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LATERAL DEFORMATION OF SHALLOW SHELLS OF
REVOLUTION
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Abstract—Shallow shells of revolution of radially varying thickness undergoing small deformations proportional
to the sine or cosine of the polar angle (lateral deformation) are considered. By use of certain integrals expressing
overall equilibrium and compatibility of the shell, it is shown that the solution of the governing differential
equations can be reduced to the solution of two coupled second-order differential equations. Explicit solutions
for a class of shells whose meridional slope varies as a power of the radius are obtained in terms of Kelvin
functions and their integrals.

INTRODUCTION

In THIS paper, we consider shallow shells of revolution of radially varying elastic proper-
ties undergoing small deformations proportional to the sine or cosine of the polar angle
{which here will be denoted as lateral deformations). It is shown that the solution to the
two coupled fourth-order partial differential equations for the normal displacement W
and Airy’s stress function F which govern the problem for arbitrary deformations can
be reduced to the solution of two coupled second-order ordinary differential equations.
For shells of constant thickness and constant elastic properties whose meridional slope
varies as a power of the radius, it is further shown that the solutions of the second-order
equations can be expressed in terms of Kelvin functions and their integrals. An exception
is the shell of logarithmic profile for which the solutions can be expressed in terms of
elementary functions.

That the equations for arbitrary shells of revolution undergoing lateral deformations
should admit of reductions similar to those known to exist for axi-symmetric deformations,
was pointed out by Novozhilov [1]. For both axi-symmetric and lateral deformations, the
reductions are possible because first, certain integrals expressing overall equilibrium and
compatibility conditions of the shell become first integrals of the differential equations;
and second, because rigid body displacements are solutions of the homogeneous differen-
tial equations. Utilizing these ideas, Chernin [2] has obtained a complex-valued second-
order ordinary differential equation for the lateral deformation of arbitrary shells of
revolution of constant thickness. While a number of our equations could be obtained
from analogous ones of Chernin by an appropriate limiting process, we feel that it is
simpler to develop these equations from the start within the framework of shallow shell
theory. We also wish to indicate the special treatment that must be given to the Airy
stress function F, which is a convenient and standard variable to use in shallow shell
theory. Finally, we remark that our results are more extensive than Chernin’s in that we
allow for radially varying elastic properties and that we give closed form solutions for
a class of shell profiles.
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THE GOVERNING EQUATIONS

The equilibrium equations of the linear theory of shallow shells of revolution, ex-
pressed in terms of the direct stress resultants, N,, Ny, N,, (=Ny,), the stress couples
M., Mg, M,;(=M,,), and the transverse shear stress resultants Q,, Q,, are

(*N,Y +N,g—Ng+rP, = 0, (1)
(*N,o) + Ny+N,o+1Py = 0, )
(rQ,Y + Qo+ (rz’N,Y + 2 Nyy+rP, = 0, 3
(rM,) + Mq—My—rQ, = 0, @)
(rM,) +My+M,o—1Q, = 0, (5)

where z = z(r) is the midsurface profile equation, P,, P,, and P, are the components of
the load intensity in the radial, circumferential, and axial directions, and primes and dots
indicate differentiation with respect to r and 8, respectively.

The extensional and bending strains are expressed in terms of the radial, circumferen-
tial, and axial displacement components U, ¥, and W as follows

v
g = U+z'W, £y = g+ —, (6a,b)
r r
vV . )
g, = r(—u) + v +Z —VY—, (6¢)
r r r
. W W wy
K, = — W, K= ————~7, Kpp = -<-;—> {7a,b,c)
Assuming isotropy, the stress—strain relations are
& = A(N,—~VvNy), gy = A(Ny—VN,), &g = (1+V)AN,,, @®)
Mr = D(K,'{'V}CG), MB = D(K3+VK,.), Mre = (1 “V)DKrG’ (9)
where
1 Eh?
A=gp D= 1201 —v?)

and where E is Young’s modulus, v is Poisson’s ratio, and h is the shell thickness.
It will be assumed that the external load terms P, and P, are derivable from a load
potential @,

P,= —®, Py=r"'@

in which case equations (1) and (2) can be satisfied identically in terms of a stress function
F as follows:

; F FY
Nr = .I;:--;-.;E-;-(D, NO = F”+®, N,.g = "(‘;‘) . (IDa,b,c)
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Upon elimination of the transverse stress resultants, the remaining three equilibrium
equations (3)+5) reduce to

(M) +2r *M g+ 2Mig—My+r My +(ZF) +r~12’F" = —rP,—(rz®). (11)

As in the theory of plane stress, the introduction of the stress function F as a dependent
variable requires the satisfaction of an extensional strain compatibility equation. For
a shallow shell of revolution, this equation is, consistent with equations (6),

