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Introduction. This paper is a continuation of the authors’ systematic studies on the problems of 

nonlinear deformation, buckling, and natural vibrations of thin elastic shell structures of 
inhomogeneous composition under static thermomechanical loads [1–4]. The finite element method, 
on which the solution procedure for these classes of problems is based, can be confidently considered 
one of the most widely used numerical methods in structural mechanics [5–12]. 

In the developed method [1–4], an elastic inhomogeneous shell is treated as a three-dimensional 
body of small thickness without employing the conventional hypotheses of classical thin plate and 
shell theories [13–14]. The proposed approach to modeling elastic inhomogeneous shells, including 
shells with step-variable thickness, provides an efficient tool that allows one, within a unified 
methodology, to account for various realistic geometric features of structures. The shell may have ribs, 
channels, holes, sharp bends of the mid-surface, variable thickness, etc. For this purpose, a universal 
(within certain limits) three-dimensional finite element with additional variable parameters has been 
developed [1–4]. The finite element analysis is based on the geometrically nonlinear relations of the 
three-dimensional theory of thermoelasticity [15–17] and on the principles of the moment finite-
element scheme (MFES) [6, 18–20]. Large displacements and small strains are considered, while the 
temperature field is assumed to be a known (prescribed) function of the coordinates and independent of 
the stress–strain state of the shell. In general, the behavior of a flexible elastic shell is a complex 
thermomechanical phenomenon. Different stages of loading can give rise to specific features in 
deformation and natural vibrations. In particular, in the pre-buckling domain, bifurcation points of 
equilibrium solutions may appear whose detection is an important step in studying buckling of shell 
structures. The developed buckling analysis method for inhomogeneous shells [1–4] makes it possible 
to detect the presence of bifurcation points and to trace new branches of solutions corresponding to 
alternative deformation modes. This is achieved by two approaches: (i) by the qualitative theory (in 
which case such points are determined within the accuracy of the load increment, i.e., within the 
interval of its variation), and (ii) by introducing a small imperfection into the initial mid-surface shape 
of the shell (which, in the pre-buckling domain, may transform a bifurcation point into a critical point). 
The capabilities of the proposed method are illustrated by the analysis of spherical axisymmetric 
panels of uniform thickness, for which the conditions of occurrence of asymmetric deformation and 
buckling modes along with symmetric ones were determined [4]. A classical benchmark problem [21, 
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22] was considered, namely, the determination of the critical load for panels of different curvatures 
rigidly clamped along the contour and subjected to a uniform pressure of intensity q . The 
effectiveness of the developed approach has been confirmed.  

1 Objective of the study. This paper continues the research presented in [4]. The results of the 
analysis of the deformation and buckling behavior of elastic shells are presented. Among all the studies 
conducted by the authors [1–4], this work focuses primarily on shells for which the «load–deflection» 
curves ( uq  ) exhibit bifurcation points in the pre-buckling deformation domain. Both constant-
thickness and stepwise variable-thickness shells are considered. The results are presented on the 
influence of both structural parameters of the shells and thermomechanical loading on the buckling 
behavior of inhomogeneous elastic shells. 

The results are presented in terms of the dimensionless parameters for the load )( 44 Ehqaq   and 

the deflection huu '' 11   along the Cartesian axis 'x1 . Here a  is the characteristic in-plane dimension 
of the panel, h  – is the thickness, and E  – is the elastic modulus. For convenience, the figures include 
corresponding notations indicating the class of problems being considered. 

2 Buckling and natural vibrations of a constant-thickness panel. A square smooth spherical 
panel is considered (Fig. 1). The panel is simply supported along its contour and subjected to a uniform 
pressure. The shell material is isotropic. The curvature of the panel is defined by the 
parameter  hRaK 22 , where R  – radius of the mid-surface of the panel. The input data are as 

follows: 61012  ,E kg/cm2, Poisson’s ratio 30,  and density -3107.85  kg/cm3. 
2.1 The behavior of a shallow spherical panel with the curvature parameter 32K , h =1 cm, 

ha 60  , hR 225  is investigated. 
A detailed analysis of the buckling of the 

panel according to the static criterion, where the 
solution is presented as the uq   curve, is 
given in [1]. In [2], the results of the modal 
analysis of this panel are presented. The issue of 
the validity of employing symmetry planes in 
the finite-element shell model (FESM) was 
studied. Naturally, the use of symmetry planes 
simplifies the formulation of the buckling 
problem and makes the solution process more 
manageable; however, it simultaneously 
eliminates the possibility of the occurrence of 
skew-symmetric vibration modes, special 
points, and bifurcated branches of nonlinear 
solutions. Figure 2 shows the «load–frequency» 
curves ( iq  ) corresponding to two 
formulations of the problem: the entire panel 
without symmetry planes, frequencies i ; and 
a quarter panel with the FESM including two 
symmetry planes, frequencies i

