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Abstract. In this study, thin shells in the form of algebraic surfaces defined by a geometric frame of three plane superellipses lying
respectively in three coordinate planes are considered. As the main focus of the study, the case when the horizontal superellipse is
a circle is examined. It is shown that depending on the type of the other two superellipses, it is possible to obtain a conical surface,
or a surface of negative Gaussian curvature, including conoids, or surfaces of positive Gaussian curvature. The construction of
12 particular cases of such surfaces with a circular base is illustrated. Six of them are investigated in detail using the methods of
differential geometry, i.e. expressions of the fundamental quadratic forms are obtained, for the first time. Out of the 12 presented
shell shapes, two ruled shells of zero and negative Gaussian curvature (conical and cylindroidal respectively) with the same
geometric frame were selected for comparative static analysis. The two shells were analyzed for uniform distributed load using
displacement-based FEM implemented in the SCAD software. It is shown that despite the two shells having identical geometric
frames, the conical shell demonstrated better performance over the most strength parameters.
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HccaenoBanue reoMeTpruy U HANPSKEHHO-1e¢(OPMHPOBAHHOIO
COCTOSIHH S 000JI04€K €O CPEAUHHBIMU NMOBEPXHOCTAMM,
3aJJaHHBIMHU ABYMS CYIIEPIJIIMIICAMHU U OKPYKHOCTHIO

B.B. Kapuesnu' "™, U.A. MamueBa

Poccuiickuii yauBepcuret apyx0s1 HaponoB, Mockea, Poccuiickas @edepayus
P4 valera.karnevich@gmail.com

IMomyueno: 11 aBrycra 2025 r.
Jlopabotana: 2 okts16ps 2025 r.
IMpunsra x myoaukanuu: 12 okTsops 2025 r.

AnHoTanus. PaccMoTpeHsl ToHKHE 0007T04YKH B (hopMme anreOpandeckux MOBEPXHOCTEH ¢ TeOMEeTPHYECKMM KapKacoM H3 Tpex
CYHEPIINUIICOB, JIEXKAUX B TPEX KOOPAUHATHBIX IUIOCKOCTAX, B Cllyuyae, KOIla TOPHU3OHTANIBHBIN CYNEpIJUIUIC IPEACTaBIsACT
coboii kpyrioe ocHoBanue. Iloka3aHo, 4TO B 3aBUCUMOCTH OT (DOPMBI OCTaNIbHBIX ABYX CYHEP3JUIMIICOB MOXKHO IOIy4UTh KOHUYE-
CKYI0 IIOBEPXHOCTh, IOBEPXHOCTb OTPULATENbHON IayCcCOBOM KPUBHU3HBI, BKIIIOUAS KOHOUJbI, WU IOBEPXHOCTb MOJIOXKUTEIb-
HOH rayccoBoil KpHBHU3HEIL. [IpoMIITIOCTPHPOBAHO NMOCTPOEHHE 12 MPUMEPOB TaKHX IOBEPXHOCTEH HAa KPYINIIOM OCHOBAHHH.
U3 Hux 6 moBepXHOCTEH BIEPBbIC UCCIIENOBAHBI MOAPOOHO MeTonamMu TU(GepeHIINATBHON TeOMETPHH, TIOIyYeHbI UX K03 PuUIm-
€HTHI KBaJpaTHYHbIX (opM. M3 12 mpencraBneHHBIX (GopM 000I0YEK AT CPABHUTEIHHOTO CTATHYECKOTO pacdeTa BHIOPAHBI IBE
IMHeHyaTbie 000I0YKH HYJIEBOM U OTPULIATENbHON raycCOBON KPUBHU3HBI (KOHUYECKAs MOBEPXHOCTh U IIMIUAPOU) C OAUHAKOBBIM
reoMeTPUYECKUM KapkacoM. Pacuer o0onodek ¢ paBHOMEPHO paclpeneIeHHOM Harpy3Koi IPOU3BOMIICS ¢ UCIOIB30BaHUEM METOZA
KOHeuHbIX s1eMeHToB (MKD) B nepeMernenusx, peaau3oBaHHoM B mporpaMMHoM komiiekce SCAD. IToka3aHo, 4To, HECMOTpPS Ha
OIMHAKOBEIN T€OMETPHUYECKHH KapKac 3THX ABYX 000104eK, o 0ompmuHCTBY mapamerpo HJC mydmme moxasareny y KOHHYe-
CKOM 00OJIOUKH.

