®

Acta Mech 234, 137-161 (2023) Check for
https://doi.org/10.1007/s00707-022-03373-6 updates

ORIGINAL PAPER

E. Carrera - V. V. Zozulya

Carrera unified formulation (CUF) for the shells
of revolution. II. Navier close form solutions

Received: 28 June 2022 / Accepted: 6 September 2022 / Published online: 31 October 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2022

Abstract Here, we present a Navier close form solution method for some type of the higher-order theories
for elastic shells of revolution developed using the CUF approach. The higher-order models of elastic shells of
revolution are developed using the variational principle of virtual power for 3-D equations of the linear theory of
elasticity and generalized series in the coordinates of the shell thickness. The higher-order cylindrical supported
on the edges and axisymmetric shells, as well as the shallow spherical shells with rectangular planform, are
considered. Numerical calculations were performed using the computer algebra software Mathematica. The
resulting equations can be used for theoretical analysis and calculation of the stress—strain state, as well as for
modeling thin-walled structures used in science, engineering, and technology. The numerical results can be
used as benchmark examples for finite element analysis of the higher-order elastic shells.

1 Introduction

Classical theories of beams, rods, plates, and shells are widely used for theoretical analysis and for design of
thin-walled structures. Thin shells have a remarkable ability to withstand significant loads with a minimum
thickness. This property of thin shells makes it possible to create lightweight structures from them with good
rigidity and strength characteristics, which contributes to the use of shells as structural elements in mechanical,
civil, aerospace, marine, biomedical, automotive, or other engineering applications, where light weight is very
important. These theories are based on the well-known Kirchhoff-Love and Timoshenko-Mindlin physical
hypotheses which significantly simplify final equations. They are very popular among the engineering com-
munity because of their relative simplicity and physical clarity. Numerous books and monographs have been
written on this subject. For general references among others, we can recommend the following: Ambartsumyan
[1], Calladine [2], Fliigge [23], Gould [24], Huang [27], Kraus [32], Niordson [35], Novozhilov [36], Pelekh
[37], Reddy [42], Ugural [47], Timoshenko and Woinowsky-Krieger [46], Ventsel and Krauthammer [50],
Vlasov [51], Wempner and Talaslidis [53]. But unfortunately, the classical theories have some shortcomings
and logical contradictions, such as their proximity and inaccuracy and, as result, in some cases, not good
agreement with the results obtained using the 3-D theory of elasticity approach and experiments. Therefore,
there is a need to develop new, more accurate theories.
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Another approach to the development of the theory of shells consists of expansion of the stress—strain field
components into polynomials series in thickness. This approach was first proposed by Cauchy and Poisson for
the statistical equilibrium of plates in the early nineteenth century. As significant development and extension
on the theory of shells this approach was made by Kil’chevskii [30] and Vekua [49]. Later, it was generalized
and applied to anisotropic shells by Khoma [29] and Pelekh et al. [39], to laminate anisotropic plates and shells
by Pelekh and Lazko [38], to contact problems for plates and shells by Pelekh and Sukhorol’skii [40] and
Pelekh et al. [39], Zozulya [55, 56], to thermoelasticity of plates and shells by Guliaev et al. [26], Pelekh and
Sukhorol’skii [40], Zozulya [57]. We, aslo would like to note recently published papers on higher-order rods,
plates and shells by Zozulya [58] and its appliation to analysis of the functionaly graded shells by Czekanski
and Zozulya [19] and Zozulya and Zhang [62], as well as to micropolar and couple stress theories of plates
and shells by Zozulya [59, 60].

The Carrera Unified Formulation (CUF) approach can be considered a generalization of the polynomial
expansion method for beams, plates, and shells, including laminated structures and multi-fields loadings. The
CUF approach was first presented in Carrera [3]. Hundreds of articles are available on the CUF theory, and
its applications published by Carrera and by many other authors. The most complete information related to
the CUF can be found in the books of Carrera et al. [7, 9, 11] and references there. In particular, higher-order
theory of beams and comparison with classical theories considered in Carrera et al. [9], multi-field analysis of
higher-order plates analysis of plates and shells, their modeling, analysis, and applications presented in Carrera
et al. [4-6, 10, 11] and the finite element analysis of the higher-order multilayer anisotropic composite plates
and shells studied in Carrera et al. [6, 7, 11]. We also would like to note articles on the higher-order theory
of the micropolar theory of beams by Carrera and Zozulya [12], of the micropolar theory of plates by Carrera
and Zozulya [13, 14], and of the micropolar theory of by shells by Carrera and Zozulya [15, 16] and Zozulya
and Carrera [61], where provided more detailed information on the approach used in this publication.

Shells of revolution present a very important class of thin-walled structures, that are widely used as
structural elements in civil, mechanical, and biomedical engineering such as pressure vessels, liquid-filled
tubes and tanks, roof domes, etc. A middle surface of shells of revolution is generated by rotating a plane
curve through 360 degrees about straight line in plane of the curve. Most of the results in analysis modeling
and applications have been obtained for shells of cylindrical, conical, and spherical geometries. The theory of
shells of revolution is presented in most of the books on the general theory of shells mentioned above. Among
others, we would like to note the books by Kovarik [31], Kraus [32], Novozhilov [36], Reddy [43], Vlasov
[51] as well as a book by Chernina [18] specially devoted to the shells of revolution. Brief review of the shells
of revolution of various shape is presented in the paper of Carrera and Zozulya [17].

Shell theory equations are complicate, especially in the case of higher-order theories. Therefore, the corre-
sponding boundary value problems are usually solved numerically, for example, using finite element methods,
see Carrera et al. [7]. Only in some special cases, for example for supported on the edges rectangular plates
and cylindrical shells, there are exact Navier solutions. Corresponding examples can be found in the classical
book by Woinowsky-Krieger [46] and other books on shell theory mentioned above. Vlasov’s [51] shows that
the method of Navier analytical solution can be extended to some classes of the shallow shells, especially to
shallow shells with rectangular planform. More results on shallow shells and their analysis are presented in
books by Dikovich [20], Nazarov [34], Rzhanitsyn [45], Vajnberg and Zhdan [48] for statistical analysis, and
in books by Jin et al. [28], Leissa and Qatu [33], Qatu [41] for vibration analysis. There are many particles
on the static and vibration analysis of the shallow shells with rectangular planform, among others we would
like to mention Carrera and Giunta [8], Carrera et al. [9], Carrera and Zozulya [10, 14], D’Ottavio et al. [21],
Eisenberger and Godoy [22], Grigorenko and Parkhomenko [25], Yan et al. [54].

Here, on the basis of higher-order models developed using the principle of virtual displacements and based
on CUF, the Navier close form solutions are presented for the case of the freely supported cylindrical shell
and shells of revolution with rectangular planform. Numerical calculations of displacements and stress tensors
were performed using the computer algebra software Mathematica, and the results of calculation are presented
in the form of graphs and surfers and density plots. The resulting equations can be used for theoretical analysis
and numerical calculation of the stress—strain state, as well as for modeling thin-walled structures that are
used in science, engineering, and technology. These numerical results can be used as a benchmark example
for finite element analysis of the elastic higher-order shells.
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2 Carrera unified formulation for a shell of revolution

We consider here the exact Navier solution for shells of revolution of a higher order. The theoretical consid-
eration and the corresponding differential equations were developed in detail and presented in Carrera and
Zozulya [17]. Useful and more detailed information can be found in our papers on the higher-order theory
of micropolar shells, in particular, the general higher-order theory of micropolar shells considered in Car-
rera and Zozulya [15], the completely linear expansion case (CLEC) in Zozulya and Carrera [16], the model
based on Timoshenko-Mindlin hypothesis in Zozulya and Carrera [61]. Therefore, here, we present only brief
information on CUF adapted to the case of shells of revolution.

