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 Abstract 
Introduction. Optimization is a criterion, on the ground of which, compara-

tive estimation of possible alternatives and selection of the best decisions is carried 
out. Cost of a shell, its minimum weight, absence of bending moments and tensile 
normal stresses, given stress state for acting external load, given bearing capacity 
when optimal shallowness, maximum external load, minimum weight under limita-
tion on the value of natural frequencies of vibration and maximum displacements, 
absence of bending moments with taking into account internal pressure, dead 
weight, and centrifugal forces; maximum of critical force and something else can 
be criterion of selection of optimal shape of shell of revolution.  

Methods. The main criteria of optimality for shells of revolution and infor-
mation sources for the 1970–2019 periods are presented in a paper. It will help to 
study previous results devoted to using optimizations and to set about further 
investigation. But there is no single approach to the definition of optimal shell of 
revolution and obviously will not be, because own optimizations are necessary 
for every concrete case of loading, or distribution of stresses along the thickness, 
or under the demands to the ratio of the volume and area of considered shell, or 
with due regard for different kind of expenses, and other demands. 

Results. For the first time, 24 criteria of optimality only for shells of revolu-
tion were discovered. The names of scientists offered presented criteria of opti-
mality and the 45 references dealing with this question are pointed out. It is shown 
that principles put in the basis of optimal design and criteria of optimality must be 
given with the help of language quite naturally for computer. Having used optimi-
zations presented in the paper, designers can choose the criterion for their own 
design of optimal shell shape. Study of the prerequisites of the structural solutions 
in building and machine-building, the history of the development and perfecting of 
technologies of erection of shells of revolution will permit to generalize the experi-
ence accumulated by designers and to develop new fundamental solutions. Other-
wise, architects, structural engineers, and designers will be repeating the achieved 
solutions in building, architecture, and machine-building. 
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Introduction1 
 

It is well known that shells of revolution are 
the most widely-distributed type of shells. They are used 
in different fields of human activity viz in architec-
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ture, building, machine-building, and so on. Large 
number of scientific-and-technical publications [1–3] 
is devoted to analysis of these shells on strength, sta-
bility, dynamic, and to their application and classifi-
cation.  

Now, not only problem of shell analysis is one 
of actual problems, but a problem of finding of opti-
mal shells of revolution with given in advance cha- 
racteristics and required constraints is also an impor- 
tant task. Optimization is the selection of a best ele-
ment with regard to some criteria from some set of 



Krivoshapko S.N. Structural Mechanics of Engineering Constructions and Buildings, 2019, 15(3), 201–209 
 

 

202  THEORY OF THIN ELASTIC SHELLS 

available alternatives. In the simplest case, an optimi- 
zation problem consists of search of minimum or ma- 
ximum value of a real function by choosing it from 
within an allowed set [4]. W. Stadler and V. Krish-
nan [5] have written that about 5,000 scientific pa-
pers and more than 100 monographs published since 
earnest 1970 until 1990 were devoted to problems of 
optimization of forms of shells of revolution. N.I. Ab- 
ramov and V.T. Alekcandrov [6] noted: “Algorithms 
and program means, in general, are devoted to solu-
tion of classical optimization problems and do not 
take into consideration the real design requirements, 
constructive restrictions, and regulations of building 
standards”. Principles put in the basis of optimal de-
sign and criteria of optimality must be given with  
the help of language quite naturally for computer [7]. 

Consider some of the most important criteria of 
optimality that are adapted for practical conditions or 
already have found application under investigation of 
shells of revolution.  

 
Criteria of optimality of shells of revolution 

 
Maximum of ratio of the volume of inner shell 

space to the area of the surface. V.E. Mihailenko, 
V.S. Obuhova, A.L. Podgorniy [8] introduced into 
practice the special criterion 

n = V/S,                               (1) 

where S is the minimum area of surface of revolution 
covering the maximum volume V.  

The more criterion n the better designed midsur-
face of the shell of revolution is with geometrical 
point of view. The scientists presented this criterion 
approved it in a class of the second order surfaces of 
revolution and obtained the optimal criteria nmax for 
every group of surfaces of revolution with variable 
rise of the surface.  

So, they determined optimal rise of a surface of 
revolution in every group of the surfaces with the rest 
constant values of the geometric parameters.  