KiioueBble ciioBa: Kpyrioe OCHOBaHME, anreOpandeckas MOBEPXHOCTh, LMJIMHAPOUJ, KOHUYECKAas MOBEPXHOCTb, CTATHYECKUN
pacuet, MKD

3asBiieHNe 0 KOHGUIMKTE HHTEPECOB. ABTOPHI 3asIBIISIOT 00 OTCYTCTBUU KOH(IHKTA HHTEPECOB.

Bxaanx aBropoB: Kapuesuu B.B. — uccienoBanue, aHajau3, IporpaMMHoe oOecriedeHre, BU3yaan3alus, HalucaHue OPUTrHHAIb-
HOTO npoexTa; Mamuesa U.A. — MeTONONOTHs, BaJUIallMs, HAMCAHUE, PELICH3UPOBAaHUE U pefakTUpoBaHue Tekcra. O0a aBTopa
03HaKOMJIEHBI C OKOHYATEJIILHON BepCHel CTaThi U OHOOpUIIH ee.

Baaromapuoctu: Asrops! Beeraa OynyT noMHUTS podeccopa Ceprest HukonaeBuya Kpupomanko 3a €ero 0T3b61BYUBOCTh, TOTOBHOCTD
NPUHATH Ha MOMOIIb U ITyOOKHiA HHTEepec K paboTe Hax cTaTbeil. Oco0yto MPU3HATETEHOCTh XOUETCS BBIPA3UTh 33 €0 JeTalbHBIC
KOMMEHTapHU U 1LIEHHbIE PEKOMEHJALIMU Ha BCEX JTalax IOArOTOBKH TEKCTA, a TAK)KE 38 KOHCTPYKTUBHBIE MJIEM KACATEIbHO Aajlb-
HeWmux Hay4HbIX u3blckaHuil. Cepreil HukomaeBnd, oka3aBIIMH 3HAYUTEIbHOE BIMSHUE HA PAa3BUTUEC HAyKH B OOJIACTH TOHKO-
CTEHHBIX KOHCTPYKIHH, Onaromapst CBoeMy OOraToMy OIBITY, ITHPOTE B3MIAAOB M CIIOCOOHOCTH JOCTYITHO NPETIOTHOCHTH CIIOX-
HBIH MaTepHal, ChIrpall KIF04YeBYO POk B IPOOYKIEHUH HHTEPECA K HCCIIEIOBAHHIO TIOBEPXHOCTEH 1 060I0YEK.

s untupoBanusi: Karnevich V.V, Mamieva I.A. Analysis of geometry and strength of shells with middle surfaces defined by
two superellipses and a circle // CrpouTenbHas MeXaHHKa MHXXEHEPHBIX KOHCTPYKUUH U coopyxenuid. 2025. T. 21. Ne 5. C. 399-413.
http://doi.org/10.22363/1815-5235-2025-21-5-399-413 EDN: DRENKL

1. Introduction

In descriptive geometry, the frame of a surface is a set of lines, which define the surface. Surfaces
constructed from a geometric frame of three curves lying respectively in three coordinate planes are widely
used in shipbuilding for the design of hulls of above- and under-water vessels. In [1], the author discusses
issues of modelling hull surfaces with discrete points and the computational advantages and geometric
intuitivity of using parametric representation in the surface modeling. In [2], thirteen analytical surfaces for
preliminary stages of hull shape selection and different methods of their construction are presented. There
were suggestions of using superellipses as the plane curves of the geometric frame [3—6], which allow to
significantly expand the number of shapes for ship hulls by varying the parameters of the superellipses.

