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THE INFLUENCE OF GEOMETRICAL SHAPE ON THE BUCKLING
OF THIN-WALLED AXISYMMETRIC SHELLS

Abstract. The most economical for long span structures are thin-walled covering consisting of shell
elements. These include shells of cylindrical, spherical, conical and other shapes. Buckling analysis of thin-
walled structures is important in the design of buildings and structures. In this case, the geometric shape
of the shell used has a great effect on the critical load. A comparative analysis of the geometrically
nonlinear deformation, buckling, and postbuckling behavior of rotation panels of the same volume under
static thermomechanical loading is carried out. Spherical and conical shells having the same thickness,
rise and weight are considered. Preheated shells are loaded with uniform external pressure. The
calculation method is based on geometrically nonlinear relations of the three-dimensional theory of
thermoelasticity without the use of simplifying hypotheses of shell theory and the use of a moment finite
element scheme. A universal 3D isoparametric finite element is used. The element allows you to model
shells of stepwise variable thickness, with breaks in the middle surface and with other geometric features
in thickness. The problem of nonlinear deformation, buckling, and postbuckling behavior of inhomogeneous
shells is solved by a combined algorithm that employs the parameter continuation method, a modified
Newton—Kantorovich method, and a procedure for automatic correction of algorithm parameters. The
method has been justified numerically in the authors' articles. Research has revealed the behavioral
features of the compared shallow panels.

Keywords: thin shallow shell; 3D finite element; geometrically nonlinear deformation; buckling;
postbuckling behavior; moment finite-element scheme; thermomechanical load; comparative analysis

used as fairing elements. Such shells may be subject to

Introduction thermomechanical loads during operation.

Currently, the problems of analyzing the stress-
strain state and buckling of flexible shells attract great
attention. It is in the process of loss of stability and
subsequent deformation of shells that their load-bearing
capacity is usually exhausted. At the same time, the
degree of this influence significantly depends on the type
of load. A special place is occupied by the problems of
static stability of shells exposed to thermomechanical
effects. The geometric shape of the shell under
consideration has a great influence on the critical load
and the buckling shape. Due to the simplicity of their
shape, spherical and conical panels are widely used as the
ceiling of large-span structures. Conical shells are often

The purpose of this study is to explore and compare
the effect of the geometric shape of the shell and the
magnitude of preheating on geometrically nonlinear
deformation, buckling and postbuckling behavior of the
structure. Spherical and conical panels having the same
rise, thickness and weight are considered. The results
obtained for these shells are compared with solutions
obtained using the LIRA-SAPR software (SW).

Formulation of the problem

The method of solving static problems of nonlinear
deformation, buckling, and postbuckling behavior of thin
elastic inhomogeneous shells is based on the
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geometrically nonlinear equations of the 3D
thermoelasticity theory and use of the moment finite-
element scheme (MFES) [1 — 4]. A model of a linearly
elastic continuous medium is used, the properties of
which correspond to the generalized Duhamel-Neumann
law. Large displacements with small deformations are
assumed. A solid finite element (FE) with additional
variable parameters has been developed. A unified
calculation model based on the universal FE has been
created. The model takes into account the multilayer
structure of the material and the geometric features of the
structural elements of the inhomogeneous shell: casing of
varying thickness, ribs, cover plates, cavities, channels,
holes, and sharp bends of the mid-surface. The problem
of geometrically nonlinear deformation, buckling, and
postbuckling behavior of inhomogeneous shells is solved
by a combined algorithm that employs the parameter
continuation method, a modified Newton—Kantorovich
method, and a procedure for automatic correction of
algorithm parameters.

Results and discussions

Research is carried out for spherical and conical
panels with the rise k=H/h=3 [5; 6]. Initial data:

thickness h=0.01 m, radius of support boundary

a=100h ; elastic modulus E =19.6-10* MPa, Poisson's
ratio v=0.3, coefficient of linear thermal expansion

a=0.125-10"* deg *. The shells are clamped at the
edges. The effect of the thermomechanical load on the
panels consists of two stages: (i) the stress—strain state of
the shell is perturbed by the temperature field and (ii) the
panel is subjected to pressure, the temperature field

remaining constant. The shells are heated by T =20°C
that corresponds to the dimensionless parameter of the

temperature f=2aT(a/h)?> =5 The results are

presented in dimensionless form: G=a4q/(Eh4) )
al =ul/n.

