangular Plate Shell with ABAQUS

MODE Present ABAQUS

A,

Table. 7 Comparison of Mode Shape for Rectangular Plate Shell with ABAQUS

- 51 -



3.3.2 Cylindrical Shell

AA #HF sX ZEaHo HAES Y Fig. 223 e A5
4l (cylindrical shell) 53’%01] s g2 #H= SH“*‘”“ TRk A7)+
217 03m, Zo] 2moli, FA:E= 0.005m= 4= 4 40x80 AAE
ndy skglon, MR EAA= AT 71GPa, Fobd Hlt— 0.3%
Agsknh A 212 o W XyZgge WeE 7FEEa, i
W2 Xy wes yEelen, el Y2 wes v
Hol| XHHako & F 40000Ne] =8-S 7}sglth.

P

BC(12) (

BC(123)

Fig. 22 Cylindrical Shell Model

34 Ay 1FR = Table. 83 o, ABAQUS &4 Al FAlsHA
Uss F1g & Aok E=st /2 WE(eigenvector) - 1T
WE FHF FA 9A ABAQUSSE FAFEHS €Q1E = QlTh(Table. 10)

ol W A FH= AHAOEFEH UL AFAE 2(2.83)el thiydshd,
Table. 99} -2 A = <3 (critical buckling pressure)= 3+ 4= 3101,

o]&¢k[6]¥ wmFES w FASE AUt Uss & 5 Sl gEY
ABAQUS &4 A¥rtt ex7F 2SS 4 5 Q)
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MODE Present ABAQUS
1 1204.05 1242.9
3 1418.57 1442.7
5 1502.83 1534.4
7 1564.76 1626.3
9 1616.48 1641.0

Table. 8 Comparison of Eigenvalue for Cylindrical Shell with ABAQUS

MODE | Per"10°IN/m’] | Po*10°[N/m’] | Per*10°[N/m’]
(Present) (Analytical) (ABAQUS)
1 1.0220 0.9926 1.0550
3 1.2041 1.1641 1.2246
5 1.2756 1.1722 1.3024
7 1.3282 1.2602 1.3804
9 1.3721 1.2993 1.3929

Table. 9 Comparison of Critical Buckling Pressure for Cylindrical Shell
with Analytic Solution
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MODE Present ABAQUS

n AL

Table. 10 Comparison of Mode Shape for Cylindrical Shell with ABAQUS
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3.3.3 Stiffened Square Plate Shell

A = A 2o HAFs fEl Fig 237 22 BAkE YA
% A(stiffened square plate shell) F7del gl 4 H= A4S
stk He> 7kE 1om, AlZ 10m, F7  0.01me] i,
B A (stiffener)= 7F= 10m, A= 1m, 77 0.01mo]™, 4= < 40007}
A R sk AR S4A= WHAS 71GPa, FobE ]
3& AEath AA =& sk W XYzZwEe] WeE 758,

& XZWEFe WoE FEFeElen, sted XZWEe MeE
O 7 F 80N =¥ 7hekilth

4y ot oX

o2

BC(123)

Fig. 23 Stiffened Square Plate Shell Model

4 Ay uFAE Table 113 gOom, ABAQUS X Ate}
TARHA Ygs Fdd o Qluh EgE AR ¥ E (eigenvector) 2 - E
golg 4= Qe FHF A 9A] ABAQUSS fAFSHS Eeld 4= it
(Table. 12)

- 55 -



MODE Present ABAQUS
1 9640.01 9694.7
2 9908.3 9965.8
3 10106.5 10167.
4 10424 10483.
5 10476 10531.
6 10894.6 10970.
7 11054.2 11118.
8 11250 11307.
9 11357.8 11400.

10 11615.1 11657.