Kapueguu Banepuit Bauecnasoguu, acunpant kaenpbl TEXHOIOTHI CTPONUTENBCTBA 1 KOHCTPYKIIMOHHBIX MaTepHaloB, HHXKEHEpHas akajemus, Poccuii-
CKMI yHMBepCUTET JpysxObl HaponoB, Poccuiickas ®exnepanus, 117198, r. Mocksa, yi. Mukiyxo-Makunas, a. 6; eLIBRARY SPIN-kox: 4233-3099; ORCID:
0000-0002-6232-2676; e-mail: valera.karnevich@gmail.com
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Paper [7] presents parametric equations and a technique for generating complex submarine hull shapes,
which are composed of fragments of surfaces defined by a frame of superellipses. In [8], thin shells with
middle surfaces containing three plane superellipses as the geometric frame were originally suggested to be
used in construction and architecture.

In [5; 9], the curves defining the considered surfaces are expressed in the following form:

= the first curve of the geometric frame in the xOy plane (z = 0):

’ =W{1—%J, (1)

= the second curve of the geometric frame in the yOz plane (x = 0):

o =77 Ll _w}, @

Wm

|y

= the third curve of the geometric frame in the xOz plane (y = 0):

N
|z| =T [1 | 3)

where for convex curves r, ¢, n, m, s, k> 1; for concave curves r, ¢, n, m, s, k < 1. Curves (1)—(3) represent
superellipses if the exponents within each equation are equal, or arbitrary plane curves otherwise. The
exponents in equations (1)—(3) can take on any positive value. In this study, only superellipses are considered
to constitute the geometric frame, sor=t,n=m,s=k. lfr=t=1,n=m=1,s=k=1, then curves (1)—(3)
degenerate into straight lines, and superellipses degenerate into rhombs.

Using the method described in [6; 9], it is possible to derive the explicit equations of three algebraic
surfaces with the same geometric frame of curves (1)—(3):

= generated by a family of sections in x = const planes:
1/n

f=r(i-p r2¢)” [1_|y/W|m/(1_|x/L|f) / } , @
= generated by a family of sections in y = const planes:
. 1n . N

= (1= ppf" 17) [1—|x/L| 1=y } , )
= generated by a family of sections in z = const planes:
n 1/m ‘ s tlk Vir

| =ww (1| /1 7") [1—|x/L| /(1=fz 11T } : 6)

where —L<x<L,-W<y<W, 0<z<T.
The explicit equations of surfaces (4)—(6) can be transformed into parametric equations:

1/n

x:x(u):iuL,y=y(u,v):vW[l—u’]m, Z:z(u,v):T[l—uk]l/r[1—|v|mJ ; @)

xzx(u,v):vL[lfur]m, y:y(u):iuW, z:z(u)zT[lfum]l/n [1|v|kT/S; (8)
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xzx(u,v)va[l—us]l/k , yzy(u,v)ziW[l—u”T/m [1—|v|tT/r , z=z(u)=ul, 9)

where 0<u <1, -1<v<1; wu,v are non-dimensional parameters.

The considered surfaces can be referred to as “kinematic surfaces”, since they are formed by the
motion of a generatrix of variable or constant curvature along a directrix. By taking each of the three super-
ellipses of the geometric frame as the generatrix one-at-a-time, three analytical surfaces are obtained, which
are defined by explicit equations (4)—(6) or parametric equations (7)—(9).

Equations (4)—(9) were used in paper [10] for constructing five groups of new ruled surfaces. Some
of these ruled surfaces were taken as middle surfaces of thin shells, which were analyzed for dead load
in[11].

In scientific literature and in practice, thin shells with a circular base are the most popular. Virtually all
shells with a circular base known to date are shells of rotation, for which about three dozens of optimality
criteria have been proposed [12]. Less known is the method of defining the geometry of shells where middle
surfaces contain three plane curves as the frame, and one of these curves is a circle.