A comparative analysis of the obtained results has
been carried out with the solutions of Kantor [7] and
obtained using the LIRA-SAPR software [8]. Kantor
solved this problem by the variational method in high
approximations using the nonlinear theory of shallow

shells.
The results obtained by using the MFES agree well

with those on the entire “load—deflection” (“q —u" )
curves during preheating and in the precritical domain
(Fig. 1, Fig. 2), with insignificant discrepancy for the
upper critical load g’ . The latter effect is due to the
different accuracy of modeling the heating process, as
well as the fact that the MFES uses spatial FEs, in

contrast to the LIRA-SAPR SW, which uses flat shell
FEs.
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Figure 1 —The “@ —u" ” curves for preheated
spherical panel
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Figure 2 — The “@—U" ” curves for preheated conical panel

A comparison of the influence of the shell shape on
the nature of the “§ —U" ” curves is given in Fig. 3. To

assess the effect of heating on the buckling of shells,
corresponding solutions are shown for panels loaded only

by pressure (T =0°C, dash-dotted lines).
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Figure 3 — Effect of geometric shape on the buckling
of unheated and preheated panels

Comparing the behavior of spherical and conical
shells, the following conclusions can be drawn. The
volumes of the panels are almost the same; the difference
is only 0.04%. However, changing the shape of the shell
from a smooth spherical to a conical one with a
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singularity at the pole affects the stress-strain state of the
structure. The heating causes deformation opposite to
that induced by pressure. Thus, preheating significantly
increases the stiffness of both panels, and the critical load

O, increases by 1.65 and 1.89%,
compared to unheated (T =0°C) (Fig. 3). At the same
time, the loads " for the conical panel are less by

21.59% (T =0°C) and 9.97% (T =20°C) compared to
those for the spherical shell.

The deformation modes of the panels at different
stages of loading are shown in Fig. 4 and Fig. 5. The
initial configuration of the shell is shown with a
dash-dotted line.
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Figure 4 — Preheating shape of deformation
and buckling shape of the spherical shell
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Figure 5 — Preheating shape of deformation
and buckling shape of the conical shell

The action of the applied temperature field leads to
a rise in the pole of the spherical panel by an amount
0.65h, while the pole of the conical panel rises by an
amount 0.8h. The buckling form of the spherical panel
is characterized by snapping at the pole, the conical shell
loses stability with the formation of an axisymmetric dent
in the middle of the meridian. The restructuring of the
deformation shapes of the conical panel occurs at point
“c” of the “ @ — U' ” curve while maintaining the

axisymmetric appearance.
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Figure 6 — The “load-energy” curves for the spherical
and conical shells

The  “thermomechanical  load — deformation
energy” curves (Fig. 6) show the effect of preheating on
the behavior of potential W, (a), membrane W,,., (b)

and bending W,,, (c) energies. The dependence of

energy on heating is nonlinear. The membrane
component of energy predominates in the precritical
domain. Preheating the shells significantly increases the
level of deformation energy of the panels under pressure.
The energy of the conical panel at the buckling moment
is slightly greater than the energy of the spherical shell.
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Conclusions greater than one for a conical shell. Buckling of the
spherical panel occurs with snapping through at the
center of the shell. Buckling of the conical shell is
characterized by the formation of an axisymmetric dent
in the middle of the meridian.

The presented solutions obtained using the moment
finite element scheme are in good agreement with the
solutions obtained using the LIRA-SAPR SW.