Let us now consider an elastic shell of revolution occupying a region V = Q x [—h, k] in a 3-D Euclidean
space, where €2 is the middle surface and 24 is the thickness of the shell. For convenience, we introduce
curvilinear coordinates X = (x1, xp, x3) associated with the middle surface of the shell. Coordinate x; is axis
of rotation, coordinate x; is an angle of rotation, and coordinate x3 is perpendicular to the middle surface. The
coordinates (x1, x2) are connected to the principal curvatures k| and k; of the middle surface of shell. Then,
position of any point occupied by material points of the shell in the domain V may be presented by vector
R(x), as

R(x) = r(x1,x2) + x3n(x1, x2) (D

where r(xy, x7) is the position vector of the points located in the middle surface of the shell, and n(xy, x7) is
a unit vector normal to the middle surface of the shell.

Since introduced coordinates are orthogonal, Lamé coefficients and their derivatives can be presented in
the form

Hy, = Ay(1 +kgx3) fora = 1,2 and H3 = 1,
0Hpg _ 0Ag Hg 0H; )

d
1 + k y —T— = k A , — = O
0xy 0xy ( a¥3) dx3 PP 0x;

where Ay (x1, x3) = \/ W . W are the coefficients of the first quadratic form of a surface, k, are
o o

the principal curvatures, and o« = 1, 2.
Given that we have considered relatively thin shells, we can make the following assumptions:
0Hpg 0Ag  0H,

l+kyxzs~1— Hy = Aq, = , =kqAy, o,f=12. 3)
0Xy 0Xy 0x3

Following Carrera and Zozulya [17], we introduce here the vector notation and present the symmetric
stress o(x1, x2, x3) and strain e(x, x2, x3) tensors, as well as the displacements u(x1, x2, x3), body b(x1, x2,
x3) and surface p(x, x2, x3) forces vectors in the form

T T
0 = |011,022,033,012,023,013| , € = |€11,€22,€33, €12, 623, €13 »
T T 4

, P= }le,Puz,Pu3| .

T
u= |u1,u2,u3| ’ b = |bx1,bx2’bu3

Kinematic relations in the theory of elasticity relate the displacement vectors to the strain vector introduced
in (4) by the following equations:

e=D-u (%)

1 9 124y 1o 1 294 9 _
S YR Lo A e Oa ey — k1w opt
— 1 1 o A4 o oA o
D' = AjAp dxy Az 0x2 0 Ay 0x) A1Ay 0x1 0x3 k2 0 6pt ’ (6)
k k 90 14 g, L3
1 2 ax3 A 9xy 2 A ax 1

To establish constitutive relations, following Carrera and Zozulya [17], we introduce the potential energy
density function. In the case of orthotropic linear elastic media, it can be represented in the matrix form

W) =e'-C- ¢ (7
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where C is the 6 x 6 matrix of elasticity moduli of the form

Cii Ci2 Ciz3 O 0 0
Cip Cyp Crx 0 0 0
_|Ci3 Cx C33 O 0 0
C=lo" 07 0 ¢, 0 o0 ®)
0 0 0 0 Cy4 0
0 0 0 0 0 Cg

In the case of isotropic material, the corresponding classical moduli of elasticity presented in (8) have the
form

Cii=Cn=C33=A+2u, Cp=Ci3=C3=2% Cyu=Cs5=Ces=n &)

where A and u are Lamé constants of classical elasticity.

Taking the derivative of the potential energy density function with respect to the strain & tensor and
substituting the kinematic relations (5) into the obtained result, the classical stress vector can be presented in
the following form:

o:ﬂzc-e:C-D-u. (10)
o€

Substituting equations for the matrix of material constants (8), operator (6), and displacement vector into
(10), we obtain equations for the classical stress vector expressed as a function of the displacement vector
components.

Using the CUF approach, the displacement u vector, which are functions of curvilinear coordinates (x, ¢,
r), is represented as series of functions of the coordinate x3 directed orthogonally to the middle surface of the
shell, in the form

u(-xl’XZ’-x3) = Fl.l,'L'(-x3) : ur(xleZ), T = 1727 7M (11)

where according to the Einstein notation, the repeated subscript T indicates summation from O to M.
In (11), the basic functions of thickness coordinates Fy_ . (x3) and vector of displacement u, have the form

Fure(r) 0 0 u1c(x1,x2)
Fu,‘c(x3) =0 Fuz,r(x3) 0 , ur(xg,x) = ”2,f(x1’x2) . (12)
0 0 Fis.c(x3) u3 7 (x1,x2)

In (11), according to the Einstein notation, the repeated subscript t indicates summation. In general case, the
choice of the number M and functions Fy, ;(x3) is arbitrary, i.e., for modeling the kinematic field of the shells
along their thickness different base functions of any order can be considered. The final equation becomes simple
if functions Fy, ; are polynomials, especially orthogonal polynomials. The expansions coefficients u;(x1, x2)
as functions of the coordinates x; and x, coincided with the middle surface of the shell. The first subscript in
basic functions Fy, ; indicates the component of the displacement vector, and the second index indicates the
number of the function in the serial expansion.

Applying matrix differential operators (6) to the displacement vector represented by Eq. (11), one can
obtain the strain vector in the form

€ = Du’f - Ur (]3)
where D, ; a is matrix operator of the form
Ful,r 0 Fuz,r 0A> Ful,‘[ 0 Fuz,r 0A1 3Ful,r
A on WAz on A2 Tn T AAn ox; -~ Lk x6pt
T _ up,t 9A uy,T i uy,T i _ Iy 0A T
Duvf T | A1A; 9xp Ay Oxo ('3[7 A1l 0xp A1Ay 0xq F3x3 Fu3’rk2 ([)7* 6pt : (14)
u3,T u3,T i uy,T i
Ful,fkl FMZ»Tkz X3 0 Ay 0xp Al 0xq

Substituting kinematic relations (13) into the generalized Hooke’s law (10), the classical force stress vector
can be presented as

6=C-D,;  u,. (15)
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Based on the principle of virtual displacements, see Washizu [52] and by implementing mathematical
transformations described in detail in the paper of Carrera and Zozulya [17], we obtain differential equations
for high-order elastic shells in the form of displacements, which can be represented in matrix form

Ly, -uj; =bf (16)

where the global matrix operator LY, the vectors of unknown functions uAG,,, and the right hand bf,l side have
the form

loc loc I /
Ll,l A Ll,M uloc‘ bloc
G . . . G . G .
Ly =|: o > Uy =1 . by =1 )
loc loc loc loc
Ly, - Lyy Wy, by

Matrices Llr"‘s are the fundamental nucleus of the differential equations of equilibrium of elastic shells of

higher orders. They, as well as the vectors of local unknown functions u
body and surface loads bé“", have the form

loc

”“and local expressions for external

7,8 7,8 7,8 T
Litwy  Livusr  Lujus Uls buyx
loc __ 7,8 7,8 7,8 loc __ loc _ | 1.
Lt,s =Ly, Luyw, Lisus|s 0 =|uzs|, b = by |- (18)
7.8 7.8 7,8 ~
Lisuy  Lisuy  Lubus U3,s bus«

The components of the vector external body and surface loads b'°¢ have the form

buye = I by s + T2 Puys buyr = Joy  buys + J2 Puys buse = Ji5 bus + T pu,, (19)
where
h
Jrasi = / dF”(;;;”) dF”({;f;mdxa, (i J) = (X1, %2, %3). (20)
—h

In the same way performing mathematical transformations described as in the paper of Carrera and Zozulya
[17], the natural boundary conditions for elastic shells of higher order can be represented in the matrix form

By ¢ -uf =p§ 1)

where the global matrix operator B%’G, the vectors of unknown functions “1?/1’ and the right-hand side pf,l
have the form

loc loc loc
Bl,l BI,M P
N.,G G .
By~ =\ .o » P =1 | (22)
loc loc loc
Byn - Biu Py

C

¢ are the fundamental nucleus for the natural boundary for higher-order elastic shells,

The matrices B

and pi“ are the vectors of local expression for the external load applied at the ends of the shells. They can be
presented as
7,8 T,8 7,8 ui,ug
I B“lsul BulaUZ Bu1,u3 I 7,8 PMI»Y
oc __ 7,8 7,8 7,8 oc __ u,uz
By = |Buu Buuy Busus|s Ps = |Jos “Puys | (23)
Br,s 7,8 7,8 M%MSP
usz,ug u3,un u3,u3 7,8 u3,s

The essential boundary conditions for the higher-order elastic shells can be represented in matrix form

L

BLC u§ .= 0.C (24)



142 E. Carrera, V. V. Zozulya

where the global matrix operator Bf,l’ Y and the vectors of the right-hand side have the form

0,loc
I .- 0 u oc
By =1 . | wif=] (25)
0o -.- I ug/l,loc

where I is the identity matrix, and therefore the global matrix operator Bf,l’ Y is the identity matrix operator.
In the following Sections, based on the here presented differential equations, we consider exact Navier
solutions for shells of revolution.

