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Elasto-Plastic Finite Element Analysis of Imperfect Spherical Shells

Subject to External Pressure

by Wataru Yasukawa, Member Hazime Kawakami, Member

Takao Yoshikawa, Member

Summary

It is very important to predict the collapse strength of externally pressurized spherical
shell which have imperfections such as welding deformation and residual stresses.

Many experimental studies on this problem have been made by M. Krenzke et al., but few
theoretical researches have been reported.

To exactly obtain a numerical solution of the collapse pressure of the spherical shell, it is
necessary to consider the strain hardening in the elasto-plastic analysis of the axisymmetric
shell.

This paper introduces a newly developed method by which the elasto-plastic behavior of
the axisymmetric shell can be exactly expressed by using the membrane forces and bending
moments, and moreover investigates effects of the imperfections on the collapse pressure of
the spherical shell.

Main conclusions obtained from this study are as follows ;

(1) The usefullness and accuracy of the new method are confirmed by comparison with
the experimental results.

(2) The more plastically the spherical shell collapses, the smaller the effects of the imper-
fections on the collapse pressure becomes.

(3) In the case that a penetrator or a partial sphere is welded circumferentially to the-
spherical shell, according as the diameter of the penetrator or partial sphere increases, the
collapse pressure of the spherical shell will increase if both have same value imperfection by
welding. )

(4) If the spherical shell has the residual stress, its collapse pressure will reduce.
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Fig.1 Coordinate of axisymmetrical shell
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Fig.2 Uniaxial stress-strain curve of aluminum
alloy
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Fig.3 Aluminum alloy
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Fig.5 Elastic-perfectly plastic material
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4L © ; EXPERIMENT (Ohasi) /
L 5 F.EEM (Thickn. integration) ¢ /
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Fig.6 Load deflection curve of simply supported
circular plate
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DEFH T,
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Fig.7 Calculation model for Al and NS 63 spherical

shell
p
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Fig.8 Load deflection curve of aluminum spherical

shell
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0.4r —-—; Cal (Present)
‘ method

02 i Cal. [P ine)

001 "0z 03 04 wq

Fig.9 Load deflection curve of NS 63 spherical
shell
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3.2.2 NS 63 ks (Case 2)
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THHH, BoEE, WEHE, BEESC L vES TIRDEN%1T 5 BEN T\ sy Lichio T, RIFIcES
NBEEENMEZFHEh P/P,=0.883, 0.877, 0.954 SRt ERRI B SR D VBT B = LT E
THY, BUHBEEHEYRVGTL—K LT3, Zhit Do TTTHO R IeFIETIT 20~30% OB TH -

Case 1 1z~ T Case 2 THRERBFOWRENELS (R/t= Y

8D, BWALADE DT L7\ 5 Bt B35 1o, (2) FIERES, BHESEI YILge, & El
oy=72.0 kg/mm?® ZREREH & L i AVEBRET I D AT EREMLET

TRREMDOTHEL 52 T ERLDEEL bR 5, (3) BHEOR DI eI 2240, R0k

CHETOFRLT N TERBOB LD 2 A D TR S HEERISRABOFIETH S = LT
&ofwaﬁ,::?#ﬂ%%@towfﬁﬁbtoﬁ %o
BOBHIR TOIERFREE B [E% b 5 72, A ERE (4) W TED 17 35 VLR AR D AT LA D RS 4 BREE-
B WTRTROBEE R ARE LR 21T - 7708, TE, TEXXEBBRBOMNCLERTE S,
BORMER, BHRESEELITEA EZEDIS D 5 T
3.2.3 Krenzke =51 (Case 3, 4,5 4 *J],E%;Fgéﬁﬂ'%ﬂiﬁ@ff%@fﬁ
Krenzke DEBR% 1T - 1B D 5 %, Kaol® PIESY —BRNER ZT BERBOWHIRIC 3517 % FERE T >
R CEEEN & RS TR KIS T, BiEHEd T, Krenzke), fAFERERIBLSYY, £#59 o
TR 21T - T BRBRO S X OB A Table 1 KBTS 5 D5 E L AV CEEREY R =% O
ORI, BT Kao OB 4w EA d= 11070,
30° DEAIRBE T D H LTH » 7o FETIE, 20 TRRCBITFECE S ¥ Bhalr
RN R % Krenzke DEREER, Kao 0EHEREE S BODHDRBOEERE L R0, FEREL RSO
LOBDEREC X 5 RER & B L C Table 1 iwimd, TEDHEY {1,
Case 3 whr &, WIENELA VT RO EEENIIE FRLTIHBOMP L LTTA s 4% (Fig 2 1
BREREI—HL T3, ¥, Case 3 gl T, 7 OFRBEER LD O) %5, EEIHED K
BEIRC & D RO ERED B EIBIC L 55 Rs % R/I=25,50, 100 &% TR L 7255, SHIERIE