But having used the method of investigation 
presented in a book [8], it was shown that the results 
obtained in a paper [9] differed in the main from the 
results given in [8]. It means that no one in the con-
sidered surfaces of revolution does not have maxi-
mum for the introduced criterion n, i.e. optimization 
of chosen geometric shape of surface of revolution 
under the criterion (1) does not make sense. 

Minimum volume of inner space of shell with 
given area of its middle surface. This problem can 
be formulated by the following way: it is necessary 
to design a shell of revolution of the nodoid type 
with minimum area of surface under given volume in 

advance [10]. It means to find the plane curve, i.e. 
the meridian, when its rotation forms the necessary 
middle surface of the shell of revolution of alterna- 
ting gauss curvature. This criterion is recommended 
to use for designing atomic installations [11].  

A condition of equi-strength. A condition of equi-
strength of thin-walled shell of reservoir is assumed 
as a basis of analysis of drop-shaped reservoir for 
the liquid products [12]. Geometry of the middle sur-
face of a shell is chosen on condition that tensile me-
ridional and circular forces will be equal to each oth-
er and constant (N1 = N2 = N = const) under an action 
of designed load. It means that a condition 

1/R1 + 1/R2 = γ(h + y)/N = pN 

must be satisfied. This equation follows from the con- 
dition of equilibrium of a shell element (Laplace for- 
mula). Here R1 and R2 are radiuses of principle cur-
vatures correspondingly in meridional and circular 
directions. The key designed load (inner pressure) 

p = γ(h + y) 

is a sum of hydrostatical pressure of liquid and uni-
form redundant pressure; у is the distance the peak 
from a considered point of the shell in the vertical 
direction; γ is a density of the product; h is a height 
of designed column of liquid.  

This criterion was used, for instance, for a mem-
brane chaotically reinforced composite shell [13]. 
The meridian of the shell is built through the points. 

Forming of the single surface of revolution with 
two given parallels and having the given magnitu- 
des of coefficients of the first fundamental form in 
the theory of surfaces. E. Annaberdyev [14] offers  
a method of selection of the single surface of revolu-
tion passing through given parallels and having the 
given magnitudes of coefficients of the first funda-
mental form in the theory of surfaces  

ds2 = Edu2 + Gdv2. 

A surface of revolution cannot be designed when  
a finite number of its parallels is taken. A smooth 
meridian of the middle surface of shell of revolution 
is formed as a curve passing through two points and 
having the common tangents at the joints of the pa- 
rallels for maintaining smoothness of the meridian. 

Minimum-weight shell. This criterion is used ra-
ther often. For instance, comparison of the results of 
a strength analysis of membrane shells of revolution 
with an ellipsoid of revolution of variable and con-
stant thickness is given in a paper [15]. Comparative 
analysis showed that the shells of minimum weight 
of variable thickness loaded by uniform inner pres-
sure have some advantages. 
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Minimum weight of a shell with given in advance 
angles of inclination of tangents to the meridian on 
circle edges. Efforts to develop low-mass, high-strength 
aerospace structures have produced many efficient 
structural concepts. This criterion is used too in aero-
space field. As a result, they derive optimal shape of 
the meridian and distribution of the thickness along 
the meridian. Several examples illustrating an appli-
cation of this criterion are presented in a report [16]. 
The method makes use of linear membrane theory. 
Stroud W. Jefferson supposed that membrane theory 
greatly simplifies the calculations and appears to be 
sufficiently accurate for the type of shell problems con-
sidered. The method uses the strain energy of distor-
tion yield condition of Von Mises to relate the stress 
resultant to the thickness. The mass as a function of 
the shape is expressed with the help of an integral. 
The integral is minimized by a Ritz procedure toge- 
ther with nonlinear mathematical programing method. 
Two types of shell shapes were considered: transition 
sections, which are open at both ends, and pressure-
vessel heads, which are open at one end and closed 
at the other. 