3 Navier analytical solution for a cylindrical shell

Cylindrical shells are shells of revolution. They are formed by revolving around an axis of a straight line that
is parallel to it. Models of elastic shells of the cylindrical geometry are very important and often used in the
theoretical analysis, as well as applications in sciences and engineering. Therefore, we will develop equations
for the higher-order theory of linear elastic cylindrical shells here. Let us introduce cylindrical coordinates
where x; = x,x; = ¢ and x3 = r,r € [R — h, R + h]. Coefficients of the first quadratic form of a surface
and principal curvatures are equal to Ay =1, A = R, andk; =0, ky = %, respectively.

3.1 General 2-D case

Substituting these parameters into Eqs. (16-25), we obtain equations corresponding to the high-order linear
elasticity theory for the case of a cylindrical shell.

The resulting differential equations have the same structure as (16), but the local matrices Llr"‘; of the
fundamental nucleus of differential equations of equilibrium for h1gher—order cylindrical elastic shells, as well

as the vectors of local unknown functions ul"c and the local expression for the external body and surface loads
blo¢, have the form

7,8 7,8 7,8 T
Lux,ux Uyl Uy Uy Ux s bux,f
loc __ 7,8 7,8 7,8 loc __ loc _ | 1.
Lr,s = Luw,ux Luw,uw Luw,ur , Uy = |Ugps |, bs = buq,,r . (26)
7,8 7,8 7,8 ~
Lur’ux L”r;”«p Luhur Urs bu,~,‘[

The local fundamental nucleus Lloc coefficients can be easily calculated using equations presented in the
previous Sections. Their analytical express10ns for the higher-order cylindrical elastic shells can be found in
Carrera and Zozulya [13, 14].

The local matrices BZOC of the fundamental nucleus for natural boundary conditions, as well as pl"c the
vectors of the local expressmn for the external load applied to the shell boundary for the higher-order cylindrical
shell, have the form

7,8 7,8 7,8 Uy Uy
| B’;_x»ux Bl{_x Uy B’éx»ur ! ‘]u u P”x s
oc __ S s S oc __ vty
B‘L’,S - Bu(pvux Bu(p Uy Bu(pvur ’ p&‘ - 7,8 Pug;s . (27)
B 7,8 7,8 u, ur p
Up,Uy Ur,iyp Ur,Ur Urs

The fundamental nucleus Bl‘" coefficients can be easily calculated using the equations presented in the
previous Section. Their analytlcal expressions can be found in Carrera and Zozulya [15].

Boundary value problems for higher-order cylindrical shells, which are formulated as a system of differ-
ential Eq. (16) and natural (21) and essential (24) boundary conditions, are usually solved numerically, using
finite element methods. For details of the application of finite element methods and additional references, see
Carrera et al. [11]. Only in the special case of homogeneous essential boundary conditions (24), such problems
can be solved analytically, using Navier method.
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Here, we consider Navier analytical solution for a higher-order cylindrical shell, which is based on the CUF.
Generalizing the approach developed in Timoshenko and Woinowsky-Krieger [46] for the case of the higher-
order cylindrical shell, we represent displacements fields in the form of a double Fourier series expansion
as

. (mm
ux(x,@,r) = Fy -(r) Z U;‘”;cos( x> s1n<—<p>,

n,m=0 o
mm
up(x,¢,r) = Fy,, r(r)’Z: Ul s1n< 3 x) cos(%<p>, (28)
n,m=0
mm
ur(x,¢,r) u,t(r) Z UnmSIIl( )sm(—go)
%0
n,m=0
where U}/ ., U, . .U, . are the expansion coefficients in the Fourier series of functions u, :(x, y),

Up, (X, ), ur(x,y)of the form

L %0
urmn = i/cos(ﬂx>/u (x, ) sin mr dedx
Uy, T — L§00 L x, (X, @ @0 @ @ >
0 0
4 L %o
nw mim
urn = — s'n(— )/ ,p)cos[ — ¢ |dedx, 29
uw,r L(/)O/ 1 L X u(p,r(x (p) (p() (p (p X ( )
0 0
L %0
ur" = i/sin(ﬂx>/u (x,¢)sin M )dgdx
up,T LQDOO I J rX, ¢ 2 @ |agdx.

The vector of the components of the external load is represented here in the form of an expansion into a
Fourier series in the form

ety = 3 B con(Z ) sin(2).

n,m=0
> nm mmw
buycr.9) = Y B sin(“5 )cos<—<p>, (30)
n,m=0 L $o
- nw mm
bu, +(x,9) = Z B sin(—x) sin(—q))
n,m=0 i L %o

where B,)"7, B[,’;)f"r , B, are the expansion coefficients in the Fourier series of functions l;ux,,(x, ®),
Eu(p,r(x, ®), Igu,,r(x, ©), they have the form

%0
nw ~ . (mm
cos(—x)/bux’r(x,go) sm( (p)dgodx,
L %o
0
%0

/L
0
L
4 . (nw - mr
B:,lf, = L_W/SIH(T)‘)/Z’“W(X"/))COS( ” )dgodx 31)
0
/L
0

nm __
Bu;,r -

0
%0

sin(%x) / Eur’r(x, @) sin <n;—:<p> dedx.
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Substituting the expansion in the Fourier series (28) for the components of the displacement vector into
the system of differential equations for the cylindrical shell of a higher order (16) for arbitrary numbers 7 and
m, we obtain a system of linear algebraic equations for the coefficients of the expansion in the Fourier series
for displacements in the form

G G G
Kn,m,M : Un,m,M =B (32)

nm,M

where the global matrix operator Kf . m» the vectors of unknown coefficients Ufl; . m» and the right-hand
side Bfl; .y have the form

n,m,loc n,m,loc n,m’lgc n’rn’loc
Kl,l T KI,M U1 B1
G . . . G I I G _ .
I(n,m,M - | . . ’ Un,m,M B ’ Bn,m,M I . (33)
n,m,loc n,m,loc n,m,loc n,m,loc
KM,] T I(M,M UM BM

Matrices K7:5" ¢ are the fundamental nucleus of algebraic Eq. (33) for the Navier analytical solution for

the higher-order elastic cylindrical shell. These matrices and vectors of local unknown functions U™ /““and
local expression for external body forces B !““have the form
Kl Kuluy®  Kulu” U's B}
K;z’,;n,loc — K:{zwnzfs Kﬁ;’ﬁ;;’s K:Zl;,r,r;:’s , U?’loc — U;l;g , B?,loc — B,:lff ) (34)
K™ Kuluy” Kulu™ Uiy’s B

The explicit expressions for the coefficients of the fundamental nucleus matrixes K775" ¢ have the form

