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The Buckling Strength of Initially Imperfect Shells under Various Stress Condition

by Takao Yoshikawa, Member Michihiro Ishikawa, Student Member

Summary

It is well known that the buckling strength of spherical shell and cylindrical shell is reduced by initial shape imperfections and the
reduction rate is much influenced by stress conditions. This reduction rate will vary in accordance with the imperfection shape even
for the same maximum magnitude.

In this study, the geometrical non-linear FE analysis is performed in order to examine what kind of initial imperfection shape will
most reduce the buckling strength of cylindrical shell, spherical shell, and ellipsoidal spherical shell under various stress conditions,
such as one-directional compression, two-directional compressions, and combined one-directional compression and another
directional tension.

In the case of both-ends simply-supported cylindrical shells under axial compression, the axi-symmetrical shape imperfection,
which is axially of the buckling mode, reduces the buckling strength more than any other imperfection shape with the same
maximum magnitude. In contrast to this, cylindrical shells under lateral pressure or under external pressure (combined lateral and
axial end pressure) , spherical shell under external pressure and in the partial filling condition that produces the meridian
compressive and latitude tensional stress conditions just below the equator, and ellipsoidal spherical shell under the same loading
condition as for spherical shell, the imperfection of asymmetrical buckling mode reduces the buckling strength more than any other
imperfection shape. The buckling strength of cylindrical shell is much influenced by imperfection mode, while that of spherical and
ellipsoidal spherical shells less influenced.

In addition, the buckling strength of sandwich (laminated) shell structures with steal skin plate and foam core are examined. The
sandwich shell structure is found to have a larger buckling strength and less imperfection sensibility than the homogeneous shell
with the same weight.

SROTE 5 25X T B AN H 5,
AW CIE, PR, Bk, FEFIBRERT & OB
TR DRI ST L F 4 OIS HIRE (2 BE

FIRRCCRRE A & ORGSO RERBENTPRIIMTRES e g, L SR L BBIEY 2 Y) T, PO X 57
Lo TREETT D Z EBRCHMBNTND TIEND gy o s A8 TR ARSE % i b IR S A % 72 BB I
FERREE DI FHIA 1T, RIE (R 1Ck »C ﬁwf%&toit\m%rﬁ%~F&g@ﬁW@%%&%
B2 DnVD LU, ECCS <2 APT 72 £ O /b—/LTik, [ B iz LC AR 00 I AR S 2 O B A B 5
FIHC SN T, TR, —BEE /). BE. R0 OAHE T
OPJIAARIENZ XL 2 PEJEFRE DK FEIARA RSN TWD, #H1H
RHENE X 7 FE T B 00 (% T 510 2T AR 2 o T R e
— Rl & o CERA D 2, Petd b FIECHIMIREE % 2 L

1. #

2. ABROERAEICRIZFTNHNTEOELE

AL F T D = & & THEEMED T TER L TN D A— 21 BMERHEZZH 358
MBSO TEREIZEMHE SN TEY L SEAE 2% % RO SRR EIE (DR TE LD

(ZHE > THERF E1T20, S DICTIEEEUTOMAE 1 20 L 20 EHHORBREL JE QR TRE S,
BETHD I LR TE T, SREHE TOREN RO, %

3 =%(%)2xzam k =432 1722285 (V)
* JUNKRFRFBE L5 pe
R A IE AR CER) P A R "o:%\/m (2)
W@giﬁ'ﬁﬂi ;’f"'}iﬁ;‘ﬂﬁi?ﬁ) CTILEEY U/, viRT YU, R E L EERE
fers L,

VPR DR & RE, Z(= 30— IRY)) 1FAFEBROE
SO & F T MK ek T A —% (Batdorf parameter)
Thb,



224 H A v 1T

W AR L0 PEJRRFE A & DORREIK T 5 o0\ T
IZ. Koiter?, Huchinson”, Almroth? 72 £ % < OWFZER H 1 |
FEHD— N 250 DFELNREZIZDOWNT, filer BR) A
BOEREBEOCEBEHLNMILTWND ) , Fiz,
Hutchinson X% DG XD T, BRI AL 3 i 58
EFROIETFEE2 EBRRTHEN, ZOHEBIZOWTO
FORLIA-CH AR IR STV RV, £z, FE O H i

TIXA G OPIAAREET— R & JEERTEDOBMREZ R L
ST R T2 5720,

2T, AF MOV T — ROE\CHEJEMEN £
DX CET DDETRRD 72 LR ET O T IR
HEEHETEX D FIM 71 2T L& VT, B R &
172 o7, fRNTxIS L U IfEa T, B0 @lmn bk
FFTREWE B 5 7=50 O EHE T, PRMRER (=
R/t) #3100, 400, 35 KT 1000 D 3 FiFETH 5,