~ . The 
corresponding vibration modes of the panel at 
the initial loading stage ( 0q  ) are presented 
in Table 1. In the last column of the table 
schematic representations of the natural 
vibration modes are provided. 

 
 
 
 

  
 

Fig. 1. Shallow spherical panel of constant thickness 
 

 
 

Fig. 2. Natural vibration frequencies for the finite-element 
model of the entire panel (  ) and the quarter panel (  ) 
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Table 1 
 

 , Hz 0q  

7853321 ,  

 
 

4054713 ,~   

 
 

691,244   

 
 

 
The FESM with two symmetry planes excludes asymmetric vibration modes. The frequencies 

corresponding to the symmetric vibration modes are identical for both FESM model variants. It should 
be noted that when considering the FESM with a single symmetry plane (half of the panel), the 
conjugated vibration modes corresponding to multiple frequencies are eliminated. For example, in our 
case, the frequency 2  and the associated vibration mode are disregarded (Table 1). Therefore, a 
complete buckling analysis of shells combined with modal analysis should be carried out using a 
FESM without symmetry planes. The FESM with one symmetry plane may also be used; however, in 
this case, one should consider the possible exclusion of multiple eigenfrequencies. 

Considering the deformed state of the shell while ignoring the stresses accumulated at the load 
increment steps (prestress) leads to an incorrect calculation of frequencies (solid curve) and a false 
determination of the upper critical load up

crq  by the dynamic criterion (Fig. 3). The dashed curve q  
corresponds to the calculation with prestress 
considered at each load step. Circles indicate 
the load levels at which the modal analysis was 
performed. 

The algorithm for solving the problem of 
nonlinear deformation and buckling of the shell 
makes it possible to identify bifurcation points 
on the uq   curve. For this purpose, the 
qualitative theory is applied. The occurrence of 
bifurcation points () is associated with the 
appearance of closely spaced equilibrium states 
of the shell. From the mathematical point of 
view, such a point is characterized by the 
degeneration of the determinant of the 
linearized stiffness matrix of the governing 
system of equations, i.e., the first approach (i) 
[1, 4] is used. The stress–strain state of the 
shell in the vicinity of the bifurcation point (at 
the load level *q ) changes smoothly. This 

 
Fig. 3. Comparison of the results with (dashed curve)  

and without (solid curve) consideration of the pre-stressed state 



ISSN 2410-2547  
Опір матеріалів і теорія споруд/Strength of Materials and Theory of Structures. 2025. № 115 

 

 

97 

process corresponds to a small deflection buckling. The load value *q corresponding to the first 
bifurcation point may be taken as the critical one. 

For the shallow spherical panel 32K , the uq   curve has a simple form (Fig. 4, a) and can be 

described as a oabc  curve. In the pre-buckling domain, using approach (i), at iq  =191.6 a possible 
bifurcation point was detected. To determine this point (value *q ) more precisely, according to 
approach (ii), a small asymmetric perturbation )2(sin   ( ax  – dimensionless in-plane 
coordinate) is introduced into the initial mid-surface geometry of the panel, which can be interpreted as 
an initial imperfection of the shell shape. The perturbation parameter was taken as 010, . 

 

 
 

 
 
 
 

 

(а) (b) 
Fig. 4. Identification of the bifurcation point for a shallow square spherical panel and the corresponding deformation modes 
 
The introduction of a small shape perturbation transforms the bifurcation point into a critical one. 

The resulting new uq   curve acquires the form bc'oa  ( 010, ) in contrast to the curve oabc   
( 0 ) for the perfect panel. In the b'a  range, this curve is shown by the dashed line. The obtained 
value iiq*q  =182,1 ( 010, ) is 6% lower than the upper critical load up

crq =193,7 ( 0 ) of the 
perfect panel. Equilibrium post-buckling deformation shapes are shown in Figure 4, b: an 
axisymmetric deformation shape at point 1 in the ac  
range for the panel of ideal shape, and a skew-
symmetric deformation shape at point 2 in the c'a  
range for the perturbed panel. 

