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Lesson 10 Lesson 10 –– Bending and stability of cylindrical Bending and stability of cylindrical 
shells with application to submarine designshells with application to submarine design

Outline

1. Elements of shell theory. Differential equations for 
cylindrical shells. 

2. Main stresses conditions of shells

a) Membrane stresses

b) Bending stresses

c) General case

3. Bending of a reinforced cylindrical shell. Reduction to 
the beam on an elastic foundation

4. Interframe shell instability. Mises formula.

5. Stability of reinforced cylindrical shell. Reduction to 
the orthotropic shell model.

6. Influence of inelasticity and shape imperfections on the 
critical pressure. Design charts.
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Submarine hull constructionSubmarine hull construction
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Pressure hull Pressure hull faillure faillure modesmodes



ב'''תשסשנת הלימודי! 
מסטר אביבס

Examples of shell yield and shell buckling Examples of shell yield and shell buckling 
(models)(models)
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Examples of Examples of overaloveral shell buckling (models)shell buckling (models)
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Coordinate system for cylindrical shellCoordinate system for cylindrical shell
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Forces (per unit length) acting on the shell Forces (per unit length) acting on the shell 
elementelement

Eight unknown forces: T1 T2 M1 M2 N1 N2 S  H
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Equilibrium equations of shell in terms of forcesEquilibrium equations of shell in terms of forces

Eight unknown forces: T1 T2 M1 M2 N1 N2 S  H
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Relation between internal forces and Relation between internal forces and 
displacements/displacements/midplanemidplane deformationsdeformations--orthotropic orthotropic shellshell



ב'''תשסשנת הלימודי! 
מסטר אביבס

Relation between internal stresses and internal Relation between internal stresses and internal 
forcesforces--KirchhoffKirchhoff theorytheory
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Equations for Equations for orthotropic orthotropic shell in terms of stress shell in terms of stress 
function and normal displacementfunction and normal displacement
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Equations for isotropic shell in terms of stress Equations for isotropic shell in terms of stress 
function and normal displacementfunction and normal displacement
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Simplified equations for Simplified equations for orthotropicorthotropic shell in terms of shell in terms of 
stress function and normal displacementstress function and normal displacement
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Simplified equations for isotropic shell in terms Simplified equations for isotropic shell in terms 
of stress function and normal displacementof stress function and normal displacement
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Type of stresses in shellType of stresses in shell

1. Mixed state-stresses are produced by bending and membrane 
forces

2. Pure bending state-influence of membrane stresses is negligible

3. Membrane state-influence of bending stresses is negligible
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AxisymmetricAxisymmetric bending of cylindrical shell under bending of cylindrical shell under 
hydrostatic pressurehydrostatic pressure--formulationformulation
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Bending of cylindrical shell under hydrostatic Bending of cylindrical shell under hydrostatic 
pressurepressure--solutionsolution
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B.C.:

Symmetry:

Bending of cylindrical shell between stiffenersBending of cylindrical shell between stiffeners
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Bending of cylindrical shell between stiffenersBending of cylindrical shell between stiffeners--
Sanden and Sanden and Gunther Gunther solutionsolution

Effective frame area
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Bending of cylindrical shell between stiffenersBending of cylindrical shell between stiffeners--
Sanden andSanden and GuntherGunther solution (cont)solution (cont)
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Sanden andSanden and GuntherGunther solutionsolution--expression of expression of 
critical pressure resulting in yieldcritical pressure resulting in yield
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Sanden andSanden and GuntherGunther solutionsolution--charts for charts for 
functions N,K Hfunctions N,K H
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Stability of shellStability of shell--formulationformulation

Variations of equilibrium position
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Stability of the simple supported shellStability of the simple supported shell
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Stability of simple supported shellStability of simple supported shell--Mises Mises formulaformula
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Stability of simple supported shellStability of simple supported shell--David Taylor David Taylor 
model basin formulamodel basin formula

Assumption
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Stability of simple supported shellStability of simple supported shell--refined  modelrefined  model

The model takes into account the terms ~ N2/R
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General instability of reinforced shellGeneral instability of reinforced shell--
orthotropic orthotropic shell modelshell model



ב'''תשסשנת הלימודי! 
מסטר אביבס

Solution for the shell with circular frames and no Solution for the shell with circular frames and no 
stringersstringers
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General instabilityGeneral instability--KendrickKendrick--Bryant formulaBryant formula
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““ThumbThumb”” rules for the preliminary thicknessrules for the preliminary thickness
and frame spacing selectionand frame spacing selection
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Euler Euler force and influence of plasticityforce and influence of plasticity
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Influence of the inelastic behavior andInfluence of the inelastic behavior and
imperfections on the critical pressureimperfections on the critical pressure
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Interframe Interframe shell collapse resultsshell collapse results--empirical data empirical data 
related to the related to the ““boilerboiler”” stressstress
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InterframeInterframe shell collapse resultsshell collapse results--empirical data empirical data 
related to the shell yield stressrelated to the shell yield stress
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Thinness ratioThinness ratio--shell stabilityshell stability

For columns we had:
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Shell instabilityShell instability--design chartsdesign charts
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Thinness ratioThinness ratio--example of calculationexample of calculation
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Thinness ratioThinness ratio--example of calculation (contexample of calculation (cont)
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Thinness ratioThinness ratio--example of calculation (end)example of calculation (end)
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Design chart for general instabilityDesign chart for general instability
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Spherical shellsSpherical shells
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Spherical shellSpherical shell--influence of inelasticity and influence of inelasticity and 
imperfectionsimperfections

David Taylor model basin formulas
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Appendix IAppendix I--Pressure hull materialsPressure hull materials