Table. 11 Comparison of Eigenvalue for Stiffened Square Plate Shell with ABAQUS

MODE Present ABAQUS
1
2
4
L4

Table. 12 Comparison of Mode Shape for Stiffened Square Plate Shell with ABAQUS
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3.4 Dynamic Buckling Analysis

3.4.1 Dynamic Buckling Analysis of Beam

BC(123) BC(23)

bbb e s e e
P(t)
I—b x

Fig. 24 Dynamic Buckling Analysis Model for Beam

&4 FA= A Z2a) AT A8l WA Fig. 249} 2& 1 (beam)
b A e olEf fEeLsA AdE Hlwe] Bt
HO F7|&= WA 7FE 800mm, AlZ 30mm, T4 3mm ©]1, 84+E
== A Q4 160x64AFE AFEsFSItE ©Ad A9 (Young's modulus)i=
68.9GPac] 11, o} H|(Poisson’s ration):= 0.33, WX 2700kg/m®<]
EAAE AT BARTLS 9% HE XYZWUEe ‘?‘iH'ﬁ T4kl
LEE W2 YZUFE WAE THET ste2 A 3B3)9 #
Azl W #ES bgon, of W FA A A g8 P
4 @49 2k o) W P AF B, P B4 8159 A7), 0% 7}
TJ}T(excnatlon frequency), B + 2 U7l =(Dynamic parameter), K=

24 WHA(stiffness matrix), K = AA stgel digk 7sk 34

oﬂll

X o o

2 & (geometric stiffness matrix), K= 52 skl et 715k 244 A4,
M2 A% 3 E(Mass matrix)= 27| sk, 12432 3l 4] (eigenvalue analysis)<
3l 7K FeaeE 78 ¢ Qo

P(t) =R, + B, Bcos@) (3.3)
2

K+K(;)iﬁ|<<gd>—9—|v| =0 (3.4)
2 4
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Fig. 249} & B Rdo] 3] fFadaisis ol &d 1A 4
A3} /75 (natural  frequency)=  10.7Hzo| 1, AAF =SS
buckling loads) 71.73NC. 2 AlAt= th 18]3 52 = 4S st
ek AA 99 (instability region)S T-3til, °]=
Fig. 25% o] yvebd 4 glow, fAakst A3rt vs g1t 4 it
o] P0=O ﬂzl?l A oty 183l Fig. 25904 & ]

----- Lower_Present

] h
—— Upper_Present Stable

234 M Lower_Analytic

A  Upper_Analytic

B ////// Unstable

” 20 b e
10 Stable -
18 T T T T T T T T T
0 10 20 30 40
P(N)

Fig. 25 Dynamic Instability Region of Beam
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3.4.2 Dynamic Buckling Analysis of Plate

BC(Fixed)

BC(Fixed) BC(23)

Fig. 26 Dynamic Buckling Model for Plate

4 = A ZEa9e HSs flE Fig. 269 2 F(plate)
Fodel wst 4 #H= AP@Id FdehsA AAdE vlws] Bt
o] =37+ WA 7EE 1000mm, AlZ 250mm, 774 1lmm ©|1, Q4+
= A @4 100x254 AH(mesh) S AFE-3FSItE B A9 (Young's
modulus)=  63. 3GPa°]'7, M ol4  H|(Poisson’s ration)i= 0.33, WL
2678.4kg/m*e] =X A= o AAxAL 43 BEdS wEoR IF%
w2 g 99 50X50mm2 F9= 24 TSy, HE WE i
£tk 50x50mm? G S XzwEe] Welel dial &tk s 24
(3.3)8F > ARtel] w2 shFE Thekgle
Sk A A (34)9} LT/}

¢

1o

A Ay I/ FF(natural  frequency)=  5.17Hzolal, AA  FH=
Sk (critical buckling loads)i= 49.6N°. = AALEATE 183 54 skl
g 24 H= s e Fste] = AAl Y (instability region)<
T8 A Fig. 279 2L AAE & 7 doH, APaH Faha iy
A37F fAbs BEdE Bole As ¥Rl & 4 Utk o] W Ao
et s Ayfola Az Y Bk HEo] AFANE vEFHTL]
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Excitation Frequency [rpm]

800 A

600

PC[

400 - E

200 - E
—— FE Analysis
o Experiment

0 T o T T T H T T T T
0 10 20 30 40 50 60 70
P [N]

Fig. 27 Dynamic Instability Region of Plate
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BC(Fixed)

g

L
e
et
hy; T
(i .w«.f
CRI GRS
.:? et
(g
...““.“.“..’.. (e

0
2
.:.“”. (0

BC(Fixed)

ey
T

(X

..%%%%@%&w&&&&ﬁ&
X OO AENEGRAARES

Fig. 28 Dynamic Buckling Analysis Model for Stiffened Plate

3.4.3 Dynamic Buckling Analysis of Stiffened Plate

=
=

14 A7

9]

Q4

15

ks
RS

o
T

e

I Rekth #eo] mr7)E WA 7R 1000mm, A= 250mm, T4 1mm

9]

49

54 23

g

h(stiffened plate) &AFol] T

Bl 1

= JI=

L= RA

steiet.