2,2 2,2 2um e

m’n T°m T
n,m,t,s __ Ux,Ux Uy, Ux Ux,Ux n,m,t,s __
K" = Ceedr ™ + Crdy N + CaaJ thpg » Ky, = (Ct C44)—LR¢0 Jos

n
n,m,t,s __ Uy, Uy _ Ty, U . ux,ury 2
Kyu, = = (Cﬁﬁ‘]rr)fs "= 5T Cn = Ciad r) L’

Uy, U Ugp, U Ugp, Uy Uy, U
(75" Cop o 15 ROy + I35 Css = RIS Css )

2
,ux TTRM n,m,t,s

n,m,t,s __ Uy _
Ky, = (Cra+ Caa)Jr s LReo’ Kupui, ™ = o0
2,2 2,2
n,m,T,s Ug, U Uy, u Ugp, U 2 g, uy\ Cs5 Uy iy TN Uy, 1ty TN
Kupu,~ = (‘]Tr(fSr(p _R(Jr,g;, Y= w)"'R Jr,(‘,)s,w)ﬁ"'cMJr,ws ¢ 2 +ClJe s’ 23
n,m,t,s T qurux Ur,u Ur,u
Kur,ux = <C55Jr,rxr Y= C13Jr,',s * +C12Jt,rs X/R)T’ (35)
n,m,t,s Ur,u Ur, U Ur,u Ur, u mm
Kur,u¢ = (C55<Rjr,rsr - r,rs W) - RC23Jr,r,s i CZZJT,rs W)T,
R<gg
Up, U Up, U Up, Ur 2.2 2.2
Kn’m’ T,8 __ C22JT,VS " + (‘]Trr’s i +JTerr ’)CZ?’ +C JM)'sur +C Juraurn n +C J“raurﬂ m
Uy, Uy = R2 R 33J1,, s, 66Y1,s 12 5591, 7R2(pg.

If only two members are left in expansion (11), we will get a so-called completely linear expansion case
(CLEC), which means that all functions describing stress—strain state of the shell change linearly along the
shell thickness. All the equations become simple and automatically reduced from the general case. Therefore,
we will not present them here. For more details of the CLEC, see Carrera and Zozulya [16].

To compare the results obtained using the higher-order theory with the results obtained using the classical
shell theory, shell theory based on Timoshenko-Mindlin hypothesis is considered here. This theory can be
obtained as a special case from the higher-order theory. In this case, the expansion (11) must be presented in
the form

1
Fy1 =10 (36)
0

S - O

0
O ’ Fu,Z =
1

SO
oY O
SO O

Then, all equations can be easily obtained from the CLEC. Therefore, we will not present them here. For
more details of the theory based on the Timoshenko-Mindlin hypothesis, see Zozulya and Carrera [61].
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Fig. 2 Components u,, iy, and u, of the displacement vector in ¢ direction

To evaluate the developed theoretical models of a higher-order elastic cylindrical shell, let us consider an
example of numerical calculation of displacements and stress tensor and briefly analyze the results obtained.
Consider a section of a cylindrical shell supported at the edges and subjected to the mechanical loading applied
to the upper surfaces of the shell. Following Timoshenko and Woinowsky-Kriger [46], the distribution of the
applied mechanical load is presented as

- - x
by 1(x,y) = B;;Il cos(zx> sin<—<p),

%o
; B in(%x) cos( =
bu,1(x,y) = B, 1 sm(Lx) cos((p0 (p>, (37)
~ b4 b4
b , :Bl,l . (_ > . i
u, 10X, ) u,,1 S Lx sin %ga

1,1

where L is the length of the shell side, ¢g is the central angle subtended by the shell,Bll;}l, Bu‘,,, \» and B;;’l |
are amplitudes of the mechanical loading.
For the numerical calculation, we use the Navier solutions in exact form for the higher-order theories

represented by Eqs. (28-37). Calculations are made for the following data: Amplitude of mechanical loading
is taken Bul;’ll = B;;}}] = B;;’l] =108 (N/mz), geometrical parameters of the shell are L =1m, R = L/2,
h = L/10, o9 = 7 /2. Material of the shell is considered isotropic, and mechanical properties of material
are taken the same as in Carrera and Zozulya [14, 15], namely the Lamé constants are A = 762.6 MPa and
n = 103.9 MPa.

Figures 1 and 2 show the plots of the distribution of the components of displacement vector u(x, ¢, r) in
meridional and radial directions, respectively, for the third and fifth order—-H3, H5, CLEC-H and Timoshenko-
Mindlin -TM shear deformation models. Figure 3 shows surface graphs of their distribution along surface x,
@ for fifth order model—H5 model.

For the CLEC-H1 and Timoshenko-Mindlin -7M shear deformation models, following Carrera et al. [9]
and Carrera et al. [10], we apply Poisson locking remedy, which consists of applying the modified elastic
moduli in the form

- - C%  4ur+p) = C13C23 2hp
C]]:C22=Cll——13 = C12=C12— = .
Cs3 A+2u

38
Cs3 A+20 (38)

Figures 4 and 5 show the plots of the distribution of the components of stress tensors o, (x, @, 1), 0pu(x,
@, 1), 0xe(x, @, r) in meridional and radial directions, respectively, for the fifth order—HS5 model. Figure 6
shows density plot of their distribution along surface x, ¢, for the fifth order—H5 model.

The data presented in Figs. 1, 2, 3, 4, 5, and 6 provide qualitative and quantitative information on the
behavior of the displacement vector components, as well as the components of the stress tensor. These results
can be used as a benchmark example for finite element analysis of elastic cylindrical shells.
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Fig. 6 Components oy, 0y, and oy, of the force stress tensor in x and ¢ direction

3.2 Axisymmetric 1-D case

Obtained above equations can be applied for the case of external loading applied axisymmetrically. But in this
case, all functions describing stress—strain state of the shell are 1-D, and the resulting equations become much
simpler. Therefore, we consider this case separately here.

Due to the fact that all functions describing the stress—strain state of the shell do not depend on coordinate ¢,
all derivatives with respect to ¢ vanish, and the displacement in the radial direction is equal to zero. Therefore,
tensors of stress ¢(x, r) and strain e(x, r) tensors, as well as the displacements u(x, r), body b(x, r) and
surface p(x, r) forces vectors, introduced in (4) take the form

o= |Uxxagfﬁ§0’6rr, er|T’ &= |8xx’8(0§0’8rr’8x’|T’
! , ’ (39)
u= |ux,ur| , b= |bx,bri , Pp= ipx,pr|
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Substituting these parameters in Eqs. (16-25), taking into account that the displacement vector components
are represented in the form (11), we obtain equations corresponding to the high-order linear elasticity theory
for the case of an axisymmetric cylindrical shell.

The resulting differential equations have the same structure as (16), but the local matrices Llr"i of the
fundamental nucleus of differential equations of equilibrium for the higher-order axisymmetric cyhndrlcal

elastic shells, as well as the vectors of local unknown functions ul”cand the local expression for the external
body and surface loads b'’° have the form

7,8 7,8 I;
loc Ut Uxsthr loc Ux.s loc Ux,T
L7 = s s U= , b =] . . (40)
Luraux Luraur ur’S buraf

The coefficients of the fundamental nucleus Ll“ can be easily calculated using the equations presented in
the previous Section for the general case of hlgher-order cylindrical elastic shells.

The local matrices Bl"C of the fundamental nucleus for natural boundary conditions, as well as pl”‘the
vectors of the local expresswn for the external load applied to the ends of the shell for an axisymmetric
cylindrical shell of higher order, have the form

7,8 7,8
BM):sux B“x sUr

7,8 7,8
Bura”x B“r’ur

Ux,Ux
7,8 Pu”

Uy Uy
Jr,s’ Pu,-,x

B = . B = “D

The coefficients of the fundamental nucleus Bl"C can be easily calculated using the equations presented in
the previous Sections for the general case of hlgher order cylindrical elastic shells.