L0 Kao OFEHRELEL~FK LT 5, Po=2EC[R}V3A—v®) L BREH Py=@2t/R)a,
U EDUBO 21T - 145 R, MiERIIBAEE of Pyl Poy=v3(A~v%) (0,/E) (RI) #F— D B

CRIERBEOKEENSS = LR TR, DU, BREAEXEA—Ls D CUFTOHRILISIEFD
Bk, WEDEOB#COLWTE LD 5 L/ ORE )] TEBHTE S,

Thbo 4.1 EBCHZUETFROLE

(1) WEHETE, ®EFEOBYSY T kiE FREIBEOHEE 2, R/t=25, 50, 100 © 3 XD
IERT BB - & — 2 v L R BT, RSO BREYEZ S,
EEAT S DB ERRT N TH BB A S e 7o b, CRDDERBI—RRIEAER Lic & 21l o5
T, ARETFIDIFR S MM AN DHEOBIC U IRE 5L oo Tl B0, Rjt DX/ X b

Table 1 Collapse pressure of Krenzke model

t R Rj Sma Pex_| Pe Pcy P Pcz |P
CASE | (mm) | () | (. | P Tm " (kgem® () | (2 | ¢ Sz) () C%Dex
3 10.264 120.77 | 2904 | 10° |0.086 | 865 | 837 | 703 73.8 | 68.9 | 0.81
4 10.63520.96 | 2405 | 20° |0.068 | 2963 | 283.0 [291.8 274.2 | — | 0098
5 [0.630 2095 | 2922 | 30° [0334 | 2004 | 212.7 | 203.9 1969 | — | 1.02
t S 1 collapse pressure
, \R 'Rm\ Pex---Exp.{Krenzke) E= 7600 kg/mm?
/ #1/
/ a5 N Pe ---Exp. formula (Krenzke) V= 03
! W/ # =30%
Ty !7-—~L Pc1 -—-- Cal. (Present method) 0p= 422 kg/mmZ
\ly Pc2 ---Cal. (Kao) Oy = 56.2 kg/mm?

Pcs ---Cal. (Thickn.integration) A=03 B=004
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/
5 thermal !
dmax strain

Fig. 10 Distribution of imperfection by thermal
strain at the apex
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rrkil, 9T EOELTHXUTO L5 L,
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12.5° 233) TEbT &, TT 1540 DiIEFFELC
fBEE75,

BED X 51 LTRD IR E Y & SRR —#k5t
E#{EA Y, WEESEBEC X VEHEYRD L, fFHAE
J1 LIBAE B T BEHOBHREY R/t=100, 50, 25 D
Lo TEFRFh Fig1l, 12 8X O 13 2R3, ¥
7=, Fig. 14 ©it, *Hh FhOBRBR >\ THEREN
FEENRETIRIERER LI, RARIIAT 2 —

08 WA

0062 04 06
Fig.11 Load deflection curve (R/f=100) ——the
effect of imperfection at the apex

£+ UT R/t ofiz V3A—vD) (0, /EDRID L C P
WHRE Lo TDAF 2 — 2% FW5E MK (0,/E) =%
S (R oBRLABBRCLARY B v CoHERL
IAEERENDOETOEEXHETHIENTES, [

P/p,

10 8/t=0.0
5/t= 0.1

08t 6/t=0.2
84 =0.4

06}

04}

0.2}

07701 02 03 046 Wy

Fig. 12 Load deflection curve (R/t=50) ——the
effect of imperfection at the apex
Pp
10 6/t =00
5/t =01
65/t =02
08 +
§/1=0.4
0.6
0.4
0.2+

I

Fig. 13 Load deflection curve (R/#=25) — the
effect of imperfection at the apex

‘\\\ (0.117)
NI~ B0078)