Minimum weight with step-function distribution 
of shell thickness. A methodology of optimal design 
of shells with step-function distribution of thickness, 
i.e. ribbed shells and shells with a discrete inner layer, 
is used for designing of shells of revolution of mini-
mum weight with simultaneous guaranteeing strength, 
stability, and rigidity. This problem is solved in two 
stages [17]. At the first stage, the optimization prob-
lem consists in determination of the general dimensional 
parameters of shell, i.e. shape and constant thickness 
of the shell of minimum weight. The second stage gives 
a possibility to detail dimensional parameters of the 
shell. These design parameters describe the location 
and size of the ribs, the reinforcement parameters, 
etc. It is supposed that the thickness is changed from 
the center to the edges linearly, but is not changed 
along the parallels. The solution of the second stage 
is based on the results of the first stage calculation.  
A methodology of solution of the problem of the first 
stage for ribbed shells working in the geometrically 
nonlinear deformation stage uses the Galerkin method 
in finite element formulation. 

In a paper [17], the effectiveness of the presen- 
ted method of optimization is shown in comparison 
with methods offered by other researchers earlier. Such 
methods as the multidimensional continuous search 
or a method of the grid, the steepest descent method 
with a variable step, and a method based on a com-
bination of the gradient method and the random 
search method have been chosen for a comparative 
analysis in [17]. 

Optimal distribution of thickness. In a paper [18], 
a problem on optimal distribution of thickness in an 
elastic shell loaded by external pressure and by self-
weight under loss of bearing capacity restriction is 
studied. The same criterion is used by M. Serra [19] 
for membrane shells.  

Optimal distribution of variable thickness in com- 
bined shells of revolution similar to equi-strength 
shells. There is a method of solution of problems of 
optimal distribution of constructional materials in com-
bined elastic shells with taken geometrical nonlinea- 
rity into consideration when stationary value of the 
functional of additional energy of strain is criterion 
of quality. This criterion can be used for a non-thin 
shell under non-axisymmetric loading. In that case, 
the method of solution of problems of optimal distri-
bution of constructional materials in a non-thin elas-
tic orthotropic shell of revolution with given volume 
of material comes to the guarantee of minimum value 
of the functional of energy of strain. This criterion was 
illustrated on concrete examples in a dissertation [20]. 
The criterion can be used for the solution of important 
applied problems of analysis and optimization of ele-
ments of aircrafts and articles of constructive optics. 

Minimum volume and expected strength under 
given load. Those who use this criterion raise a prob-
lem: it is necessary to find a shape of axisymmetric 
shell of revolution having minimum volume and this 
shell must be durable when bending moments are ab-
sent under action of inner pressure, dead weight, 
or centrifugal forces [21]. Methods of calculus of varia-
tions, the criterion of strength of Tresca, and expan-
sion of the solution into a power series of the inde-
pendent variable are used in the time of solution of 
the problem.  

The absence of bending moments and tensile 
normal forces. Designers must secure the absence of 
bending moments and tensile normal forces in pro-
jected tensionless masonry domes. For these cases, 
the criterion used by M. Farshad [22] should be ra-
ther helpful. As the result of this study the meridio-
nal shape and thickness variation of a tensionless ma- 
sonry dome was obtained. 

Minimum weight of shell from quasi-brittle ma- 
terial with taking into account appearance and pro-
gress of cracks as a result of action of given mini-
mum value of cycles. The most important task is a 
problem of optimization of shells from brittle mate-
rial with due regard for initial defects and accumula-
tion of damages [23]. But the most part of investiga-
tions on theory of optimal design is fulfilled without 
taking into consideration initial damages and assump-
tions of possibilities of appearance and progress of 
cracks. At first, problems of optimization with taking 
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into account appearance of cracks with given parame- 
ters in advance were studied but N.V. Banichuk with 
colleagues [23] already introduces a factor of incom-
pleteness of information. In this paper, the authors [23] 
study the problem of finding axisymmetric shape of 
thin-walled momentless shell of revolution posses- 
sing minimum mass and answering the geometrical 
constraints, the constraints on the permissible num-
ber of cycles before destruction, if axisymmetric ex-
ternal actions are applied. The problem of finding of 
optimal shape of shell consists in determination of 
radii of parallels of the shell of revolution of constant 
thickness. 

The given bearing capacity for optimal slope. 
When it is necessary to ensure the given bearing ca-
pacity for optimal slope of shell, designer can avail 
oneself of the results presented in a paper [24] where 
this criterion is considered. 

L.Yu. Stupishin [25] used the same criterion of 
optimality but he solved a problem on the basis of 
the principle of maximum of L.S. Pontryagin under 
buckling constraints.  