The objective of this paper is to investigate shells with middle surfaces defined by a geometric frame
of superellipses in the particular case when the horizontal curve (base outline) is a circle. Some specific
groups of such surfaces are analysed in detail using the methods of differential geometry for the first time to
demonstrate the geometrical equivalence or distinction of surfaces with the same frame, but different
method of generation. In addition, static analysis is applied to shells with middle surfaces from a particular
group to identify the differences in the structural behavior.

2. Methods

2.1. Construction of Surfaces Defined by Two Superellipses and a Circle

Assuming that a surface with the frame of superellipses has a circular base in the xOy coordinate plane,
then the following values of parameters in equations (1)—(9) can be adopted:

r=t=2,L=W=R, 0<z<0,-R<x<R, —R<y<R,

and z-axis is directed upwards. In this case, expressions (7)—(9) can be rewritten as

x=x(u)==ivR, y=y(u,v)=ivR[1—u2]l/2, Zzz(u,v)=T[1—uk]l/s[1—vm]l/n; (10)
xzx(u,v)zivR[l—uz]l/z, y=y(u)==uR, zzz(u)zT[l—um]l/n [l—va/S; (11)
x=x(u,v)=ivR[1—us]1/k, y=y(u,v)=iR[1—u"]l/m[l—vz]m, z=z(u)=uT, (12)

where 0<u <1, 0<v<l; u,v are non-dimensional parameters.

Parametric equations (10)—(12) allow to construct an unlimited number of groups of three surfaces.
And in each group, the three surfaces will have the same geometric frame of two half-superellipses in
vertical coordinate planes and the same circular base in the horizontal plane.

Several specific groups of three surfaces with the same frame are constructed and illustrated below.
Using parametric equations (10)—(12), the first group of three surfaces is constructed for the case of n =m =
=s =k =1 (Figure 1), the second group of three is constructed with n = m = 1, s = k = 2 (Figure 2),
the third group of three has s = k=1, n = m = % (Figure 3), and the fourth group of three is constructed with
n=m=2,s =k= % (Figure 4). The surfaces are visualized using Matplotlib v3.4.2 plotting library for
Python programming language [13].
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a b c

Figure 1. Analytical surfaces with a circular base (the 1st group of three wheren=m=s=k=1):
a — generated using equations (10); » — generated using equations (11); ¢ — generated using equations (12)
Source: compiled by Valery Karnevich.

a b c

Figure 2. Analytical surfaces with a circular base (the 2nd group of three wheren =m =1, s =k =2):
a — generated using equations (10); » — generated using equations (11); ¢ — generated using equations (12)
Source: compiled by Valery Karnevich.

a b c

Figure 3. Analytical surfaces with a circular base (the 3rd group of three where s =k =1, n =m = 3/4):
a — generated using equations (10); b — generated using equations (11); ¢ — generated using equations (12)
S ource: compiled by Valery Karnevich.

a b c

Figure 4. Analytical surfaces with a circular base (the 4th group of three where n =m =2, s = k= 3/4):
a — generated using equations (10); b — generated using equations (11); ¢ — generated using equations (12)
Source: compiled by Valery Karnevich.
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By changing the values of exponents n, m, s, k in equations (10)—(12), it is possible to continue the
construction of various surfaces with a circular base. The surfaces demonstrated in Figures 1-4 can be
implemented as architectural structures in the form of rigid shells or in the forms of tent coverings. The
potential for application of thin shells with middle surfaces shown in Figures 14 was originally considered
in [14].

2.2. Geometric Analysis

Geometric properties of the first two groups of the presented surfaces (Figures 1 and 2) are examined
using the methods of differential geometry.

A two-dimensional manifold (surface) naturally involves the use of two independent parameters. Any
analytical surface defined by parametric equations can be expressed in vector form:

r :r(u,v) :x(u,v)i+y(u,v)j+z(u,v)k,

where u and v are independent parameters. The terminal points of all vectors r=r(u,v) form a surface in

space.