ARFZECIE, SO REO H D 5A OFREIT,
AT D IERRTE 25 8) 2 1B B C X 2 il kel B D FE R FR A i i AT~
7277 I AXIS-BUCK & FV o, 72, FEfh FRp) ) Rkt
L CIZPLH FEM AT 7 - @ Msc. MARC (i LS ; 4 HimE
WY = /LB No. 75) IV CEE L7z, 7235, AXIS-BUCK
DFENTREFEIZ DWW TIEBE RGP ¢, LSRR L i L
THoRKEZAEL TS Z L E2HABLTND, £,
Msc. MARC % FHVN 72 53R CIEEIR E 672 0 12 EEBREIC )y
iMX}ﬂJMﬁ%FL+ THINN A v v a 3B ThDH Tk

T EEERT AL — L LR THEGR L TV D,

fRNTET V% Fig. 1 BL O Fig. 2 (2 d, $RFRAIIHAR
OB 5 EFTIE, BT sine 3 DE— FE2 5 27~
20— RiE, 72250 OMERROEGEITBWT, IR
RV OEET— RO®GmER & —E L TR Y | #ixfr
PVIARED > L bERWMEL K TSI THDL Z &

T fix DR EE— P25 AR RICIV#EEL TV 2,

iz, MY RED B HEE T, Q)RR A S
IS n i OPIIARIEE 5.2 7=, 7235, AR OFE Tldkp)
RIS #WE t D 20% L L,

FRNTREIR L ZE T O JE S PE A 5 58 L C L S8 7 s 180°
/n OfEkE Uiz, WIMIAREE— RO—filz Fig. 1 BLY
Fig.2 HIRT, 728, B L7#Hin 28 Q) XN/ LN

125 LGS ORI RIE, P AREED 220 H i o
JERE— K& —%T 5,

Wy =0 cos(nzf/6y)sin(3zz/L), 6/t=0. (3)

JE A E DA A Fig. 3 1Tosd, X th oD #tsh | X E e 4
HP, A A O RN E X OERMEP, TBRLTRLTH
%o () TH BN D E TR n, 13 R/t=100, 400, 1000
3 —ADEPBITENTENS, 1T, BLUN26 &R 50 35T
VEFER S BRI O h TIXI K n, DI AR IE DB AT
P./P. DIED e b /N E W & 7p oz, 728, SO
%Ti BRI FRO AT 5 2 123 T, B FRE— R

DT HREE, iz, TSN OPIHIARE L G- % 72515
@u\%kﬁE(W@ﬁﬁmmﬁéﬁé)%ﬁ HATE & LT
W5,

— IR R T — R &R IR O R Z 5 2 724
W%EEHE#ﬁTfé&%z%héﬁx%Efﬁﬁ?f
il et FR A A D AT & BITR R NS B A,

FRGHE BT

2008 = 6 H

Hutchinson OFHE—EHT 5, Ziux, WEMEZ=Z 0 5H
TR OJEJRERTOIG I PIRIEE B 25 LW TE 5, 372 b b,
Fig. 4 [ZRT X 20, SkIFROIIIAIERTEIES 2 &, $ihJ7m)
ARG T T IR HE T&;é LTI A EE O AR L D 52T A X
VTR O/ N S WG NS AN A 85 TN A
OISR 72 B, —J7, FEMR R AREE D EILZ O &
5&Eﬁﬁ®E%Eﬁi$L <<, ZWEﬁfﬁh PR AN
2 Hlt PRI AIE O 5 R R AT EMEVME & 2o 2 & B %
Hivb,

Boundary Condition
atAA’ Uy =U,=0, u,=const
atBB’ Ug=U,=U,=0

A A A

B'B\T— /B’
(a) calculation region (b) imperfection mode
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Fig. 2 Model for FE analysis (asymmetric imperfection)
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Fig.3 Buckling load of cylinder under axial compression
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Fig. 4 Mechanism of Bi-axial stress condition of cylinder

under axial compression
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Fig. 5 Buckling load of cylinder under external pressure
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Fig. 7 Buckling load of cylinder under lateral pressure
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Fig.10 Buckling load of ellipse sphere under external pressure
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Table.1 Property of core

MAT1 MAT?2 MAT3 MAT4
yC 0.3 0.6 1.0 14
Ec/Es 1/1000 1/500 1/100 1/50
(Urethane) — — (Epoxy)