(reg)’ —2r e —2e0—eL+r e, + WY +r 12Z/W" = 0. (12)

Equations (7) and the homogeneous parts of equations (10), and equation (12) and
the homogeneous part of equation (11) exhibit the static-ggometric analogy of shell
theory {1} in a form appropriate for shallow shells:

(Mr’ M0> Mro, Nr’NG,Nroa F)H (80, &, —&49,—Kg,— K., Kpg, W) (13)

Upon substituting equations (7) and (9) into equation (11), and equations (8) and (10)
into equation (12), and assuming A = A(r), D = D(r), and v constant, the following
two coupled equations for Wand F are obtained

V3(DV?*W)—(1—v)K(D, W)—K(z, F) = P,+r (rZ 0y, (14)
VHAV2F)—(1+v)K(A, F)+ K(z, W) = —(1—=v)V¥(AD). (15)

In this V2 is the two-dimensional Laplace operator in polar coordinates and
KD, W) = DT,W”+ Pr:W’+ %W (16)

For A, D, and h constant, and ® = 0, equations (14) and (15) reduce to the Marguerre
shallow shell equations [3].

At this point we could introduce the assumption of lateral deformation and attempt a
direct integration of equations (14) and (15). However the significance of the two constants
of integration which are introduced thereby is not immediately apparent.

Furthermore, it is known that F, in general, must include a multi-valued portion, F,,.
(See [4], for example, for a discussion of the need of a multi-valued stress function for a
spherical shell subject to a lateral side force.) It is not clear from equations (14) and (15)
however, what the explicit form of F,, should be.

To avoid these two difficulties, we consider, in the next Section, integrals representing
overall equilibrium and compatibility of the shell which can be determined without
reference to equations (14) and (15). When lateral deformations are assumed, certain of
these integrals become non-trivial first integrals of equations (14) and (15) with associated
constants of integration having immediate physical interpretation, while others lead to
the explicit form of F,,.

INTEGRAL CONDITIONS

The stress resultants and couples must, for arbitrary deformations, satisfy six integral
relations which express the overall force and moment equilibrium of the shell. Six addi-
tional integral relations involving the extensional and bending strains, which may be
interpreted as displacement and rotation continuity conditions, can be found from the
static-geometric analogy.
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Of interest for what follows are the equations of overall force equilibrium along the

x-axis and overall moment equilibrium about the y-axis (see Fig. 1), together with the two
analogous geometric conditions.

E

F16. 1. Midsurface geometry and stress conventions.

The force and moment equations read

P(r) +j2"j;(P, cos 0— P, sin O)r drd6 = P, (17)
and
2(r)P(r)+ M(r) + j'z"j;[z(P, cos §— P, sin ) —rP, cos O} drd6 = M, (18)
where a is the radius of the inner edge of the shell,
P(r) = rJ.:n(N, cos 0 — N,, sin 0) d0 (19)

is the net lateral force along the x-axis acting on the horizontal section z = const.
2n
M(r) = r| " [M, cos 6—M,;sin §—r(Q,+2'N,) cos 6] d (20)
0

is the net moment acting on the horizontal section z = const. calculated about a line
parallel to the y-axis and lying in the plane of the section; and where P, and M, denote
the values of the x-component of the force and the y-component of the moment at the
origin, z = 0.

By equation (13) the two geometric analogs of equations (17) and (18) are:

2n
[ (k4 cos 0+, sin ) d6 = 0, 21)
0

2 N
j {egc08 O+¢,9sin O+ —(reg) +e,9+¢,+rz'kg] cos 6} df = 0. (22)
4]

For future use, we note the form assumed by equations (17) and (21) when the variables
involved are expressed in terms of W and F. Inserting equations (10) into equation (17)
and expressing P, and P, in terms of @, we get

P(r) = r“‘[F’(r, 2n)—F(r,0)+r f:nmcos Bdﬂ] (23)
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which leads to the relation
27
F(r,2m)—F(r,0) = r[Po—a jo ®(a, 0) cos 0.d6|. 24)

Equation (24) shows that, in general, part of the solution for F is multi-valued, and that
this multi-valued part is proportional to r. The geometric analog of equation (24), which
follows upon inserting equations (7) into equation (21), is simply

W 2ny—Wr,0 =0

which, for continuous displacements and rotations, is identically satisfied.