Internal and external geometry of a surface is described numerically by the coefficients of the
fundamental forms. Coefficients £, G, F of the first quadratic form characterize the internal geometry of a
surface, coefficients L, M, N of the second quadratic form characterize the curvature of the surface in space
and coefficient K defines the Gaussian curvature [15]:

E=A*=¢’, G=B> :rvz, F=rr,;

u

L — (ruururv) M — (rMVerV) N — (rvvrurv) .
JA2B - F* JA2B _F? JA2B—F*
_LN-M?
AR _F?
2.3. Static Analysis

Thin shells with the middle surfaces shown in Figure 1 is are selected for a comparative static analysis
under uniformly distributed vertical load. The choice of the analysis method is discussed below.

Four stages of creation and development of the theory of plates and shells, which gave rise to
mechanism of analysis of spatial roof systems of large-span buildings and structures on a contemporary
level, are presented in [16]. The author supposes that the fourth stage of development of the shell theory,
design and construction of large-span structures has begun in the 21 century.

Now, a large variety of analytical, semi-analytical, and numerical methods of analysis of shells and
shell structures exist. In the previous section, it was shown that the considered middle surfaces of shells
can be defined in Cartesian coordinates using algebraic equations (4)—(6) or using parametric equations
(10)—~(12). Curved coordinate lines u, v of these surfaces can be non-orthogonal (F # 0) or orthogonal (¥ = 0),
non-conjugate (M # 0) or conjugate (M = 0).

Taking this into account, one may use Goldenveiser’s system of 20 governing equations [17] of the
thin shell theory for arbitrary curvilinear coordinates containing internal “pseudo-forces” and “pseudo-
moments”, or the system of governing equations suggested by S.N. Krivoshapko [18] containing internal
forces and moments generally used in engineering calculations, or the governing equations of
Ya.M. Grigorenko, A.M. Timonin [19] expressed in tensor form. The linear theory of thin elastic shells is
an approximate two-dimensional case of three-dimensional linear theory of elasticity [20]. The linear theory
of thin elastic shells belongs to classical special two-dimensional models within linear elasticity [21]. The
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governing equations suggested by these researchers contain coefficients of the fundamental quadratic forms,
which have not been previously presented for the specific surfaces examined in this paper.

Relevant literature analysis has shown that these three groups of governing equations of the linear
theory of thin shells have been used only in the case of the simplified momentless theory of shells or for the
analysis of ruled shells with a number of simplifications in geometry or governing equations. Hence,
accurate application of analytical methods for the shells in question cannot be realized at present time.

Several numerical methods were considered for the analysis of the shells in this study. Such included:
method of numerical integration of the system of governing differential equations, asymptotic semi-
analytical method with a small parameter, finite difference energy method, finite element method in terms
of displacements, and others [22]. It was decided to use displacement-based FEM [23]. In the 21* century,
such FEM software as LIRA, SCAD, STARK, MicroFE, STADIO, ABAQUS, ADINA, ANSYS, LS-DYNA,
COSMOS, MSC/NASTRAN, SOFISTIC, and other were successfully used for similar tasks. It was decided
to select SCAD [24], which allows to conveniently define shell geometry using parametric equations and set
the mesh discretization step along the curved coordinate lines. By changing the overall dimensions of shells,
selecting appropriate exponents of algebraic curves (1)—(3) of the main frame of the shells, and by assuming
a particular parameter of optimization, one can select an optimal structure among a large number of shells
in automatic mode.