100x25711 & AL

X
1000mm, A= 10mm, F7 1mmeo] 3,

o
L1

=
=

100x1 71
H](Po

4

=]

isson’s

oh&

62.4GPac] 1., >~

T
R

AHE-3EA T ©H Al 5 (Young’s modulus)

2696.7kg/m*<]

oo =
=2 -1

0.33,

L —
T

)

ration

JX!O

™

B

pace]

(o= Ne;

wHo]  50x50mm?

Iz
E

oF

[e;

I1L
E

ol

P
110

5t

o

b

S

74

3

o

ol

7}

a9

ol

3

axdld AR} %

T

W 8
2 4 Qlvh(Fig. 29) 1 ©]

Al
2 o

L Ry

5|
RS

:}

KeX
=

<3 & (instability region)

H]

Kol
=

bl 7k

LI

9]

o] 70147

ahel &40l

3

99 L
R

tF(homogeneous)

2] &

“gt

UE“E]O]

i B

[e)
3

-61 -



AA Fx2EY A
Apol7h AT 4 v 53] B

—o
A
o
<
iih)
ol

Fimperfection)o] =A== o]t
b e Ag AWl FHyke] v
]

o

=
HAAE Wtes Ao FxEo A (imperfection)o] A3k 7hs/d o]
=7] wigel olgst A¥rt vebd 4 Stk skARE 5 A aghe] dish
AAAD AP fFAES ¢ 5 dnh =3 A s Faia
HAE H3s vlws] 2 2AE P A #A= sheol ke,
ok AA dodo] AAHow AEshs o 4 uh[11]

1400

1200 - -
g 1000 - §
7
S 800 -
O
=]
o
[}
I 600 -
c
Qo
© 400 . o | | 7
5 --+--FE Analysis (Instability Region)[Stiffened]
i 00| — FEAnalysis (Instability Region)

o Experiments (Instability Region)[Stiffened]
s Experiments (Instability Region)
0 T T T T T
0 20 40 60 80 100 120
P, [N]

Fig. 29 Comparison of Dynamic Instability Region for Stiffened Plate
with Plate

-62 -



4, 4 &

SN K
—_ K
o o W b LT TGS
= 2o in_mb7_4w 2 & xR R R
] ENPpge F FE A G
ol = o ?&wﬁwﬁmé &mﬂmﬂmﬂ W w
iﬂﬂﬂi 14/&_6_61_.,_ei _oi‘_o%_ﬂuu )
ﬂmﬂbx_ o AOWE.WE MEEQ.&‘_L’LEO E%_ﬂ
e T 52 SZen il
RO AHE _n,_,mu1ro m< 11 Jlo_/_ = = juxl_o_a
~ Yo gm MW S w, - — Gl -3
; = o ﬂ}moz_SWM %wgafqﬂmy R 5o
fo B o T RS 5 % o T | ®
o = = T N < & 5m = o of ®
o &o ) OE T 3 o”__o m © Oﬁ 5 ﬂ.o-,._
E._ 4 e ACﬂi 0 = o:__ waﬁo
P A W BT L &3 PREWE L o
Moo = FE of & B E N S ERCHEIh LT R
i RT3 W o £ J 7 oy E < B o=
< XN BR i) o = K M ol Tt ) T o°
J.Laxﬁm_uli 4 — mo_u“;oL mwunm_. oF = T
xr o ol = £ X FE 0 W "o "
%,%%ma <8 5 M ® - U ] T
gy~ FXI A, - T o o L
EL)A -— Uﬂ‘wﬁ_vﬂ‘mwld »Aﬂ_u W:ﬂ” o‘wmﬁﬂﬂ ._oﬂ”
1ﬂV% < _/_eoL N T Eommr
_FETE L G- o T 5o
EOlll = = . E Z.L .A_A;O.HL ﬂZ_O ‘IHZ_I,I
wro of S ﬂduWTMHE = X oT N W oo ©
,%%@E ov_q_o;wM(Auo wu},:nﬁﬂﬂ% _ )
T B RN T YRR - T E
iu.ﬁrut} w ;;%.noﬁm_n_on Laﬂigﬁ o o < o
ol & ];oL o ; _nx_vun_u_v TN o = X° =T
L7dﬂﬁdﬂ Jmlw@_;fl&o Mdl ~ \ﬂlmﬂldo mm‘_wﬁ-o
20 Mo Ar o i o] X U h = o oo BN M 5 X
‘.*mul.o O*E ﬂMrO#E x ) o U _— ﬁl
RN ?m&mﬁ%ﬂm% Wﬂﬂkwazﬂ D g
Ru e 2P SRRy TwdmdTy T
@b %mom.oﬁ%ke_)a ﬁé@%ﬂﬂﬂ o
e ymw_ﬂm@mW %mqovﬂozmg B g
= T oF X0 2 Mﬂﬁ&oﬁ_’%@%ﬁ H%ﬂ#_o!o_a
BoRO RO e oF = oo AT
\ o Nrm_u
"o