Minimum volume of concrete and minimum 
weight of reinforcement of ellipsoidal shell of revo-
lution with optimal rise (slope). This criterion prac-
tically coincides with the foregoing but it is used on-
ly for reinforced concrete shells. K.M. Gmirach with 
his colleagues [26] proposes to find an optimal shell 
rise under constant value of the radius of the founda-
tion, i.e. an optimal ratio of the rise of an elliptical 
reinforced concrete shell of revolution to the radius 
of the foundation may be taken as the criterion of 
optimality. In a paper [26], three domes with diffe- 
rent rise were analyzed. The stresses in the support 
ring, the total area of reinforcing, and the total ex-
pense of concrete were calculated. The results of in-
vestigations proved that application of elliptical rein-
forced concrete domes with a rise less than 11.5 m 
and with a 27 m diameter of the foundation is not 
rational, because the dome begins to work on tension 
instead of compression.  

Given bearing capacity of combined shell un-
der condition of dividing of its meridian into 5 sec-
tions that are approximated by circles of different 
radii.  A meridian of a shell of revolution is divided 
into five section, every section is substituted for a 
curve outlined along a circle of Ri (i = 1 – 5) in radi-
us. A numerical analysis of the shell is fulfilled with 
the application of standard formulae of a theory of 
thin shells. Having studied the obtained results, one 
can change one or several radii and repeat the analy-
sis. These analyses are fulfilled several times until 
acceptable result will be. This method is described in 
a paper [27]. 

Minimum weight of the combined shell with given 
in advance bearing capacity. V.V. Toropov [28] sol- 
ved a problem of minimization of weight of the com- 
bined axisymmetric shell structures with the applica-
tion of the principle of stage parametrical optimiza-
tion. The analysis of the structure under given set of 
the operated parameters of thickness of separate com- 
ponents of the shells was carried out by the finite 
difference energy method. A system of the interact- 
ting restrictions for stresses, displacements, and sta-
bility was approved. 

On the basis of a complex search in a disserta-
tion of V.G. Malakhov (2003) and in his paper [29], 
an algorithm of finding of a combined shell of revo-
lution with optimal weight under strength constraint 
was devised when the thicknesses of the shell struc-
tures and the parameters of supporting rings are un-
known design variables. 

Weight constraint for a shell of conjugation of 
two shells of revolution. This criterion coincides practi-
cally with the foregoing criterion. In a paper [30],  
a numerical procedure of optimization of a shell of 
revolution connecting a cylinder to a sphere under 
internal pressure is offered. A procedure based on  
a direct variational method. An optimal shape of the 
shell of conjugation is determined under condition 
that its meridian is given by a function differentiable 
at least twice. The design is set up with respect to 
volume restriction, weight constraint and governing 
yield criterion. The shell of conjugation can have 
variable thickness and has the same strength as that 
of an unpierced sphere subjected to internal pressure. 

An approach to problem, presented in a paper [30], 
can be applied for shells of smooth conjugation with 
conic and cylindrical midsurfaces, brought in a pa-
per [31], where meridians are taken in the form of 
the section of the sinusoid. 

The minimization of the volume of the shell 
material, the maximization of the fundamental na- 
tural frequency, the minimization of the maximum 
stresses, and the minimization of the maximum dis-
placement. This criterion of optimality is given in  
a paper “Sensitivity analysis and optimal design of 
thin shells of revolution” [32]. Stress-strain state of 
axisymmetric shells of revolution under action of ar- 
bitrary loads is determined in classical formulation of 
Love – Kirchhoff with the help of FEM. The criterion 
was approved for conic, cylindrical, and compound 
cylindrical-and-conical shells. The objective of the de- 
sign is the minimization of the volume of the shell 
material, the maximization of the fundamental natu-
ral frequency, the minimization of the maximum stres- 
ses, or the minimization of the maximum displacement. 
The constraint functions are the displacements, stresses, 
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enclosed volume of the structure, volume of shell mate-
rial or the natural frequency of a specified mode shape. 

G.I. Belikov, A.A. Tarasov [33] solved a problem 
of increasing of the lowest frequency of natural oscil- 
lations with the help of change of the geometrical pa-
rameters and the form of meridian of hyperbolic cool-
ing towers with taking into consideration influence of 
self-weight on the stress-strain state of the shell.  

Solving the problems of optimization, they used 
a method of relaxation with correction of the vector 
of solution for every iteration. By the way, G.I. Be-
likov derived that demands to shell about frequency 
of natural vibrations are well coordinated with strength 
constraint [34]. 