Boundary value problems for a higher-order axisymmetric cylindrical shell, which can be formulated
as a system of ordinary differential equations and corresponding boundary conditions, are usually solved
numerically. For the special case of homogeneous essential boundary conditions (24), the problem can be
solved analytically, using Fourier series expansion method.

Here, we demonstrate how to solve problems for an axisymmetric higher-order cylindrical shell using the
Fourier series expansion method solving. In the same way as before, we represent displacements in the form
of an expansion in a Fourier series of the form

up(x,r) = ux,r(r)z Uy, cos( ) up(x,r) = u,,r(V)Z " s1n< x) (42)
n=0

where U,:’x’ o Ug,,z are the expansion coefficients in the Fourier series of functions uy, (x), u, (x) in the

form
2 i 2 L
s T
U,;‘x’r = Z/cos(%x)dx, U;’hr = Z/sin(%x)dx. (43)
0 0

The components of the external load vector will be represented here as a Fourier series expansion in the
form

oo
~ ~ nmw
b 6) = ZB ceos("x) Buer =3 Bl (). )
n=0
where B ., B, . are the expansion coefficients in the Fourier series of functions by, +(x), by, -(x), that

have the form
L L
2/ B" 2/ (5Fx)d (45)
= — | cos dx, = — | cos| —ux )dx.
L trot L L
0 0

Substituting the Fourier series expansion (42) for the components of the displacement vector into the system
of ordinary differential equations for an axisymmetric higher-order cylindrical shell for arbitrary numbers
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n, we obtain a system of linear algebraic equations for the coefficients of the Fourier series expansion for
displacements in the form

K¢y Uy =By, (46)

where the global matrix operator Kf > the vectors of unknown coefficients Ug > and the right-hand side
Bfl; 1y have the form

n, loc n,loc n,loc n,loc
K e Kl,M Ul Bl
. . . G _ |- G _ |-
KnM I . . ’ Un,M I ’ Bn,M | : (47)
n,loc n,loc n,loc n,loc
KM,I e I(M,M UM BM

Matrices K?jigc are the fundamental nucleus of algebraic Eq. (47) for the analytical solution based on the
expansion in the Fourier series for an axisymmetric higher-order cylindrical shell. These matrices and vectors

of local unknown functions U™ *“and the local expression for external body forces B /*“have the form
n,T,s n,T,s
K”)ﬁ”x K”)Caur

n,t,s n,t,s
K”rsux Kursur

n
Uyx,S

n
Uu FoS

n
Uy,T

n
Bu,,r

n,loc __
b s -

niloc __

niloc __
7,8 -

’ s

(48)

The explicit expressions for the coefficients of the fundamental nucleus matrices K?j_lgoc have the form

nt,s Uy, Uy Uy, Uy n2n2 n,t,s Uy, Uy Uy, Uy Uy, Uy n
Ky u, = Css I+ Cudes 12’ Ky i = (CSS‘] = o5 Ci/R = Ci3J, ) I
n
Kitis = (CI = Cadt + Coadi /R) =2,
Ur, U uraur Ur, Uy 2.2
n,T,s __ C22JT,'S i ( + ‘]T Sr )C23 Cr JUrUr 4 C Jur,urn n
Up ity — + + 0334 5500
raUr R2 R 7 Sr s L2

As in the general case 2-D of shell models of higher order, here, we consider the third and fifth order —
H3, H5, CLEC — HI and Timoshenko-Mindlin -7M shear deformation models. In the case of the Timoshenko-
Mindlin -TM shear deformation model, the solution based on the Fourier series expansion can be presented
as

¥ (<3C22C66L6 +74C11Cegh2R2L? + n2C11C22h2L4)P]” + (371C66C]2RL5 + n3c]1c12h2RL?)P2") cos(rnx/L)

ux(x, r)=
2nh(cf1066n4h2 R2 +C2, Copm?h2 L2 = 3C% Ce L4 — C11C2m2h2 L2 + 3C11C22C66L4)
. 3Ce6RL3r Y00 ) (C1oLP)' + Cyyw RPY) cos(rnx /L)
2h (clz1 Coem4h2R? + C2, Copm 22 L2 — 3C3, Ce6 L4 — C11 CLm2h2 L2 + 3C11C22C66L4) '
- (C11h2n2 +3Ce6LT)RLY Y 02| (C1oL1 P! + Cyyw RPJ) sin(rrnx /L) @)
ur(x) =

27h(C} Coom*h2R2 + C} Coo2h2L? — 3C3,Ce6L* — C11C3,m2h2 L2 +3C11CCo6L*)

For the numerical calculation, we use the Fourier series solutions in exact form for the higher-order theories
represented by Eqs. (42—49). Calculations are made for the following data: Amplitude of mechanical loading is

taken B1 1 = B1 11 =10° (N/mz) geometrical parameters of the shellare L = 1m, R = L/2,h = L/10.
Materlal of the shell is considered isotropic, and mechanical properties of material are taken the same as in
Carrera and Zozulya [14, 15], namely the Lamé constants are A = 762.6 MPa and u = 103.9 MPa.

Figure 7 shows the plots of the distribution of the components of displacement vector u(x, r) in the x axis
direction, for the third and fifth order—-H3, H5, CLEC — HI and Timoshenko-Mindlin -7M shear deformation
models.

Figures 8, 9, and 10 show the plots of the distribution of the components of stress tensors oy (X, 1), 0pu(x,
1), Oxe(x, r)inmeridional and radial directions, respectively, for the fifth order—H5 model. Figure 11 shows
a density plot of their distribution along plane x, r, for the fifth order—H5 model.

The data presented in Figs. 7, 8, 9, 10, 11, and 12 provide qualitative and quantitative information on the
behavior of the displacement vector components, as well as the components of the stress tensor. These results
can be used as a benchmark example for finite element analysis of elastic cylindrical shells in the case of
axisymmetric loading.
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Fig. 12 Surface of a part of a circular cylinder

4 Navier analytical solution for a shallow shell with rectangular planform

Here, we consider some aspects of the theory of shallow shells of revolution, with an emphasis on the possibility
of applying the Navier close form solution method. First, following Ambartsumyan [1], Leissa and Qatu [33],
Nazarov [34], Qatu [41], and Vlasov [51], we recall the main geometric hypothesis commonly used in classical
shell theory to simplify the basic equations.

4.1 Basic relations for shallow shells with rectangular planform

The shallowness can be measured in various ways; for example, the angle of the tangent to the planform y,
the span-to radius ratio L/R, or the rise-to-span ratio f/L should be relatively small. For the shallow shells,
the arrow shell’s rise above the planform satisfies the inequality f/L < 1/5. Shallow shells can have various
types of curvature (e.g., circular cylindrical, spherical, ellipsoidal, conical, hyperbolic paraboloidal, etc.) and
various types of planforms (rectangular, triangular, trapezoidal, circular, elliptical, and others).

When constructing the theory of shallow shells, it is assumed that the internal geometry of the middle
surface of the shell, regardless of the value of the Gaussian curvature K = k1k», coincides with the geometry
of the planform, i.e., the expression for the first quadratic form of the surface

ds? = A3dx? + Aldx? (50)

is identified with the analogous expression for the first quadratic-quadratic form in the planform. In this case,
the Rodriguez-Gauss equation is replaced by the approximate equality

A1A;
RiR,

~ 0. (51)

For the shallow shell under consideration, represented in the curvilinear orthogonal coordinate system
X1,X2, X3, the first quadratic form of the middle surface can be represented with a sufficiently high accuracy
by the following equation:

ds? = dx? +dx? (52)

which is equivalent to the assumption that the coefficients of the first quadratic form A; ~ 1 and A; ~ 1.