A small perturbation of the initial shell shape 
affects its natural frequencies. A divergence of the 

1q  curves is observed as the load approaches to 
up
crq  (Fig. 5). Starting from the load 142q , the 

1q  curves corresponding to the perfect ( 0 ) 
and imperfect ( 010, ) shell shapes begin to 
deviate. The load at which 01   is taken as the 
upper critical load according to the dynamic buckling 
criterion [23]. 

For the panel with an ideal middle surface, 
according to the dynamic criterion up

crqq  =191,8 
 

Fig. 5. The 1q  curves for a shallow panel  
of constant thickness, K=32 
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(Fig. 5). The difference from the critical load determined by the static criterion is less than 1%.  
For the panel with a perturbed middle surface (approach (ii)), according to the dynamic criterion, 

up
cr

ii qq  =183,0 (Fig. 5). The difference from iq =182,1, obtained using approach (i), is less than 0,5%. 
The obtained results confirm the effectiveness of applying a comprehensive approach to the 

analysis of shell buckling. 
2.2 The behavior of a smooth shallow shell of constant thickness with a curvature parameter 

64K  and h =1 cm, ha 120 , hR 450  is studied. 
In the pre-buckling and post-buckling domain, the «load – deflection» curves for this shallow panel 

exhibit a complex shape (Fig. 6 (a), (b)). The curves uq   are presented for characteristic points o  
(panel center) and b  (quarter panel center). Unlike the shallow panel, the buckling of the shallow shell 
occurs in two stages. In the first stage, the deflection sharply increases in the panel at the middle of the 
quarters, points b . At the same time, the panel center practically does not deform. This corresponds to 
a local buckling, with the formation of two stiffening ridges along the symmetry axes of the panel 
(Fig. 6, c). On the curves uq   this moment of deformation corresponds to poin 1, which has the 

following characteristics: load 7777.q  , deflection at point o  '
ou1 -0.1445, deflection at points b  

'
bu1 -0.6677. For clarity, the shapes are shown in an enlarged scale in the Figure. 

 

 
(а)                                                                                                          (b) 

 
(c) 

Fig. 6. A shallow panel of constant thickness (K=64): the q u  curves at points o  (a) and b (b); deformed shape (c) 

 
At the second stage, a global buckling of the panel occurs (point 2 ) accompanied by a pronounced 

snap-through across the entire shell surface: the load is q  = 815, and the deflections at points o  and 

b  are '
ou1 –0.5500 and '

bu1 2.999, respectively. The deformation shapes in the pre-buckling and 
post-buckling domains are similar. 

In the pre-buckling domain, when approaching point 1  at a load of iq =173.5 according to 
approach (i), a possible bifurcation point  was detected. The existence of this point is also confirmed 
by the analysis performed using the LIRA-SAPR [24]. The computational process in the LIRA-SAPR 
stopped precisely at this point. A comparison with the results obtained using the LIRA-SAPR showed 
a complete agreement of the uq   curves  in the pre-buckling domain (bold line). 
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According to approach (ii), the introduction of a 
small asymmetric perturbation into the ideal midsurface 
geometry of the shell made it possible to more 
accurately determine the bifurcation point  
( up

cr
ii q.q  6775 ) and to trace the branching curve 

from this point (dash-dotted line, Fig. 6). 
The loading process of the considered non-shallow 

panel is accompanied by a rearrangement of vibration 
modes. On the 1q  curves (Fig. 7), circles indicate 
the loading moments at which a change in the character 
of the panel’s natural vibration modes occurs (Fig. 8). 
This transformation of vibration modes depends on the 
change in the multiplicity of frequencies during loading. 
In the initial unloaded state ( 0iq ), the frequencies 

21   are multiple. At loads 7iq , the frequencies 

43   become multiple, and at loads 9iq , the 
frequencies 32   become multiple. The 

rearrangement of vibration modes takes place at loads 7iq  and 9iq . For the frequencies obtained at 
each loading step, their variation spectrum is quite dense. 

 

 

Fig. 8. Transformation of vibration modes of a non-shallow panel of constant thickness, K=64 
 
Comparing the behavior of shallow (K=32) and non-shallow (K=64) panels, it can be noted that for the 

non-shallow panel the uq   curves are more complex. Buckling of the non-shallow panel occurs in two 

Fig. 7. The 1q  curves for a non-shallow panel 
of constant thickness, K=64 
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stages, with the maximum deformation developing not at the center, as in the shallow panel, but in the 
middle of its quarters. The loading process is accompanied by a transformation of the vibration modes. 