Table.2 Total thickness( t ;) and skin plate thickness( t s)

t/t

0.025 | 0.05 | 0.075 | 0.10 | 0.15 | 0.20

Ve t 924 594 438 347 245 189
=03 |t 23.1 29.7 32.8 347 | 36.7 | 37.8
Ve t 650 473 371 305 226 179
=06 |t 16.3 23.6 27.9 30.6 | 339 | 359
Ve t 466 371 309 264 | 205 168
=10 |t 11.6 18.6 23.2 26.4 | 308 | 335
Ve t 363 306 264 233 188 158
=14 9.1 15.3 19.8 233 | 282 | 315

(mm)



W A2+ DA E OB % 7205 T IRRE IS

Z OBEDJE T8 0 F T NACKEH A LD 2 72 DIV, PRI
BrmpunE s i, ()X CThR/NOMEIEFEE 785 855
Z3ATWD, ZHUT, FAMERIZL 20T AR X
WL B0 b T ETH Y | AR i & -
2D EEE— RITEAMEREZZE L b AL L

X%, 7eds. Wiz BEH (composite) &H97, ATk Dl
HFRER O A L BRI T NI & i i 2S5 W i o i
&= B & D EliY S By & BRI tg ZAE LT
WHEOYE =2 2V TET IMET A HELBEZLNLB, 20

A lZmst o AWEIMEE T B S5 Z X O
fRHT Y 7 N IRV Z &A%,

Fig. 16 (2. &) Wi M f& sk O PR fof A 7% 9, MeiiLat
SR A5 & AU 7 AR A B - 24— W i 11D 753 % 0D JAE JeE iy B C IR
T LT LT 5, FEJE IS O JA2 S for 81 28— Wi 12 e~
TELVBIZE, a7 el Ty L2 o 7+ — 5 BE L
VATL B RO ARF B 248E L7z MAT4 T, t /t, =01

B OPEFAEL, BB AERoZZNR 8 5L 4
fHC 72> TRV FHEEE OB A R A 5 AR TH
LT LERLTWD, b, BiEEEOmNRAIE EA B LU
i SMAIME BT 85— Wi A & bl U C, Fig. 17 & Fig. 18
R, ERROSGAIZIE, mAEIEREER 0.6 fi5&
0.82 &%, HAMAIEDKY 40 fi5 &K 15 {51272 > TV D,

7pE. HAMIAIMED 2 DA TR D120, A RiEHEEIC
DNWT, HIFEE EF AWML 2 ERE LT Msc. MARC IZ X 5
fiRHTAG SR % BT A O Fx % B L 7= AXTS-BUCK (2 X 2t 3%
T L7 % Fig. 191377, Fig. 19 206, FEEWH Cldt
AT DRI 10 BEIESREIE 80% ~40% MK T 5 2
ViRV SYIEV)

D OFRER LY WL &0 dhiF Rt # 0
DFEDITH SR E < Fig. 16 (TR Lz & 9 I HHEWriE o
JEE S BEE AN — BRI R CHIM L 7= b D EB 2 Hivd,

TN BRI O P (552 (SRR DN & 2 S O PR A B
DWW TIRART SMNER 5T D MR OS A I ITEE
LRI R OMBI AN bR EA R TS5 &%
EELT, gIAEE— e LUEREE— NE25 277, &K
WD L LT, BEREROBRED 20%., & 5T
HIHUE D 20% % 5 % 7=, Fig.20 17T & 912, 2HRIED 20%
DI KPP REN B 2561213 RO e W& 12 e
R A EVE T0~80% FEEE AN T L. SAIE D 20%FEEE D
Bra I3 A S 90% R 1&??‘6}:@,%*5'&?3%07‘:0
Fig.5 (27" L7z 90T, Y— Wi oo [ {3058 0D 355 L2 8 Je i B
DH) T0O%IIR T LIz &t aBE2D L. *EE%JE ZREWTH]
AR S A B R B E. ZHICHER LT S,

7po
14 r
12
10

FUF B 4 JeE i 229

B, (laminated)
~ B, (single layer)

Pb

——MAT1 (urethane foam)
—=—MAT2
——MAT3
—*—MAT4 (epoxy)

o N B OO ©
T

F

9

0.05 0.1 0.15 0.2
ts/t; (steel thickness / total thickness)

.16 Buckling load of laminated cylinder

under external pressure
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Fig.17 Comparison of membrane rigidity
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Fig.18 Comparison of bending rigidity

between laminated and monotonic plate
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Fig.20 Buckling load of laminated cylinder with imperfection

under lateral pressure
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Fig.22 Buckling load of laminated sphere with imperfection

under lateral pressure

5. ¥

AWFFECIE, MfEk, Bk, FEMEkER & oBEiEic &
VET IR A AR A D WA - ST, FA OISR EE (2 fill T
fE. 1EREME, 1 EhER+ LESEEY 22 ) BV, Fo
X 0 BT IR OWIINAHE D LR IR 2 e LIS T S ¥ 2 0%
JE HIT ORI 28 2 8- A A IRE R L% AV - B i Gt A
WCE VTR, ZORER. UTFTOZ ERHALMNIR 5T,