- 63 -



353

[1] Eduardo N. Dvorkin and Klaus-Jurgen Bathe, “A continuum mechanics based
four-node shell element for general nonlinear analysis”, Eng. Comput., Vol. 1,
No. 1, pp.77-88, 1984.

[2] Robert D. Cook, David S. Malkus, Michael E. Plesha, Robert J. Witt, Concepts
and application of finite element analysis., John Wiley & Sons, 2001.

[3] Thomas J.R. Hughes, The Finite Element Method : Linear Static and Dynamic
Finite Element Analysis., Prentice-Hall, 1987.

[4] O.C. Zienkiewicz, R. L. Taylor, The Finite Element Method : Basic Formulation
and Linear Problems., McGraw-Hill, 1989.

[5] O.C. Zienkiewicz, R. L. Taylor, The Finite Element Method : Solid and Fluid
Mechanics Dynamics and Non-linearity., McGraw-Hill, 1991.

[6] M. Ruzzene, “Dynamic buckling of periodically stiffened shells : application to
supercavitating vehicles”, International Journal of Solids and Structures, Vol. 41,
No.3-4, pp.1039-1059, 2004.

[7] V. V. Bolotin, The Dynamic Stability of Elastic System., Holden-Day, 1964.

[8] Leonard Meirovitch, Method of Analytical Dynamics., McGraw-Hill, 1985.

[9] Eduardo N. Dvorkin, ‘“Nonlinear Analysis of Shells Using the MITC
Formulation”, Archives of Computational Methods in Engineering, Vol. 2, No. 2,
pp.1-50, 1995.

[10] J. Argyris, “An excursion into large rotations”, Comput. Methods Appl. Mech.
Engrg., Vol. 32, No. 1-3, pp.85-155, 1982.

[11] Minho Chung, Hee Jun Lee, Woo-Bin Lim, Jin Yeon Cho, Wanil Byun, Seung
Jo Kim and Sung-Han Park, “Experimental study on dynamic buckling
phenomena for supercavitating underwater vehicle”, International Journal of
Naval Architecture and Ocean Engineering, submitted.

- 64 -



H
-

=
=1

1. Strain/Stress Vector

Eié

n

E
Strain {E}= 2Egg

s
2E

&
2 Eén

2. Shape Function

N(£7) =5 0-§)a-n),
N,(&,77)= (1+ ENL+77),

3. Jacobian Matrix

o]

ox oY oz ]
Xig Yop Z,s | |96 .05 05
oX oY oZ
Xop Yo Zop |=| = — —
on on oOn
Yoo Ve 2] Jox or oz
| ¢ O¢ Og |
N, AN, AN N, |
of o o or |1 4
ON; ONp 0Ny 0N, | X2 Y2 Z,
on on on on | X3 Y3 Z3
0 0 0 0 |[XaYs 24
Gl
G,
G,

aNlt

65

1| oN;

+—=| ¢—t
5 S on 16~

Nty

- 65 -

n)

Se
Sfm
,  Stress {S}= zssgg
25,
28477
1
Nz(é,ﬂ)=—(1+§)(1—
N, (&)= (1 &\L+n)

ON 8N oN
-2 —3 — ¢ _4t4
65 65 0g
ON OoN oN
2t, c—2t; c—2t,
on on on
Not,  Ngts  Nyt,

Vi

A
4
V3



Ut
EE

do] AzhA] okal
o

st AAE

°

AFz1mh
avkE FECIA AR FEA

2 o] A

A
=

o] AL ThAbThLEg

[e)

olg A WA A

AL 2

ob5)% v}

—_

N

A
R

]
g

©H

A

2]

=
R

[e)

fe13
o}

el

=
=

1=
il

A A

i

ko]
PN

=

Yre 3

A

il

0

H
gyl
=

7o

o)
e

R
i
g

op
Ho
g

R

B!

