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1. General

The perturbation sensiti vity and the limit | oads of shell sare widely discussed phenomena. Both
phenomena may be dassfied with resped to the time und the type of a perturbation. Contrary to
other methods, the perturbation energy concept enablesto describe the buckling processin avery nat-
ural way and to analyse the perturbation sensitivity as well as the limitsloads by a uniform approach.

2. Perturbation energy concept

Basic ideaof the perturbation energy concept isthe identification o a aiticd state belongngto
afundamental stateF [1]. The difference of strain energy between bath states is an indicator for the
stability of the fundamental state and referred to as the perturbation energy M. As svera criticd
states may exist, the identificaion o the aiticd state which is relevant for the stability of the funds-
mental state isinterpreted as an optimisation problem,

(1) f(zg,Az) =N — Min.

In this problem, the fundamental stateis represented by the state variables zg and the distance & well
as the diredion between the fundamental and the aiticd state ae denoted by the change Az of the
state variables. The kind d the aiticd state depends on the distribution in time of the perturbation.
For a kinetic perturbation, the state N charaderised by vanishing first variation o the incremental
elastic potential and by nochange of the fundamental load is the aiticd state, compare figure 1. In
case of a static perturbation, the state M of vanishing second \eriation o the potentia is the aiticd
state. These condtions constrain the optimisation problem (1) whose solution may be found by non
linea eigenvalue problems Thereby, the order of norlineaity with resped to the @genvalue and the
eigenvedor, respedively, is governed by the formulation of the potential.
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Figure 1. Load-deformation kehaviour of a perturbation-sensitive shell

In genera, norvinitial load perturbationsP, are necessary to read a aiticd state. Norvinitial
perturbations concerning ather parameters of the model equations, such as the bedding moduus and
the wall thickness influencethe topdogy d the energy surface ad emphasise the simil arity between
the perturbation energy concept and the perturbation theory. The dfed of initial perturbations is
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measured by the asciated change of the fundamental energy Mg as well as the change of the per-
turbation energy. For identifying the static limit loads of different shells by one energy value, the
perturbation energy is normali sed by the bending stiff nessof the shell continuum as bending energy
is the dominating pert of the perturbation energy. The reference value of the normali sed perturbation
energy, Tier, M = 2.7 %, represents a proper indicator for redistic static limit | oads. Kinetic limit | oads
are determined with resped to afundamental state and bythe degreeof stability [2]. Furthermore, the
optimisation dof the perturbation sensitivity of a shell in termsof a cetain load level and the design
parameter x may be described by the objedive function

(@ f(xze(x),02(0)) = Mo —~ M5 =0

where M'y” represents the required perturbation sensitivity. The computation o the solution d this
load-level-spedfic optimisation is based onthe lineaisation o the objedive function which is per-
formed bythe forward diff erencescheme. In general, the solutionisfoundafter few iterations. During
the optimisation, the energy surface ad so the fundamental state as well as the distance and the di-
redion between the fundamental andthe aiticd state ae changing. Furthermore, the optimisationin-
fluences the fundamental energy andtheload level of singuar pointsin the primary load-deformation
path. The alvantage of the propcsed optimisation procedure over a systematic change of the design
parameter becomes obviously espedally for high-dimensional systemsand several design parameters.

3. Numerical results

For cylindricd and sphericd shells, the perturbation sensitivity and static limit | oads are ana-
lysed including dfferent loadings, geometries, boundary condtions and material parameters. The re-
sultsindicate that sphericd shells under radial presaure ae nealy as perturbation-sensitive & cylin-
dricd shells subjeded to axia presaure. For these buckling cases, limit | oads acwrding to the refe-
rence value of the normalised perturbation energy are in goodagreament with those aorrespondng
to the ECCS-Remmmendations, but differ for elasto-plastic material behaviour significantly to those
acording to DIN 18800[3]. The limit |oads cdculated for conicd shells under meridional pressure
arefor different meridional angles smilar to those mrrespondngto DASt-Richtlinie013 In addition,
buckling caseslessintensively discussed in the designrules are analysed. But it isnot posshbleto spec
ify redisticlimitloads of all these buckling cases by the referenceval ue of the normali sed perturbation
energy due to the asence of a problem-spedfic scding d the perturbation energy. Nevertheless for
fibre reinforced compaosites consisting o uniform UD-layers an adequate scdingis feasible.

The stability of a shell against a kinetic perturbation load depends on the energy induced into
the system by the perturbation load. Therefore, the influence of the distributionin time and spaceof
the perturbation load onthe stability of a sphericd shell i sinvestigated. The results highlight the im-
portance of the perturbation energy concept nat only for the evaluation of the buckling resistance but
also for the determination o an urfavourable perturbation load and the kinetic limit | oad, repedively.
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