3. Results
3.1. Geometric Analysis

3.1.1. First Group of Three Surfaces

The coefficients of the fundamental forms of the surface in Figure 1, a can be expressed in the following
form:

E:A2:ruz=R2+R2u2v2/(1—u2)+T2(1—v)2; (13)
G=B"=r; =T"(1-u)" + R (1-u’) = B’ (u); (14)
F=rr=-Ruw+T*(1-u)(1-v); (15)
R*Tv(1-u)
L=-— 7 (16)
VA B - F? (1-u* )2
R*T(1-u) _
M= T 17)
VA B = F? (1-u? )2
N =0; (18)
K=-M’/(4’B*-F*)<0. (19)

In expressions (13)—(19), the coefficient of the first fundamental form F # 0 shows that coordinate
lines u, v are non-orthogonal. The coefficient of the second fundamental form N = 0 shows that coordinate
lines v coincide with the straight generators of the surface. The coefficient of the second fundamental form
M # 0 shows that the coordinate grid u, v is non-conjugate. The ruled surface presented in Figure 1,a is a
surface of negative Gaussian curvature, since K < 0.
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The coefficients of the fundamental quadratic forms of the surface shown in Figure 1, b are also
determined by expressions (13)—(19). Since the ruled surfaces presented in Figure 1, a and 1, b have the
same coefficients of the fundamental forms, they are identical surfaces. They are both cylindroids [25].

The coefficients of the fundamental quadratic forms of the surface in Figure 1, ¢ are expressed as
follows:

E=A =’ =T+ R*; (20)

F=rr =0 21)

G=B"=r] =R*(1-u)" /(1-V*); (22)

L=0; (23)

M =0; (24)
~TR(1-

N — (rvvrurv) — ( u) (25)

NAB —F _(T2+R2);(1—v2);

2

In expressions (20)—(26), the coefficient of the second fundamental form L = 0 shows that the curved
coordinate lines u coincide with the straight generators of the surface. The coefficient of the first
fundamental form F' =0 shows that coordinate lines u, v are orthogonal and the coefficient of the second
fundamental form M =0 shows that the coordinate grid u, v is conjugate. Therefore, the introduced
curvilinear system of coordinates u, v is defined in lines of principal curvatures. The ruled surface shown in
Figure 1, c is a surface of zero Gaussian curvature, since K = 0.

This ruled surface is a right circular cone. Differentials of the corresponding arclengths of coordinate
lines u and v can be determined using the expressions

ds,=Adu, ds,= Bdv.
3.1.2. Second Group of Three Surfaces

The coefficients of the fundamental quadratic forms of the surface shown in Figure 2, a have the
following form:

E’:A2 =ru2 =u2v2R2 /(1—u2)+u2T2(1—v)2 /(1—M2)+R2; (27)
G=B"=r}=(T?+R*)(1-u?) =B (u); (28)
F=rr,=—vRu+T u(l-v); (29)
2
L= RT : (30)
VA B - F (1-u7)
M =0, (31)
N=0; (32)
K=0. (33)
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Expressions (27)—(33) indicate that the system of curvilinear coordinates u, v is non-orthogonal (¥ # 0),
but conjugate (M = 0). Coordinate lines v coincide with the straight generators (N = 0) of the cylindrical
surface (K = 0) shown in Figure 2, a.

The coefficients of the fundamental quadratic forms of the surface shown in Figure 2, b have the
following form:

E=A =5} =R+ RV /(1-17 )+ T7 (1-17); (34)
G=B=r}=R* (1= )+ T5* (1-u)’ / (1-1); (35)
F=rr,=—Ruv+vT*(1-u); (36)
RzT(l—u)v2
L= 3 I (37)
NAB —F? (1-u7 )2 (1-7 )2
R*T(1-u)v

A*B? - F? (l—uz);(l—vz )5

!
v RT(1-u)(1-*) 59

VeF—r (1)

2
K= R4T2£1_”) " >0, (40)
(4°B>-F?) (1-*)(1-77)

The corresponding coefficients of the fundamental quadratic forms of the surface shown in Figure 2, ¢
have the following form:

E=& =5} =T’ + R /(1-* )+ R (1-77); (41)

G=B"=r) =R (1-u )+ R (1-u)" / (1-*); (42)

F=rr,=vR*(1-2u); (43)

o RzT(l—u)vj » (44)
J£2B - F? (1-02)2 (1)

e RT(1-u)v . 45)

1
v RZT(I—u)(l—uz)z | o)

VA*B? - F? (1—v2 )3

PACUYET TOHKUX YMPYTVX OBOMNOYEK 407




Karnevich V.V., Mamieva |.A. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(5):399-413

- R4T22(1—u)2 vt .0 @
(A2B2—F2) (1—u2)(1—v2)

By comparing equations (34)—(40) and (41)—(47), it can be observed that the surfaces presented in
Figures 2, b and 2, ¢ have the same values of the coefficients of the second fundamental form (L, M, N),
only with the opposite signs, and the same positive Gaussian curvature (K > 0).