In the general case, when the coordinates x| and x, are dimensionless, and the coefficients A; and A;
are not equal to one and are functions of coordinates x; and x», i.e., Aj(x1, x2) and A(x1, x2), with an
accuracy of the accepted geometrical assumptions, it must be assumed that A; and A, behave as constants
when differentiating. With the same accuracy, it should be assumed that the main curvatures of the middle
surface k; = kj(x1, x2) and ky = ka(x1, x2) behave as constants when differentiating.

Next, consider the shallow shells of a rectangular planform. In this case, one can introduce a Cartesian
coordinate system x, y, z and represent the middle surface of the shell as a function of the form z = f(x, y).
Then, the parametrized vector equation of the middle surface has the form

r(x,y) = xe; + yez + f(x, y)es. (53)
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The first and second derivatives of the radius-vector (53) with respect to coordinates can be presented in
the form

or(ey) _ Ly ) 02y

b e 9
dx ! ax ax2 axz (54)
or(x,y) of(x,y)  0%r(x,y) _ 91 f(x,y)
— =€) + es3, ~ es.
dy dx ay? ay?

The equations for the coefficients of the first quadratic form, the unit vector normal to the surface, and the
principal curvatures of the middle surface of the shallow shell are

2 2
Al y) = ar(x,y) 9rx,y) _ s af (x,y) ~1. Ag(xy) = ar(x,y) 9r(x,y) ~ s af (x,y) ~1
ox ax ax ay dy ay

re(e,y) Xry(xy) _3f(JC»Y)e1 _ 3f(x’}’)e2
|rx(x, y) x 1y (x, )] dx dy

@) T@y) 9SGy ) Ey(y) 02 ()
r(u,v)2 N ayr

n(x,y) = +e3,

kx(-x7 y) =
(35)

In these equations, we take into consideration assumption that the angle of the tangent to the planform y

is small and that the derivatives £ g; Y and & g; ) belong to tangential plane and that is why they are small,
too. Therefore, their square can be neglected.

Taking into account Eq. (55) and assumption that the coefficients of the first quadratic form of a surface
Ay and Ay, and the principal curvatures k, and k, behave as constants when differentiating, we can simplify
the Lamé coefficients and their derivatives and take them in the form

Hy =1+kyz. Hy=1+kyzand H3 =1,
Hg dHs (56)

s _ (1 ke, 2 k 0, B (x,y.2)
_ = , — = , — = U, =X,y, Xj = (X,V,2).
0x pe 0x3 p 0x; Yo i Ve

In the next Section, we will show that for shallow shells with rectangular planform the Navier close form
solution method can be applied. Let us now show that most of the shells of revolution considered in Carrera and
Zozulya [17] can be considered in rectangular planform, and Cartesian coordinates can be used to parametrize
their middle surface, and the Navier close form solution method can be applied. For details of parametrization
of the second-order analytical surfaces, see Rogers and Adams [44].

4.1.1 Shallow cylindrical shell

The middle surface of the cylindrical shell is a part of a circular cylinder, see Fig. 12.
The equation for a circular cylinder in Cartesian coordinates is

x2+22 =R% (57)
Then, the parametrized vector equation of the middle surface has the form
r(x,y) = xe; + yey + v R? — x2e;s. (58)

The coefficients of the first quadratic form, the unit vector normal to the surface, and the principal curvatures
of the middle surface of the shallow cylindrical shell are equal to

Al=1, Ay=1, n(x):%e1+e3, ke =1/R, ky=1. (59)

We take into account here that the shell is shallow and relation x /R is small, so its square exponent can be
neglected.
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Fig. 13 Surface of a part of a sphere

Fig. 14 Surface of a part of an ellipsoid

4.1.2 Shallow spherical shell

The middle surface of the spherical shell is a part of a sphere, see Fig. 13.
The equation for a sphere in Cartesian coordinates is

X2+ y2 +72 = R%. (60)

Then, the parametrized vector equation of the middle surface has the form

r(x,y) = xej + yey +,/ R?2 — x2 — yZes. (61)

The coefficients of the first quadratic form, the unit vector normal to the surface, and the principal curvatures
of the middle surface of the shallow cylindrical shell are equal to

Ar=1, Ay=1, n(x):%el+%ez+e3, ke =1/R, k,=1/R. (62)

We take into account here that the shell is shallow and relation x /R is small, so its square exponent can be
neglected.

4.1.3 Shallow ellipsoidal shell

The middle surface of the paraboloidal shell is a part of an ellipsoid, see Fig. 14.
The ellipsoid equation in Cartesian coordinates has the form

x2 + y2 x2
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Fig. 15 Surface of a part of a paraboloid

Then, the parametrized vector equation of the middle surface has the form

x2 +y?
r(x,y) =xe; +yer+b,/1 — > —e3. (64)
a

The coefficients of the first quadratic form, the unit vector normal to the surface, and the principal curvatures
of the middle surface of the shallow cylindrical shell are equal to

bx b
Al=1, Ay=1, n(x)=—e + e, +es, ky=b/a> ky=b/d>. (65)
a a

We take into account here that the shell is shallow and relation x /a is small, so its square exponent can be
neglected.

4.1.4 Shallow paraboloidal shell

The middle surface of the paraboloidal shell is a part of a paraboloid, see Fig. 15.
The paraboloid equation in Cartesian coordinates has the form

.X2+ 2
=z (66)

Then, the parametrized vector equation of the middle surface has the form
X2 +y?

r(x,y) = xe| + yex + e3. (67)

R2

The coefficients of the first quadratic form, the unit vector normal to the surface, and the principal curvatures
of the middle surface of the shallow cylindrical shell are equal to

2 2
Ar=1, Ay=1, n(x)= %el + %e2+e3, ke =2/R. k,=2/R. (68)

We take into account here that the shell is shallow and relation x /R is small, so its square exponent can be
neglected.

4.1.5 Shallow hyperboloidal shell

The middle surface of the hyperboloidal shell is a part of a one-sheeted hyperboloid, see Fig. 16.
The paraboloid equation in Cartesian coordinates has the form

x2+z2 y?
-5 =1 (69)
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Fig. 16 Surface of a part of a one-sheeted hyperboloid

Then, the parametrized vector equation of the middle surface has the form

X2 —y2
r(x,y) =xe;+yer+b,/1+ > —e3. (70)
a

The coefficients of the first quadratic form, the unit vector normal to the surface, and the principal curvatures
of the middle surface of the shallow cylindrical shell are equal to

2 2
Ar=1, Ar=1, n() = %el - %62 +e3, ke =b/a ky=—bja’ 1)

We take into account here that the shell is shallow and relation x /a is small, so its square exponent can be
neglected.

4.2 Navier analytical solution for shallow shells with rectangular planform

For shallow shells, in the general case, the coefficients of the first quadratic form of the middle surface and the
principal curvatures are equalto A| = 1, A =1, and k| = Ril, ky = R%’ respectively. Here, we show that
in this case the Navier analytical solution method can be used.

Substituting into Egs. (16-25) the coefficients of the first quadratic form of the middle surface and principal
curvatures presented above, we obtain equations corresponding to the high-order linear elasticity theory for
the case of a shallow spherical shell.

The resulting differential equations have the same structure as (16), but the local matrices Ll,"‘s of the
fundamental nucleus of differential equations of equilibrium for higher-order shallow spherical elastic shells,
as well as the vectors of local unknown functions u,°“and the local expression for the external body and surface

loads bi“c, have the form

7,8 7,8

7,8 r
Lux,ux Uy Uy Lux,uz Ux,s bux,r
loc __ 7,8 7,8 7,8 loc __ loc _ | 1.
Lr,s = L”ya”x Luy,uy Luy,uz , 't = uyg|, b= buy,r . (72)
7,8 7,8 7,8 ~
Luz,ux Uz,Uy Luzvuz Uzs buz,'f

The local fundamental nucleus Llr”CS coefficients can be easily calculated using equations presented in the

previous Sections. Their analytical expressions for the higher-order shallow spherical elastic shells can be
easily calculated using the method explained in detail in Carrera and Zozulya [15, 16].