3 Buckling and natural vibrations of a ribbed panel. The behavior of a ribbed non-shallow panel is 
studied (K=64, h =1 cm, a=120h, R=450h). The concave side of the shell is reinforced with a pair of central 
crossing ribs: hhr 2  is a rib height excluding the shell thickness h , hbr 2  is a rib width. 

The deformation pattern of this ribbed panel (Fig. 9) differs only slightly from that of the 
previously considered non-shallow shell without ribs. This is due to the ribs being in areas where 
natural stiffness ridges form during the deformation of the smooth shell (Fig. 6 (c)). 

 

 
(а)                                                                                        (b) 

 
(c) 

Fig. 9. Non-shallow ribbed panel (K=64): the q u  curves at points o  (a) and b (b); deformation shape (c) 

 
The presence of the central rib pair has almost no effect on the magnitude of the critical load, which 

increased only by 3,3%, compared to the smooth shell. The uq   curve at the characteristic point 1  

shows the following values: 4804,q  , '
ou1 -0,3470, 

'
bu1 -0,7087. The overall buckling of the panel (point 2 ) 

occurs at a load of 1012q . 
In the pre-buckling deformation domain for the 

considered ribbed panel, a bifurcation point ( iq  =800,2), 
is also observed, identified according to approach (i). 
Comparison with results obtained using the LIRA-SAPR 
(bold curve) shows complete agreement of the curves 

uq   in this domain. 
The 1q  curve (Fig. 10), similar to the smooth 

panel, exhibits a mode shape transformation (Fig. 11). The 
loads at which this transformation occur are marked with 
circles. For the ribbed panel, at loads 70   ii qqq , the 

frequencies 32   are multiples; at loads qq i 7 , the 
frequencies 43   become multiples. The mode shape 

transformation occurs at loads 7iq  and 10iq .  

 
Fig. 10. The 1q  curve for the non-shallow 

ribbed panel, K=64 
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Fig. 11. Mode shape transformation of the non-shallow ribbed panel, K=64 

 
It can be concluded that the behavior of smooth and ribbed shallow panels K=64 remains similar. 

This is explained by the fact that the installed cross ribs pass through the natural stiffness ridges 
inherent in the smooth shell during deformation, which enhances the local rigidity of the structure. The 
conducted study confirmed the effectiveness of the applied method for analyzing ribbed shells. 

4 Buckling of a panel with channels. A smooth shallow panel (K=32, h =1 cm, ha 60 , 
hR 225 ) weakened by four cross channels is considered. The channels are symmetrically arranged 

on the inner and outer surfaces of the panel (Fig. 12) and have identical dimensions: length а , width 
hbc 6 , depth h,hc 70 . 

The obtained uq   curves are plotted for the deflections at two characteristic points of the shell: 
o  is the panel center, b  is the intersection point of the channels (Fig. 13 (a)). A comparison of the 
results obtained using the MFES and LIRA-SAPR (bold curve) and SCAD [25] (dashed curve), shows 
that the curves fully coincide in the pre-buckling domain. The analysis in LIRA-SAPR terminated at 
the bifurcation point (marked with ‘*’ on the graph), which the program interprets as the upper critical 
load. The bifurcation point was also detected in the calculations performed by the MFES (approach 
(i)). To refine the value of iq  approach (ii) was applied, 
which involves introducing a small asymmetric perturbation 
( 010, ) into the initial mid-surface shape of the shell. The 
calculation results are given in Table 2. The branching of the 
new equilibrium path is shown by the dash-dot curve. 

It should be noted that the deformation shapes of the shell 
obtained using different algorithms (MFES, LIRA-SAPR, and 
SCAD) agree well with each other (Fig. 13 (b)). At the 
moment of buckling, the deflection at the panel center is 
smaller than in the region of the channel. 
 