T ——

-=== R/t=25(0.171)
—— R/t =50(0.342)

0.2 - R
—_—— = .684) Uy R
R/t=100(0.684) =\ iy ¢
— Elastic buckling
1 - 1 i 1 1 I}
0 0.1 02 03 04 05 06 &/t
Fig. 14 Effect of imperfection on-the collapse:

pressure
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RCIT B D DI &3 5 D ERERY 25 L, B
RN EBORBROEEENELY Py & LT
PIPy ZRd o RBIERLMTREY HE T2 L 1<
—HLT\%, ¥, BEOLDCHEEROBE L L
THE, Hoff DFEFER (type 2% &R Uiz, M
DD L5, RBOWRENE G EORI Rk 0B
W EILEEETDETHAE , Thbb, BRBOER
MR & 2 A TR 213 TR LCERS
FEDPBETH b, R BRI BT h 513 LB
BRI ERBhr T, Shud, b NERRE
RNDEELTWAS Z L E—FK LT\ 5, X5z Table
2 R X Y RO TEHEETIE Pooy &, FBHKES
Py, SELBBOEBEETE Py %5 X 0% Krenzke £
RLVBORBEFEENE Pe &0 F h £ holr R
To BRI X DRDICEEFENE P, 13 Krenzke o
FEEENECHEANED Lo T 52, EBRA Tk
FIHTELS DTS S TRAER LT\ 5 79
TR R TRD O FIIZ 7 > T B EE 2 Bh b,

le¥s, ORI EED B % RO K/ FE s e e &
ZBHBRRED D, RIE=100, §/t=0.2 D54 % F
e, FETEDES B 2% 2 CEERERIT A -
T, A=4.0 O L I EEENENEMEF Ly L
1o T, BOFRE A CHBTRER LY 52 5 Hi:
I, RLEDOEEENEY 52, FUTELLEL L
NDo 1L, BWEROR, A=3 OYiRE s EEE
TEBRIET IR LT H, KHFCED
NIREREERD N, BHBREOHEN D & h HAR
HETHLIDPAHTH D, D HTDNTILSHED

Table 2 Spherical shell with imperfection at
the apex
Case | R/t | 6/t [Ra/p, Rai/R[Ra/Pe
1-1,100] 0009210 |105
2] 100 0.1 0.77 | 0.84 | 1.06
3‘ 1001 0.2 10.6710.73|1.09
| 47100 0.4 | 0.54|0.581.26
5: 50 | 000971,
6. 50|01 0860
7 50 0.2 10.79 ] 0.
8. 501 0.4 ]0.67
9! 25 10009910 |
|_10: 25| 01 |0.90] 0.9
L_11] 25 | 02 | 0841085
120 25 | 04 | 0731074
& ; imperfection
| Peal ; collapse pressure by FEM
1Py ; Yield pressure (=%'(Ty)
1P Pear for 6/£=00
Pe ; collapse pressure by Krenzke
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RO T 5 PR 2 SR e RIS 3 %
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C T, R/t=100 o onwT (Fig. 15 £28),
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Fig. 16 Load deflection curve (R/t=100) ——the

effect of concentrical imperfection
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Table 3 Concentrical imperfection

Case |0wegree) O/1 Sy |bmaxsy iaa‘/Py Pcal/Po
I-1 5 0.2 0.0 0.2 0.67 | 073
2 10 0.2 0.0 0.2 0.76 | 0.82
3| 20 0.2 0.0 0.2 0.74 [ 0.80
41 30 0.2 0.0 0.2 0.74 | 0.80
-1 20 0.0 0.2 0.2 0.79 | 0.85
0.0 0.2 0.2 0.76 | 0.82
0.2 0.2 0.2 0.70 | 0.76
0.2 0.2 0.4 0.67 | 0.73
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LTIESEND 20° OBRENHO BE DO & 2 56
BE 2 CHEERERNT X 1T 70 52 BEVEIRE
DO0.2fTHY, XDALBEINLTHIERFO—
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DPEDEDFRIE (Omax) CHEITERLZ T 5778
M—gcAuvbh, Case M-4 O AL, Omax/f=0.4
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BB IBIE Smax/t=0.2 L7 VIR EES /N & &
sz et hEEYET S,
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Fig. 18 Load deflection curve (R/t=100)
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