The local matrices B¢ of the fundamental nucleus for natural boundary conditions, as well as p/*the
vectors of the local expression for the external load applied to the shell boundary for the higher-order shallow

spherical shell, have the form

7,8 7,8 7,8 Uy, Uy
Buxs”x Bux,uy B”)Csuz JT,S Pux,s
loc __ 7,8 7,8 7,8 Jloc __ Uy,Uy
B‘L’,S - Buyaux Buy’uy Buyauz s ps - J‘L’,S Puy,_; . (73)
7,8 7,8 7,8 Uz, Uz
Bum”x Buz_auy B”m“z_ J‘[:S" Puz,s
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The fundamental nucleus Bl“ coefficients can be easily calculated using the equations presented in the
previous Sections. Their analytlcal expressions for the higher-order shallow spherical elastic shells can be
easily calculated using the method explained in detail in Carrera and Zozulya [15, 16].

Let us consider the analytical Navier solution for a higher-order shallow spherical shell, which is based
on the CUF. Generalizing the approach developed in Timoshenko and Woinowsky-Krieger [46] and Vlasov
[51] for the case of the higher-order shallow spherical shell, we represent displacements fields in the form of
a double Fourier series expansion as

m
X u Unm
uy(x,y,2) = Fy, - (2) Z ( I )sm(L2 )

n,m=0
mm
ty(x,y,2) = Fuy2(2) Z Ut sm(—x) cos( L y), (74)
n,m=0
nmw mi
u A Un - S n sin| —
A%, y,2) = uzr(z) Z i ( ) 1 (Lz y)
n,m=0
where Ly and L are dimensions of the rectangle, and Uy ., U,/ ., Uy, . are the expansion coefficients in

the Fourier series of functions uy ;(x, ¥), uy ¢(x, y), uz,,(x y) of the form

Ly Ly
4 nw . (mm
U;lxn; = Ll /cos(L—lx)/ux,r(x,y)mn(L—zy)dydx,
0 0
Ly Ly
U, " = 4 /sin 7 fu (x )Cosﬂ dydx
Uy,T - L1L2 Ll y,T ’y L2 y y ’
0 0
L L»
4 . (nm . (mrx
UL’; "= L /s1n(L—1x>/uz,,(x,y)mn(L—zy)dydx, (75)
0 0

The vector of the components of the external load is represented here in the form of an expansion into a

Fourier series in the form
- mm
b X, B " cos sinf —vy ),
w6, Y) = Z ( T ) (LZ y)

n,m=0
e8] nmw mi
by o (x, y) = Z B,’}}”’T sin(L—lx) cos<L—2y), (76)
n,m=0
bu, <(x,y) = Z Bl Sm( )Sin(%y)
n,m=0

where B.;"t, Buv . Byl are the expansion coefficients in the Fourier series of functions by, - (x, y),

bu,,«(x, ¥), buz,r(x, y), they have the form

L Ly
B"" = 4 /cos "7 /l; (x )sinﬂ dydx
et = 7T, L TRRACER Lzy yax,
0 0
Ly Ly
4 niw ~ mmw
nm __ 1 R -
Buy’r =L /sm(L] x)/b,,y,,(x,y)cos< L y)dydx, a7

0
1 Ly

0
L
B" 4 /sin ne /15 . yysin( 22y Ydyd
= —X X, —_ X.
Uz, T L1L2 J Ll Uz;,T y L2 y y

0
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Substituting the expansion in the Fourier series (28) for the components of the displacement vector into
the system of differential equations for the shallow spherical shell of a higher order (16) for arbitrary numbers
n and m, we obtain a system of linear algebraic equations for the coefficients of the expansion in the Fourier
series for displacements in the form

G G G
Kn,m,M : Un,m,M = Bn,m,M (78)

where the global matrix operator Kf m. m» the vectors of unknown coefficients Uf: m, p» and the right-hand

. G
side Bn’ m M have the form
n.m,loc n,m,loc n.m,loc n,m,loc
Kl,l K1,M U1 Bl
G . . . G _ - G _ |-
Kn,m,M = |: IR ’ Un,m,M | ’ Bn,m,M | ’ (79)
n,m,loc n,m,loc n,m,loc n,m,loc
Ky o Ky Uy By

Matrices K;’:;"’loc are the fundamental nucleus of algebraic Eq. (33) for the Navier analytical solution
for the higher-order elastic shallow spherical shell. These matrices and vectors of local unknown functions

U™ !°“and local expression for external body forces B! ™ *have the form

n,m,t.s n,m,t.s n,m,t,s n,m n,m

K”x»“x Kux»uy Kux,uy UM,;,S Bu;,r

n,m,loc __ n,m,t,s n,m,t,s n,m,t,s n,loc __ n,m n,loc __ n,m
Kr:s T = Kuy,ux Kuy,uV Kuy,uZ s Us’ = Uuy,s s Bs’ = Buy,r . (80)

n,m,t.s n,m,t.s nm,t,s n,m n,m

Kuz’,u’x ’ Kuz’,u;- ’ Ku;,u’Z ’ Uuz’,s Bu;,r

The explicit expressions for the coefficients of the fundamental nucleus matrices K-/ have the form

2.2 2.2 Uy, Ux Ux,Ux Ux,Ux
Tn b4 J. +J
n,m,t,s __ Uy, U Uy, U, T,s Uy, U Tr,S T,Sr
Kux,ux = CllJr,xx * 7t C44Jf”‘s . 7+ Cos 3 s — |
L3 L3 R? Ry
n,m,T,s m2nm Uy, Uy
Kuu, ™ = (C12+C44)m1r,s ,
Uy, Uy Uy, Uy T n
K"t = ((Cesdrs™ — Ci3Jes“)R1Ry — J2 3" (C11 Ry + (C12 + Cs5)Rp) ) ———-,
e LiR Ry
n,m,t,s Uy, Uy 72
Kuylu, " = (Cra+ Ca)Jes "
2,2 22
m, T, Uy, Uy uy,u Uy, Uy 2 pUy,ly Css Uy, uy TN uy,uy LM
K;ly,nl,f f = ( ‘L'r‘,Sr} - Rl(-]r,vs, Y — Jr,‘,s y) + Rl Jr,‘,s,v>_2 + C44Jt,)s ’ 3 + C22Jr,ys ’ 2
’ R Ly L3
Uy,Uz Uy,Uz Uy,Uz
am\Jry (CraR2 + CoRy + Cs5Ry) + Jr 5, "RiR2Coz — RiRyJ 5 “Css
K = — , (31)
T LR Ry
¢ Uz, Uy Uz, Uz, u n
Ko = ((CesJrs, " — Ci3J s “)RiRy + ((C11 + Ces) Ry + C12R) I3 ) ———,
n,m,T,s Uz, Uy Uz, Uy Uz, Uy Tm
KW, m =((CssRU s, —Ca3ly s )RiR2 — (R2Cro + R1(C22 + Cs5)) Jr T RR
o 2R1Ry

Uz, Uz

7,5

HomLT.S o, [n°72Ces  m*m?Css Ciy Cxm  2Cn
Ku",u" =C33J.%,° + 3 + 3 t—t— + ——
ol Ly L3 Ri R} RiR;
Uz, Uz Uz, Uz
N (J225% + J25" ) (RaCi3 + R1C23)
RiR, ’

We have obtained here a system of linear algebraic equations in matrix form (78) with coefficients (79,
80 and 81), which represent the solution of the problem for shallow shells of the higher order with supported
edges by the Navier analytical solution method. In the next Section, we solve the problem for the shallow
spherical shell with rectangular planform.
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4.3 Navier analytical solution for shallow spherical shells with rectangular planform

To illustrate the Navier analytical solution method, consider a higher-order model of a linear elastic spherical
shell. Spherical shells are shells of revolution. They are formed by revolving around the axis of the circular
segment. In the general case of a spherical shell, the coefficients of the first quadratic form of the middle surface
and the principal curvatures are equal to A} = R, Ay = Rsin(y), and k| = %, ky = %, and spherical
coordinates x; = ¢, xo = Y and x3 =r,r € [R — h, R+ h] are used.