¢
hH

7D
)

o] A
&t

S

A &l o]

Ao,
Utk aea gstde] ¢t

H

2

b w

°©

=
-

290
o] 7}

=]

=4
[}
=

SH|

9

2}
2

Al

[e)

=

e

]

d
Ry

[e)

CE}

109, ool AE FHAte] =g Agc

fs

o:
5]1:!

[¢]

=
FT

[¢]

0
[o)

ol
ﬂo
<3
NF
oj

1

o

FAF
&l o]

K

o

R

o} 716 A =

At o g
N A HnbelA] #5a By o)

9]

f

°

q

FAF A%

S

[e]
=

=

T

o~

Akl

L
a

Ab71 212 el A
710 of] A

S]U

welss T4 Ao}, w3 oA

&
O

oy

oj

|

o] 7 %

2011 12¢

- 66 -



	1. 서론
	2. 이론
	2.1. MITC4 Shell Element
	2.2. Geometric Nonlinear Formulation
	2.2.1. Finite Rotation Formulation
	2.2.2. Constitutive Matrix
	2.2.3. Mass Matrix
	2.2.4. 6-DOF Shell Element

	2.3. Buckling Theory
	2.3.1. Static Buckling
	2.3.2. Dynamic Buckling
	2.3.3. Dynamic Buckling Theory of Beam


	3. Numerical Example
	3.1. Linear Static Analysis
	3.1.1. Patch Test
	3.1.1.1. Constant Curvature Patch Test
	3.1.1.2. Constant Shear Patch Test
	3.1.1.3. Constant Twist Patch Test

	3.1.2. Pinched Cylinder
	3.1.3. Hemispherical Shell

	3.2. Geometric Nonlinear Analysis
	3.3. Static Buckling Analysis
	3.3.1. Rectangular Plate Shell
	3.3.2. Cylindrical Shell
	3.3.3. Stiffened Square Plate Shell

	3.4. Dynamic Buckling Analysis
	3.4.1. Dynamic Buckling Analysis of Beam
	3.4.2. Dynamic Buckling Analysis of Plate
	3.4.3. Dynamic Buckling Analysis of Stiffened Plate


	4. 결론
	참고문헌
	부록


<startpage>11
1. 서론 1
2. 이론 3
 2.1. MITC4 Shell Element 3
 2.2. Geometric Nonlinear Formulation 7
  2.2.1. Finite Rotation Formulation 21
  2.2.2. Constitutive Matrix 22
  2.2.3. Mass Matrix 25
  2.2.4. 6-DOF Shell Element 26
 2.3. Buckling Theory 30
  2.3.1. Static Buckling 31
  2.3.2. Dynamic Buckling 32
  2.3.3. Dynamic Buckling Theory of Beam 34
3. Numerical Example 39
 3.1. Linear Static Analysis 39
  3.1.1. Patch Test 39
   3.1.1.1. Constant Curvature Patch Test 40
   3.1.1.2. Constant Shear Patch Test 41
   3.1.1.3. Constant Twist Patch Test 43
  3.1.2. Pinched Cylinder 44
  3.1.3. Hemispherical Shell 46
 3.2. Geometric Nonlinear Analysis 48
 3.3. Static Buckling Analysis 50
  3.3.1. Rectangular Plate Shell 50
  3.3.2. Cylindrical Shell 52
  3.3.3. Stiffened Square Plate Shell 55
 3.4. Dynamic Buckling Analysis 57
  3.4.1. Dynamic Buckling Analysis of Beam 57
  3.4.2. Dynamic Buckling Analysis of Plate 59
  3.4.3. Dynamic Buckling Analysis of Stiffened Plate 61
4. 결론 63
참고문헌 64
부록 65
</body>