Investigations of the stability of spherical and
conical shells of the same rise, thickness, and weight
show that changing the geometric shape of the shell from
a smooth spherical to a conical with a feature at the pole
affects the stress-strain state and loss of stability of
structures. The upper critical load for a spherical panel is
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BILINB TEOMETPUYHOI ®OPMM HA CTIMKICTh TOHKOCTIHHMUX BICECUMETPAYHUX OB0JIOHOK

Anomauia. Hauibinow exoHoMiuHUM nepekpummsim OJis GeIUKONPO2OHOGUX CHOPYO € MOHKOCHMIHHE NepeKpumms, uwo
cknadaemvcsi 3 000I0HKOGUX efemenmis. /o HUX Haredxcamvb 00O0NOHKU YUNTHOPUUHOL, chepuunoi, KOHIUHOI ma iHwux ¢gopm.
Ananiz cmigikocmi KOHCMPYKYIL € 8ANCIUBUM eNeMEeHMOM PO3PAXYHKY Ri0 Yac npockmyeanus Oyoigens i cnopyo. Ilpu yvomy
GENUKULL BNIUE HA KPUMUYHE HABAHMAICEHHSI MAE 2eOMempuina @opma 06010HKU, wo eukopucmogyemocs. IIposedeno
NOPIGHATbHULL AHANI3 20MEeMPUYHO HENTHIUHO020 0eqhopMYBAHHSA, CMIIKOCIE MA 3aKPUMUYHOT N08eOTHKU naHeell 0OHIET | miei e
Macu npu cmamudHoOMYy MepMOMEXaHIUHOMY HagaHmagcenHi. Pozenanymo cgepuuny i KOHIYHY 0O0IOHKU, WO MAIOMb OOHAKOBY
moswuny, eucomy ma macy. Ilonepednvo Hnazpimi 0001OHKU HABAHMANCYIOMbCA PIGHOMIDHUM  306HIUHIM  MUCKOM.
Memoo pospaxynky 3acHO8aHUL HA 2eOMEMPUUHO HEAHIUHUX CNIGBIOHOUIEHHAX MPUSUMIDHOI meopii mepmonpysicnocmi Oe3
BUKOPUCIAKHA  CRpOWYIOUUX 2inome3 meopii 00OO0NOHOK 1 GUKOPUCTNAHHI MOMEHMHOI CcXeMu CKIHUeHHUX eleMeHmis.
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3acmocosyemuvcs yHigepcanvhuti npocmoposuil i3onapamempudHuti ckinuennuti enemenm. Enemenm odae 3mocy mooeniogamu
00010HKU CMYRTHYACMO-3MIHHOT MOGUWUHY, 31 3NAMAMU CEPEOUHHOT NOBEPXHI MA 3 THUMUMU 2eOMEMPUUHUMU OCOOTUBOCNAMU 3a
MOoBWUHOIO. 3a0aya HEeNIHIIHO20 0eOPMYSaHHsL, CIMIUKOCH MA 3aKPUMUYHOL NO8EJIHKU HEOOHOPIOHUX 000IOHOK PO36 ‘A3YEMbCs
3a 00NOMO2010 KOMOIHOBAHO20 ANCOPUMMY, WO BUKOPUCTNOBYE MEMOO NPOOOBIHCEHHA PO38 A3KY 30 NAPAMEMPOM, MOOUDIKOBAHUIL
memoo Hvromona — Kanmoposuua ma npoyedypy asmomMamuuno20 Kope2yeanHs napamempie arcopummy. Memoo uucenbno
0OIPYHMOBAHO 6 cammsix agmopis. J{ocniodicents GUAGUIU 0CODIUBOCI Y NOGEOTHYI NOPIBHIOBAHUX NOLO2UX NAHENEll.

Knwuoei cnoea. monka nonoza 00010HKA; MPUGUMIPDHUI CKIHYEHHUI e1eMEHm; 2eOMempudHo HeniHiline
depopmyseanns; empama cmiliKocmi; 3aKpumuiHa nOBeOiHKA; MOMEHMHA CKIHUEHHO-CIEMEHMHA CXeMa; mepmomexaniune

HABAHMAIICEHHA; NOPIGHATILHUN AHATII3
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