1. WM A 5200 2 PR3 O GG I ihsel BRI A 23
AET 2 L, BEREN R BIET T 2,

2. ZHUTH LT, —HRSNESRIEZ T D MfAE T,
P ARFE DI e X DFERE— R & [[ TR O g3
PIET D L BHEMESR BT 5, £, Kk,
BLOFHEBZROEA BRKTH 5,

3. MEBROLEITIE, YHIAREE— FALD D & RIER



WA B2 A - DB E Ok % 7205 TR AR 361 2 4 i 58 BE 231

FEM AR & < AT 2 DITHt LT, BRak-=ors M Bkik
DAY AEE T — AL LT B IRE D2 ki
hEW,

4. FEMERRICR T DA X D EE T E O T,
Bk O AT LT, —BANEIC X 2 —FIEf 0L A
\Z/NE L, partial filling JREETO—dilEfE g 9E
DPBICKRENZ LR T,

Wiz, EREEHS LAEROBANOLERZEN S5 &5 2
LD RE#EE L LC, EmICHREZR L, oW E
BLOY U T HRONE @M E a7 e U CTHRIE LM
JEREIE A B 2 VR —BRONE & 2T D MR RO ER 2w
L723BAIC DWW T, RO T35 TR IR 2 st L7z, =D
MR, LT Z ERHLNIR- T,

5. ¥)—WrmmEik & BALERE Y 2 0 O mEENE LVOEE
Wi Z i 2 & dTEEOHINO LB M, N
MIPECE AWIEDIK F OB L Y H K&, MEfkd
DEEJESRE DS S —WrEigE L bE< 2 b,

6. T, FEHEE O R IRE I LIZ T I A O
HINSL 7D,

ARIOBRFTIE, PIIAEORE S EZRED 20% & Lz
2N, ZAUE, B IE ECCS rule TiE. #WIHIREE 2 HIE D 25%
EHRYIAREL LA Z L. £72, DV rule THER
TETIEROPIED 20%FEEZFFARMEICREL TWDH Z &
PR UTZ, E7-. BIED 20% DHIHIAEE T 0 JEE Jf 50 B D
KTFRPDIUR, MIHIAREORE IBZELTH, Koiter
PR P70 E AWM L CL HREAY LK B O S AN A HE T
HZETARETH D, S BT, WIMIAREE D AR A BRSO M 4
DR TR U TRl 2 Hikb B 2 L H 0, %
DAL L C b HMEEL P C H AT W1 RHE A S C IR T
b U C R 3 BE L R T W) R D s A R AU R
LEZD, B, AMNEEZ DERGRICH LTEE RS T
IRLTEE DI VOB E TEDD L PN KREL D L
FREETRIE (20 KIE T I O BT/ N & < 72 D WIS
DNERAETE OO PSR IR I RIS BIIMETH Y  RTRSC T A
THRIACE ol Clidze < MR OB b & T, 5%
SHITHRFEITo T ETNWEE XD,

ABFFED —HBIT, TR A B AT e & (R RTE (B) )
DRI A2 CTEMVE UE Lc, BIREALICHEEZ R L E
D

2 EF XM

1) Det norske Veritas : Rules for the design, Constructions and
inspection of off shore structure(1977)
2) Koiter, W.T : The effect of axisymmetric imperfections on

the buckling of cylindrical shells under axial compression,

3)

4)

5)

6)

7

8)

Proc.Kon.Ned.Ak.Wet,B66(1963)
Hutchinson,J.W. et.al
Mechanics Reviews(1970)

Postbuckling theory, Applied

Almroth,B.O. : Influence of imperfections and edge restraint
on the axially compressed cylinders, NASA CR-432

LN, N EEE, ENZED AR E T3 5 MEHO
AR EEARENT (BhIEAG 2 52 DO MR HARRE
2, 6 153 %, 1983

Yamamoto,Y. et.al : General Instability of Ring Stiffened
Cylindrical ~ Shells MARIN
STRUCTURES, vol.2(1989), pp133-149,

HINZEY, IR, i K& RBRAE LR OMEHD
il A AR R SR EE LS DN T, SRS T R SR, Vol 4,
No. 15 (1997)

LN, N EEE ENZES AR AT 58k OE
BRSREEMRAT, PR, 5 151 7, 1982

under External Pressure,