The geometry of the remaining two groups of three surfaces (Figures 3 and 4) can be investigated in
a similar manner.

3.2. Static Analysis

The shells with the middle surfaces shown in Figure 1 are subjected to a uniformly distributed load
g = 1 kN/m?. The load acts in the opposite direction to the fixed axis Oz.

It is assumed that 7= R = 5 m, constant shell thickness # = 7 cm, elastic modulus of the shell material
E»=32500 MPa and Poisson’s ratio v = 0.17. The shell is fixed at the base along the contour z = 0.

It was previously established that the surfaces in Figure 1, and 1b are identical, despite being
constructed differently by the process of moving the straight generators within the geometric frame. Thus,
the static analysis is performed for two cases of the middle surface: cylindroid (Figure 1, @) and cone
(Figure 1, ¢). The finite element models are developed in SCAD v21 software for the two cases of shells
and are depicted in Figure 5, including the directions of curvilinear coordinates u# and v. The geometry of
the models is defined by parametric equations (10) and (12) respectively. The meshes of FE-models consist
of plane shell elements.

Figure 6 shows the exaggerated deformed shapes of the analyzed shells under the applied vertical load.

Figure 5. Finite element model:
a — shell with cylindroidal middle surface; b — shell with conical middle surface
S ource: compiled by Valery Karnevich.

-----

Figure 6. Deformed shape:
a — shell with cylindroidal middle surface; b — shell with conical middle surface
Source: compiled by Valery Karnevich.
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The left-hand sides (a) of Figures 7-12 demonstrate the computed strength parameters of the shell with
the middle surface shown in Figure 1, a. Correspondingly, the right-hand sides (b) of Figures 7—12 show the
computed stress-strain state parameters of the shell with the middle surface shown in Figure 1, ¢. Vertical
displacements (Figure 7) are positive in the upwards direction. Normal stresses N. and N, (Figures 8-9)
are directed along coordinate lines u and v respectively; positive values of normal stress indicate tension.
M, and M, (Figures 10-11) represent bending moments, which act in the sections orthogonal to coordinate
lines u and v respectively and are calculated as moment per unit length of these lines. Equivalent
compressive stress (Figure 12) is computed as von Mises stress.
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Figure 7. Distribution of displacements along z-axis (mm):
a — shell with cylindroidal middle surface; b — shell with conical middle surface
Source: compiled by Valery Karnevich.
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Figure 10. Distribution of bending moments M, (kN-m/m):
a — shell with cylindroidal middle surface; b — shell with conical middle surface
Source: compiled by Valery Karnevich.
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Figure 11. Distribution of bending moments M, (kN-m/m):
a — shell with cylindroidal middle surface; b — shell with conical middle surface
Source: compiled by Valery Karnevich.
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Figure 12. Distribution of equivalent von Mises compressive stress at the middle surface (kN/m?):
a — shell with cylindroidal middle surface; b — shell with conical middle surface
Source: compiled by Valery Karnevich.

4. Discussion

This paper shows the construction of 4 groups of three surfaces, based on the previously obtained
analytical and parametric equations of surfaces with the geometric frame of three superellipses. All 12
surfaces contain a circle as one of the plane curves of the frame. The presented surfaces are visualized
graphically (see Figures 1-4) for better perception by architects and engineers. Using the methods of
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differential geometry, the detailed analysis of 6 algebraic middle surfaces of shells was performed for the
first time. As a result of the geometric analysis, two surfaces in one group of three surfaces (see Figure 1)
came out identical, and in the case of the other group (see Figure 2) all three surfaces are geometrically
different. In the opinion of the authors, these surfaces can be taken as a basis for the shapes of civil and
mechanical engineering structures. At least, these surfaces can be in the reserve of surfaces waiting for their
implementation [26] within the framework of one of the modern architectural styles. The number of new
forms of thin shells can be significantly expanded by taking fragments of different superellipses as the plane
curves of the geometric frame [27].

