Table of Contents

(@1 7=T0) (= g R 11 0o LB o1 o o S 1
1.1 Aftpressure DUIKNEAA ............ooiiiiiie e s e 1
1.2 Some analysisissues and the objective of the Work ............ccocovvveiieciicc e, 2
1.3 Method Of @PPIOACKH .........eeeee e et esateenreenreens 5
1.4 SUPPOITING HEEIEIUME ..ottt reene e e saeeaeeneeseenneenns 6

1.4.1 Elasticity solutions and shell theory SolUtioNS...........cccceeccveeiieciiecie s 6
1.4.2 ShellSOf rEVOIULION........ootiieiisierieseee e e 7
1.4.3 Variational formulation and the state vector equations............ccccecceeveeeceeseeseene 8
1.4.4 Numerical solutionsto the state VeCtor eqUatioNs ............cccvvereereeseeseereeseese e 9
1.4.5 Buckling under internal PreSSUMe..........ccveecie e st 10
1.5 Organization of thiS dOCUMENL...........ccviiiiieeii e 10

Chapter 2 -- Derivation of BasiC EQUALIONS............cceiiiiiiiieiie et ssee e e snee e 12
2.1 OVEIVIBIW ...ttt sttt et bbbt bt bt bt et e s et et e nb e s b e nb e e bt e st ebentenns 12
2.2 Introductory theory Of SUMACES.........cccueiiiiiie et nee 12
2.3 Kinematics of deformation & definition of Strain MEasUres...........ccoceeeverenencsenennenn 22
P = = = = ST 29
P28 T o 1 o U S 31

2.5.1 Internal VIrtUal WOTK .........oouiiiiiiie et 31
2.5.2 EXternal VIrtual WOTK .........ccoiiiiiiiiienineeee s 36
2.5.3 Principle Of VIrtual WOIK ..........ccoiiiiieiie ettt e 38
2.6 CONSLTULIVE TV ...ttt bbbttt bbb enas 39
2.7 SUMMANY OF @QUEBLIONS .......eoiviiiieciiectie ettt eee ettt et e s e et e s e e te e enaeebeesneeeneeeans 42

Chapter 3 -- Development of the State Vector EQUation ............ooceeieererinnirnieseeseee e 44
TN R O Y V1= 1 TP 44
3.2 Thelinear state VECIOr @QUEALTON .........cceiiiiieiie e e eiee e st sree e e b snae b e nes 45
GG T I 0= alo 0 [ gT== = o U= 4 o o 49



3.4 Equations for Newton’s Method .............uuuueiiiiiiiii e e e e e eaaaeaanees 54

3.4.1 NeWtON'S MELNOA ... ... e e e e e e e e e e eeeeeeeeeeee 54
3.4.2 The linearized equations for Newton’s method.............ccceeevvieeiieveiiiiicccee e 56
3.5 Incorporation of elastic boundary conditions .............ccoooiiiiiiiiiiiii 59
Chapter 4 -- Numerical Methods .........ccooiiiiiiii e 62........
A1 OVEIVIEW...ciiiiiee e ettt et e e e e e e e e e e e e e s e s bbb bbb bttt ettt e e e e aaeeeeeeeeeeseennnanes 62
4.2 The stabilized marching Method...............oii e 63
4.2.1 Shooting for a linear, two-point boundary value problem................cccvvvvviiiiininnns 63
4.2.2 Multiple shooting for linear boundary value problems ...........cccccooiiiiiiiiin, 66
4.3 Cubic spline iNterpolation ..........ccoiiii e 72........
Chapter 5 -- Numerical VerifiCation .............ciiiiiiiee e e e e e e e e e e e e e 76.......
5.1 OVEBIVIEBW...eiieieetttitee ettt ettt e s e e e e e e e e e e e et et e e et bebabbb e e e e e e e aaaaaaaas 16

5.2 Verification Case I: Spherical dome capping a right circular cylinder under internal
Pressure, With COVEN PIAte...........uuii i e e e e aaaas 77

5.3 Verification Case II: Geometrically nonlinear analysis of spherical domes under internal

T3S 1] U =P 86.....
5.4 Verification Case IlI: Analysis of ellipsoidal domes.............cccceiieiiiiiieiieiieee 93
5.5 Verification Case IV: Dome with internal ring stiffeners............cccoiiiiiiinns 99
Chapter 6 -- Parametric Studies / Design CoNSIderationS............ceeeeiiieeeeeeeeeeeeeeeeeiiiieneee e 103
8.1 OVEBIVIBW ..ttt ettt ettt e e e e e e e e e e e e e e e e e et e et bbbab e r e e e e e e e e aaaeees 103
G0 It |V = (=T = L o 0] o 1= g 1= 103
6.1.2 Cylinder/dome/cover plate deSIgN .........uuuueuiuiiiiieeee e 104
6.1.3 Criteria for judgement of dOME fitNESS .......ccceeieiiiiiiieeeer e 106
6.2 Quasi-isotropic ellipsoidal dOMES.........cooouiiiiii i 107
6.3 Other ellipsoidal dOMES .........ouuiiii i 17....... 1
6.3.1 Meridionally stiff and circumferentially stiff laminates.............cccccevvvviieviiiiiinnnnns 117
6.3.2 Symmetric angle ply [aminatesS..........cooouiiiiii i 117

Vi



6.4 A word about the effect of cover plate gEOMELIY .........cccvevereerieir s 129

Chapter 7 -- Concluding REMAIKS .......cc.eiieiiiiieiiee ettt enee e 130
0 RS 1011 0= Y S 130
A X a1 = 01< 1TSS 134
7.3 RecommendationS for FULUr@ WOKK .......ooooeooe i, 135

RS (= (116 == TR 138

vii