The same criterion is used in a dissertation [35] 
where problems of optimization of a shell of minimum 
mass are considered with constraints on maximum stres- 
ses or displacements, on minimal natural frequencies 
and on the geometrical parameters when the natural 
frequencies depend on preliminary loading. 

Maximum of the buckling load capacity when 
a volume of the barrel-shaped shell is given in ad-
vance. In a paper [36], barrel-shaped shells with fixed 

opposite edges subjected to axial compression are exa- 
mined under buckling constraints. For this case, op-
timal curvature of the meridian of the middle surface 
of shell of revolution under action of maximum criti-
cal load is found when its volume is given in advance  

Minimum normal stresses in shells of revolu-
tion with the same overall dimensions, boundary 
conditions, and external load. Several shells of re- 
volution, the middle surfaces of which are formed by 
convex or concave in one side meridians, are taken 
for consideration. Then, it is necessary to choose the 
constants in the parametrical equations of these sur-
faces in order to receive the same overall dimensions 
of the shells. Then, they obtain the parameters of 
stress-strain state of the selected shells; make proper 
graphic representations of displacements, bending mo- 
ments, normal and shearing forces, and compute maxi- 
mum normal stresses in appointed sections. At the last 
stage, they find minimum values from maximum valu- 
es of normal stresses and that shell is considered as 
optimal one. In a paper [37], this criterion was ap-
proved after the example of five shells of revolution 
of negative curvature (Figure). 

 
 

 
 

Figure. Five types of surfaces of revolution: 
a – a catenoid; b – a surface of revolution of the fourth order parabola;  

c – a surface of revolution of the second order parabola; d – a one sheet hyperboloid of revolution; e – a globoid 
 
 
The investigation of B. Nick [38], conducted with 

5 types of domes (spherical, elliptical, parabolic, hy-
perbolic domes, and combined domes with middle sur- 
faces, consisting of hyperbolic and parabolic surfaces), 
was realized with the application of the same criteri-
on. He insists that a dome formed from the lower 
hyperbolic dome and the upper paraboloid of revolu-
tion is the best of all. 

Maximum of inside blast pressure. Now, the pro- 
tection of erections from the terrorist attacks and, thus, 
search of effective structural shapes to mitigate the blast 
energy is very important problem. The influence of in-
side blast pressure is studied for six shapes of domes of 
the same weight and thickness in a paper [39]. The study 

shows that the parabolic and bowl shape of domes could 
withstand the blast load with least top displacement. 

Minimum expenditures for making, transport, 
assembling, and exploitation of combined reinfor- 
ced concrete shells. This criterion was presented in  
a paper [40]. The height of a combined reinforced 
concrete dome and the parameter describing the form 
of combined shells were taken as the modified gui- 
ded parameters. A shell made of unified plates with 
the dimensions of 3×6 m in the form of spherical sur- 
face was considered as an example. 

Minimum cost under minimal values of varia-
ble rise and thicknesses in the apex and at the sup-
port. This algorithm of optimization is a method of 

e 

a b c 

d 
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selection which gives minimum cost of building of 
shell structure under strength constraints. 

A method of selection is decrease of permissible ini-
tial thicknesses until stresses and deformations in shell do 
not achieve the allowable tensile stresses and the allowa-
ble deformation under compression. This process is put 
into effect with changing shell rise from maximum height 
till minimal height. The value of decided parameters gi- 
ving the minimum cost will be taken as optimal solution. 

A cost restriction is total cost of reinforced con-
crete shell, cost of external and inner finishing layers. 
This minimization must be limited by technical de-
mands of safety. A cost restriction is represented by 
three group restrictions that limit the minimization of 
design variables that are strength constraints of materi-
al, minimum thickness restriction, and restriction of the 
minimum height which must be functionally required.  

In a dissertation [41], the computer program for op-
timization of a spherical shell is presented and approved. 
Data generation includes the constant shell span (D) and 
variable parameters of a process of optimization, i.e. the 
shell rise (h), the initial shell thickness (tc) at the peak 
and at the support (ts). The program of optimal analysis 
consists of two parts [41]. The first part contains data 
generation. This part non-linearly analyses a shell with 
taking in consideration the self-weight and live load 
(snow and wind load). The second part uses the method 
of selection. This part offers optimal analysis of a shell, 
i.e. it finds optimal thickness at the shell peak and at the 
support that are variables in the cost restriction. Finally, 
the cost of the shell of revolution is calculated.  