The comparative static analysis of two thin shells (see Figure 5), the middle surfaces of which belong
to one group of three surfaces with identical frames, was undertaken to provide insight into the structural
differences. It is clear from the deformed shapes (Figure 6), displacement distributions (Figure 7), stress and
moment distributions (Figures 8—12) that the behavior of the two shells with the same dimensions, material
and applied static load differs drastically. All distributions of the strength factors in the circular cone are
rotationally symmetric. In the cylindroid, these distributions are symmetric about the radial edges of the
shell, which lie along the x and y axes. The maximum vertical displacement of the cylindroid is about
8 times higher than that of the cone (see Figure 7). The maximum stresses and moments (see Figures 8—12)
are about 3—4 times greater in the cylindroid. The greatest normal stresses along curvilinear coordinates u, v
in the cylindroid concentrate at the bottom of the radial edges (see Figure 8). The normal stresses in the
circular cone are more linearly distributed and are larger near the circular base (see Figure 9). Moreover, the
cylindroid shell has areas of tensile stress, whereas the cone exhibits pure compression. The maximum
bending moments in the cylindroid concentrate along the radial edges (Figure 10). The bending moments in
the circular cone are slightly greater near the base (see Figure 11), but are very small overall. It should be
noted that the values of the strength factors along curvilinear coordinates u, v cannot be compared directly
for the two shells, since their curvilinear coordinate grids are different (Figure 5). Hence, the distributions
of von Mises compressive stress were obtained for the two shells (see Figure 12). These equivalent stress
distributions roughly locate the dangerous areas of the shells.

5. Conclusion

Developments in mechanical and civil engineering require new more efficient solutions. One possible
method of improving the load-bearing capacity of shell structures is modification of their geometry. This
paper examines thin shells, the middle surfaces of which are defined by three plane curves of the geometric
frame: a circle in the horizontal plane and two superellipses in the two vertical planes. It is shown that by
varying the values of the exponents of the superellipses, it is possible to obtain a variety of outstanding
shapes.

1. The method of defining the geometry of surfaces by using the curves of their frames allows to obtain
a group of three surfaces — one for each curve of the frame. Further geometric analysis is required to
determine the differences within the group. Some surfaces within a group may be identical, and in the other
group some may share particular geometric characteristics, but be different overall, as confirmed by the
findings in this paper.

2. It is shown that shells with geometrically different middle surfaces, but defined by the same frame,
exhibit completely dissimilar behavior under static load. The presented static analysis of the two shells
formed by the same main frame shows advantage of the circular cone over the cylindroid. However, a more
detailed analysis is required for selecting the optimal shell, by testing for different dimensions, material
properties and constraints. In some cases, material consumption, the simplest method of shell fabrication, or
enclosed volume may be taken as the optimality criterion, which can be potentially satisfied by particular
shell shapes demonstrated in this paper.

The analysis of available sources allowed to conclude that in the beginning of the 21st century the
period of decline of interest for shell structures and thin-walled shells was over. This happened owing to the
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appearance of new structural materials, expansion of the inventory of analytical, point, spline and frame
surfaces suitable for use as middle surfaces of shells, the development of more accurate calculation methods
and computer software on their basis, and most importantly there was an increased demand for the creation
of curvilinear large-span shell structures. These conclusions are confirmed by appearance of new
architectural styles, directions, and style flows in the recent decades. Most architects and designers believe
that curvilinear structures can become an alternative to traditional forms of buildings, while others, on the
contrary, believe that the curvilinearity of buildings will quickly bore the inhabitants.
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