 
Fig. 12. Schematic representation of a shell 

segment with channels,  
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(а) (b)  

Fig. 13. Spherical panel with channels (K=32): the q u curves (а) and  
deformation shapes of the shell at characteristic load levels (b) 

 
Table 2 

Method of Analysis 1' ( )up up
cr crq u o  ,%q u   1'ii iiq u   ,%q ii u ii    

MFES 72,94 0,2876  0 0  63,34 0,2410  0 0  

LIRA-SAPR –– –– 64,79 0,2451  2,89 1,70  

SCAD 74,71 0,3289  2,43 12,81  –– –– 
 

It is shown that the developed method is effective for studying nonlinear deformation, buckling, 
and post-buckling behavior not only of smooth shells of constant thickness and ribbed shells, but also 
in analyzing the behavior of shells with structural weakenings, such as channels. 

5 Effect of preliminary heating on buckling of a thin shell. A shallow axisymmetric spherical 
panel of constant thickness is considered. The panel is subjected to a temperature field and an external 
uniform pressure. The shell is hinged along its contour ( ). The input data are as follows: hHk   is 
a parameter, characterizing the shallowness of the axisymmetric panel, 4H h  is the rise of the panel, 
h =1 cm, ha 100 , 4101250  . grad 1  is the coefficient of linear thermal expansion. 

In the calculations, the effect of heating and pressure on the shell is treated as a combined 
thermomechanical loading process carried out in two stages. First, the panel is heated to a specified 
temperature: 0, 20, 40 CT     . This causes nonlinear deformation of the shell. The heating acts as a 
preliminary disturbance of the panel’s stress–strain state during subsequent loading by a uniformly 
distributed normal pressure of intensity q . The additional loading by pressure is applied while 
maintaining a fixed temperature field T . 

The evolution of the uq   curves of the spherical panel depending on the amount of preliminary 

heating is shown in Fig. 14. In the absence of heating ( C0T ) and when the panel is heated to 
C20T , the curves uq   have a rather complex shape. In the domain of the upper critical load 

up
crq , loops appear and bifurcation points ( up

crq*q  ) are observed. The introduction of an asymmetric 
disturbance into the mid-surface of the shell according to approach (ii) ( 0010. ) made it possible to 
obtain a new branch of the solution (dash-dotted curve). In the vicinity of this point, the axisymmetric 
deformation mode of the shell transitions into an adjacent non-axisymmetric one.  
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(а)                                                                                                        (b) 

Fig. 14. The q u  curves  of the spherical panel at different levels of preliminary heating 
 

With further heating of the shell ( C40T ), due to the increased effect of the bulging 
phenomenon and the rise of the panel, the uq   curves acquire a simpler shape (Fig. 14 (b)). 
Bifurcation points in the pre-
buckling domain are absent. 

Such a transformation of the uq   
curves is explained by the influence of 
heating. Preliminary heating of the 
panel causes it to bulge in the direction 
opposite to the applied pressure and 
increases the rise of the panel (Fig. 15). 
The more heat then the rise is greater. 
The initial shape of the panel is shown 
by a bold dash-dotted line for 
comparison of the deformation 
process. Heating the hinged shell to 

C20T  leads to an almost uniform 
expansion of its volume and an 
increase in the rise by nearly half of the 
thickness (Fig. 15 (a)). Buckling of the 
panel occurs with the formation of an 
axisymmetric dimple. A more 
significant preliminary heating of the 
shell to C40T  causes a further 
increase in the rise of the panel by 

h,750 . Buckling in this case occurs 
through a snap-through of its central 
part near the pole (Fig. 15 (b)). 

It should be noted that studies 
presented in [4] have shown that for 
a panel with a clamped edge, such effects are absent. In this case, the uq   curves have a simple 
form, and no bifurcation points are observed in the pre-buckling deformation domain.  

Conclusions 
The comprehensive approach developed by the authors for analyzing the behavior of elastic shells 

under static thermomechanical loads has been applied to study geometrically nonlinear deformation, 
buckling, and natural vibrations of shells. This work continues the authors’ previous research. Special 

 
(а) 

 
(b) 

Fig. 15. Deformation and buckling modes of the spherical panel, k=4 
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attention is given to shells whose load–deflection curves may exhibit bifurcation points in the pre-
buckling domain. The presented numerical examples demonstrate the effectiveness of the method for 
investigating shell buckling, including the identification of bifurcation points and tracing of branching 
solution paths. 
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Кривенко О.П., Лізунов П.П., Калашніков О.Б. 
АНАЛІЗ СТІЙКОСТІ ПРУЖНИХ ОБОЛОНОК СТУПІНЧАСТО-ЗМІННОЇ ТОВЩИНИ ПРИ СТАТИЧНИХ 
ТЕРМОМЕХАНІЧНИХ ВПЛИВАХ  