The results of the second part are used again as 
the data generation for the first part but with new 
geometrical parameters (h, tc, ts) and again it is ne- 
cessary to revert to the second part, and so on. 

The total cost of a reinforced concrete dome with 
minimum normal stresses and minimum constant thick- 
ness. This criterion is introduced in a paper [4], where a 
dome with reinforcement in both meridional direction and 
hoop direction is under consideration. The criterion is il-
lustrated for three spherical domes with diameters equal to 
6 m, 20 m, and 45 m. The total cost consists of the cost of 
reinforcing steel and concrete. For optimization of dome 
structure dynamic programming method is used.  

 
Conclusions 

 
V.V. Novozhilov was one of the first who began 

to seek for a shell of revolution with the most advanta-
geous indices of stress-strain state. In particular, exami- 
ning four different domes viz spherical, parabolic, half-
elliptical, and the lesser part of elliptical, he determined 
that a dome in the form of the lesser part of ellipsoid of 
revolution was the most advantageous one because it 
can work as momentless shell with comparatively slight 

rigidity of the support contour. Membrane strength the-
ory of shells subjected to dead load was used. 

V.G. Malakhov [20] shows that yearly number 
of publications devoted to optimal design of shells 
remains rather great during the last ten years. It points 
at stable interest of researchers in problems of opti-
mal designing. Considerably less works are devoted 
to optimal designing of thick shells. 

After the first results of shell optimization since 
1960 till present time, interest in establishment of criteria 
of optimality and in solution of optimization problems 
increases under conditions of regularly increasing requi- 
rements for creation of optimal shells of revolution for 
different branches of human activity. Before the begin-
ning of subsequent investigations, it is necessary to study 
previous results of using of criteria of optimality. This 
review paper can help in studying of existing criteria.  

In this paper, criteria of optimality for composite 
shells of revolution are not presented. Those who are in- 
terested in this problem can begin with a book [42] with 
73 references, where criteria of optimality of shell struc-
tures from reinforced composite materials are enumerat-
ed or with more late works [43; 44] and with a work [45] 
containing 88 references, where laminated composite 
and sandwich plates and shells are considered. 
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 Аннотация 
Цели. Критерий оптимальности – признак, на основании которого про-

изводится сравнительная оценка возможных альтернатив и выбор наилучше-
го решения. Критерием выбора оптимальной формы оболочки вращения 
может быть ее стоимость, минимальный вес, отсутствие изгибающих момен-
тов и растягивающих нормальных усилий, заданное напряженное состояние 
для действующей внешней нагрузки, заданная несущая способность при оп-
тимальной пологости, максимальная внешняя нагрузка, минимальный вес 
при ограничениях на значения собственной частоты колебаний и максималь-
ных перемещений, отсутствие изгибающих моментов при учете внутреннего 
давления, собственного веса и центробежных сил, максимум критической 
нагрузки и многое другое. Выбрать приемлемый критерий оптимальности 
оболочки вращения – цель настоящего исследования. 

Методы. В статье представлены основные критерии оптимальности для 
оболочек вращения и источники получения информации за период с 1970 по 
2019 г., что поможет изучить предшествующие результаты по использованию 
критериев оптимальности и приступить к дальнейшим изысканиям. Однако 
единого подхода к определению оптимальной оболочки вращения нет и, по-
видимому, не будет. Для каждого конкретного случая нагружения, или распре-
деления напряжений по толщине, или требований к отношению объема и пло-
щади поверхности рассматриваемой оболочки, к учету различного вида расхо-
дов и других требований необходимы свои критерии оптимальности. 

Результаты. Впервые представлены 24 критерия оптимальности, приме-
няемые для оболочек вращения. Указаны ученые, предложившие эти крите-
рии, и даны соответствующие ссылки на 45 источников информации, в ко-
торых описываются рассматриваемые критерии. Показано, что принципы, 
положенные в основу оптимального проектирования, должны быть изложе-
ны с помощью языка, понятного компьютерам. Используя материалы ста-
тьи, проектировщики могут выбрать критерии для своего собственного проек-
та оптимальной формы оболочки. 
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