Unfortunately, in the general case of the spherical linear elastic shells considered above, Navier exact
solution method is inapplicable. Therefore, we consider here shallow spherical shells with square planform. In
this case, Cartesian coordinates x, y, z can be introduced to parametrize the middle surface of the shell. The
parametric equations of the middle surface of the shell in this case have the form (61), the coefficients of the
first quadratic form, the unit vector normal to the surface, and the principal curvatures of the middle surface
of the shell are presented by Eq. (62).

The approach presented in the previous Section can also be applied here for the shallow spherical shell,
only instead of a rectangular planform with dimensions L and L;, we have a square planform with dimension
L. Therefore, Eqs.(74—77) must be replaced by the following.

The displacements fields as

(X, ,2) = Fup e (2) Z U"’”cos( “x) sin(%y),

n,m=0
(5,9 = Fp ) Y Uz sin( 2 ) cos(“y), (82)
n,m=0

uz(x,y,z) = Fy 1 (2) Z Uy sm( )sin(%y)

n,m=0

where U”" u” u”

U, 7> Sy, T > Vg,

y), Uz, r()c y) of the form

. are the expansion coefficients in the Fourier series of functions u, (x, y), uy, (x,

L L
4
Ulzl;r,’?f = ﬁ/COS(%X)/MX (x }’)sm(—y)dydx
0 0
4 7 ‘
U;;”’i = ﬁ/sin(%x)/uy,,(x,y)cos<%y>dydx, (83)
0 0
4 7 ;
U;’Z’f’r’ = E/sm(n%x)/u“(x y)sm(—y)dydx
0 0

The vector of the components of the external load is

o0

l;ux,r(x, y) = Z B, cos(%x) sin(mL—ny>,
n,m=0

- mm

buy(x,y) = Z Bu T sm( )cos(Ty>, (84)
n,m=0

Euz,,(x,y) Z B sm( )sin(%y)

n,m=0
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where By)";, Byt , B!+ are the expansion coefficients in the Fourier series of functions by, 2 (x, ),
15,4),, (x, y), l;uz,,(x, y), they have the form

L L
4 -
BL'I’;’??E = E/cos(%x)/buﬂ(x,y) sin(%y)dydx,
0 0
4 L1 L
B;‘)’"t = ﬁ/sin(%x)/l;uy,f(x,y)cos(%y)dydx, (85)
0 0

L

L
n 4 . nim ~ . mit
B, .= 2 mn(Tx) buz,,(x,y)mn(Ty)dydx,
0

0

The explicit expressions for the coefficients of the fundamental nucleus matrices K%/ are

Zn? 212 Uy, Uy Ux,Ux Uy, Uy
n,m,t,s Uy uy T°H Uy, uy TTM 7.8 Ue Ul Sl S fug?
Ky, = Cindes™ L +Caa 5 L +C66(R2+Jrr):srx -,

2 2 R
n,m,t,s 72nm Ux,Ugp n,m,T,s Uy, Uy Uy, Uy Uy, Uy n
Kuli," = (Ci2 +C44)7L2 Jo5 0 KT = ((Coa s — Cradey )R — JE5 " (Ci1 + Cr2 +C66))ﬁs
n,m,t,s HosUx nznm
Kypou, = (Cra+ Caa)Jr s 77
C w2n? w2m?
,m, T, Uy, U Uy, U Uy, U 2 g, U 55 Uy, U Uy, U
K;l(pf';(: b= (‘]Trfsrw - R<st[§r b - Tr[f)S 5") +R Jfrq;)srw) R2 + C44J'fa«; ! L2 + szjfaﬂ ! L2 ’
Uit Ugp,lt U,
7 (JE5™ (Cia+ oz + Css) + J{5 RCa — RIS Css)
KmTs
Ug Uy RL ’
KIMMTS — (CopJMnts — CaJirs + (Cpy + Cpa + Cee) JU0 JR)
wni, = (CeeJry) 1375 11+ Ci2+Cep) J i/ 7
n,m,t,s Ur,Uy Ur,Uy Uiy Tm
Kyw,” =(Cs5RJrs " — RCi3Jr 5" — (Cra+ Coa + Cs5) Jr s RL’
Uyl Uy, Uy Uy ,u
KmTS O e (C11 +2C12+ C) I 5" + (Jr,r,s "+ ek, r)(C13 +C23)
Ur,Uy = L33 TrSr 2
R R
2.2 2.2
mn T m
+ (C66 2 + Css 2 )Jg,g,ur_ (86)

For the numerical calculation, we use the Navier solutions in exact form for the higher-order theories rep-
resented by Egs. (78-80) and (82—86). Calculations are made for the following data: Amplitude of mechanical

loading is taken B;;’ll = B;(’p}l = B;;’II =105 (N / m?), geometrical parameters of the shell are L = 1 m,
R = 10L, h = L/10. Material of the shell is considered isotropic, and mechanical properties of material
are taken the same as in Carrera and Zozulya [14, 15], namely the Lamé constants are A = 762.6 MPa and
u = 103.9 MPa.

Figure 17 shows the plots of the distribution of the components of displacement vector u(x, y, z) in x axis
direction for the third and fifth order — H3, H5, CLEC — HI and Timoshenko-Mindlin -TM shear deformation
models. Due to symmetry distribution in axis, x direction is the same and is not presented here. Figure 18
shows surface graphs of their distribution along plane x, y for fifth order model—H5 model.

Figure 19 shows the plots of the distribution of the components of stress tensors o, (x, y), 0xy(x, y)in
x axis direction for the fifth order—HS5 model. Figures 20 and 21 show the density plot of their distribution
along plane x, y and y, z, respectively, for the fifth order—H5 model.

The data presented in Figs. 17, 18, 19, 20, and 21 provide qualitative and quantitative information on the
behavior of the displacement vector components, as well as the components of the stress tensor. These results
can be used as a benchmark example for finite element analysis of elastic shallow spherical shells.
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Fig. 17 Components uy, uy, and u; of the displacement vector in x direction
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Fig. 18 Components uy, uy, and u; of the displacement vector in x and y directions
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Fig. 19 Components oy, and oy, of the stress tensor in x direction

06

04

00

Stress gy(X, ¥, h)

L 1 L

Stress ayy(x, y, h)

0.8

06+ d

04l .

0.0

0.2 0.4 0.6 0.8 1.0

Fig. 20 Components oy, and o, of the stress tensor in x and y directions
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Fig. 21 Components oy, and oy, of the stress tensor in y and z directions

5 Conclusions

The Navier exact analytical solution method for the case of a freely supported cylindrical shell and shallow
shells of revolution are applied here for the higher-order theory based on the CUF. All the coefficients for
the corresponding matrix operators, that are included in the Navier close form solution, are presented in an
analytical form.

To test the developed approach and the obtained equations, a segment of the higher-order cylindrical shell
and axisymmetric cylindrical shell supported on the edges, as well as shallow spherical shells with rectangular
planform, are considered here. Numerical calculations were performed using the computer algebra software
Mathematica. The results of the displacements and stress calculations are presented in the form of graphs and
surfers and density plots.

The resulting equations can be used for theoretical analysis and numerical calculation of the stress—strain
state, as well as for modeling thin-walled structures that are used in science, engineering, and technology. These
numerical results can be used as a benchmark example for finite element analysis of the elastic higher-order
shells.
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