Надано результати комплексного аналізу поведінки пружних оболонок при статичній дії термомеханічних 
навантажень. Вивчаються процеси геометрично нелінійного деформування, втрати стійкості та власних коливань 
оболонок. В роботі головна увага приділена визначенню наявності точок розгалуження у докритичній області 
деформування оболонок. Комплексний метод дослідження поведінки оболонки реалізований як двоетапний алгоритм. 
На кожному кроці термомеханічного навантаження він поєднує розв’язання статичної задачі геометрично нелінійного 
деформування оболонки та проведення модального аналізу на цьому кроці. Такий підхід дозволяє визначати критичні 
стани оболонки як за статичним критерієм (точка максимуму кривої навантаження-прогин), так і за динамічним 
(навантаження, для якого найнижча частота власних коливань оболонки дорівнює нулю). Метод побудований на основі 
геометрично нелінійної теорії термопружності, моментної схеми скінченних елементів та універсального тривимірного 
скінченного елемента. Для визначення точок розгалуження (біфуркації) у докритичній області деформування 
застосовується методика щодо внесення у вихідну форму оболонки малих несиметричних збурень. Такий підхід 
забезпечує можливість виходу на нові гілки розв’язку, що відповідають суміжним формам втрати стійкості. Наведені 
чисельні приклади підтверджують достовірність, універсальність та ефективність методу. 

Ключові слова: тонка оболонка, геометрично нелінійне деформування, стійкість, термомеханічне навантаження, 
біфуркація, універсальний тривимірний скінченний елемент, моментна схема скінченних елементів. 
 
Krivenko O.P., Lizunov P.P., Kalashnikov O.B. 
BUCKLING ANALYSIS OF ELASTIC THIN SHELLS WITH STEPWISE VARIABLE THICKNESS UNDER 
STATIC THERMOMECHANICAL EFFECTS 

The results of a comprehensive analysis of elastic shell behavior under static thermomechanical loads are presented. The 
study focuses on geometrically nonlinear deformation, buckling, and natural vibrations of shells. Special attention is given to the 
identification of bifurcation points in the pre-buckling domain of shell deformation.The proposed comprehensive method is 
implemented as a two-stage algorithm. At each step of the thermomechanical loading, it combines the solution of the 
geometrically nonlinear static problem for the shell with a modal analysis at the same step. This approach allows the 
determination of critical states according to both the static criterion (maximum point of the load–deflection curve) and the 
dynamic criterion (load at which the lowest natural frequency of the shell becomes zero). The method is based on the 
geometrically nonlinear theory of thermoelasticity, the moment scheme of finite elements, and a universal three-dimensional 
finite element. We apply the methodology of introducing small non-symmetric perturbations into the initial geometry of the 
midsurface of the shell to determine bifurcation points iin the pre-buckling domain. This approach enables tracing new solution 
branches corresponding to adjacent forms of buckling. The presented numerical examples confirm the accuracy, universality, 
and effectiveness of the proposed method. 

Keywords: thin shell, geometrically nonlinear deformation, buckling, thermomechanical loading, bifurcation, universal 3D 
finite element, finite element moment scheme. 
 
 
УДК 539.3 
Кривенко О.П., Лізунов П.П., Калашніков О.Б. Аналіз стійкості пружних оболонок ступінчасто-змінної товщини при 
статичних термомеханічних впливах // Опір матеріалів і теорія споруд: наук.-тех. збірн. – Київ: КНУБА, 2025. – Вип. 
115. – С. 94-106. 
Приведені результати дослідження нелінійного деформування, втрати стійкості та власних коливань пружних 
оболонок неоднорідної структури з виявленням точок розгалуження у докритичній області деформування. 
Табл. 2. Іл. 14. Бібліогр. 25 назв.  
 
UDC 539.3 
Krivenko O.P., Lizunov P.P., Kalashnikov O.B. Buckling analysis of elastic thin shells with stepwise variable thickness 
under static thermomechanical effects // Strength of Materials and Theory of Structures: Scientific-and-technical collected 
articles. – Kyiv: KNUBA, 2025. – Issue 115. – P. 94-106. 
The results of an investigation of nonlinear deformation, buckling and natural vibrations of elastic shells of inhomogeneous 
structure with the detection of branching points in the sub-buckling domain of deformation are presented. 
Tabl. 2. Fig. 14. Ref. 25. 
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