Since we have assumed that 4 = A(r), D = D(r), v = const., and that the shell is
complete in the 6-direction, it follows that, for arbitrary deformations, P,, ®, the mid-
surface displacements, the stress resultants and couples, and the single-valued part of F,
F,, can all be expanded in Fourier series of the form

Y a,(r) cos nf+b,(r) sin né.
n=0

When solutions of this form are substituted into the six equations of overall force and
moment equilibrium, the two equations of axial force and axial moment equilibrium are
found to depend on the n = 0 components only, while the remaining four equations of
force and moment equilibrium along and about the x- and y-axes are found to depend on
the n = 1 components only. The n > 2 components do not contribute to the overall
force and moment integrals since they lead to a system of self-equilibrating loads; similar
statements hold for the six analogous geometric integrals. Thus the study of the solu-
tions to the governing equations reduces to a study of the three cases* n = 0, n = 1, and
n > 2. The remainder of this note is devoted to the applications of these integral rela-
tions to the n = 1 case.

SIMPLIFICATION OF THE DIFFERENTIAL EQUATIONS FOR n =1
For n = 1, we consider solutions of the form
(F;, W, U,N,,N,,Q, ., M,,M,,® P) = (f,w,...,p,)cos0, 25)
(V. N,g, Qg, M,0) = (v, 1,9, 4o, M,) sin 6, (26)

which are associated with the two integrals of force equilibrium along the x-axis and
moment equilibrium about the y-axis given by equations (17) and (18). It is sufficient to
consider solutions of this form since the solutions associated with the integrals of force
equilibrium along and about the y- and x-axes, respectively, can be obtained from the
above solutions by replacing 6 by 0 + n/2.

We first determine the explicit form of F,,, the multi-valued part of F. We have
already noted, from equation (24), that F,, must be proportional to r. But, for n = 1,
(N,, Ng) = (n,,ng) cos 8 and N,, = n,qsin 0. Hence, it follows from equation (10) that

F,, = BrOsin 0 27)

* For a shell of revolution with two edges fixed to rigid circular inserts to which forces and moments are
applied, we note that the complete solution is composed of the 2 = 0 and n = 1 solutions alone.
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and substituting equation (27) into equation (24) we get

B=20-2¢@ (28)

We now consider the differential equations satisfied by w(r) and f(r). The basic
simplification for n = 1 is that, instead of equations (14) and (15), equations (18) and (22)
may be taken as differential equations for w and f,. Indeed, for n = 1, equations (18) and
(22) are nothing more than first integrals of equations (14) and (15), respectively. A second
simplification follows from the fact that w = r and f, = r must be solutions of the homo-
geneous form of these differential equations since they yield zero stress resultants and
bending strains. Altogether then, we obtain upon setting

W = w(r)cos 6

= r(jxdr+C1) cos 0 ®)
and

F = F,(r, 0)+f{r)cos 0 (30)

= r[4{Po/n—ad(@)0 sin 6+( [ dr+C;) cos )

and substituting these expressions into equations (18) and (22), the following two second-
order differential equations for y and :

2o (2 43y r_D_',]_z:
rx+<D+3>rx+[(2+v)D 3y Dw
Mo rPo
nDr+nD

(f) +28120) - e+ 5 [r000)-aglal G1)

1 (" ,
+ Ej (rp.—z'@)rdr,

zr

2!//”—}—(: +3)rt// +[(2—v)i—3}p+—x

[t o

Equations (31) and (32) are of comparable simplicity to the two coupled second-order
equations one obtains for axi-symmetric deformations [5].

(32)

EXPLICIT SOLUTION OF THE DIFFERENTIAL EQUATIONS FOR A
CLASS OF SHELLS

We consider now shells with constant thickness and elastic properties whose meri-
dional slope varies as a power of the radius:

z'(r) = ap’, p = r/a. (33)
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Furthermore, for simplicity, we restrict ourselves to edge loaded shells (¢ = p, = 0),
take p as the new independent variable, and now use primes to denote differentiation with
respect to p. Equations (31) and (32) then reduce to

P +3px —3x— (%)p‘“w

(34)
_ M, oP, 1 s
" nDap ) nD ( pjp dp>
p2¢n+3p¢/_3¢+ (Eg>ps+ lx — (1____% (35)
A nap

Equations (34) and (35) may be further reduced to a single complex equation. Multiply-
ing equation (35) by i(4/D)* and adding it to equation (34), we obtain

[ ;,:2”";) iJ::D)ps+l] ["”\/(%)w]
o G} o)

To discuss the solutions of equation (36), we must distinguish the two cases s # —1, and
s = —1, the latter corresponding to a shell of logarithmic profile.

For s # —1, the operator on the left-hand side of equation (36) is a Bessel operator,
and the complete solutions for ¥ and s can be written

(36)

_1 2/m 2/m Py
= p[C sber, (mup*™)+ C sker, (mup*™)] s+1map +Xps 37)
1 A . 2/m . 2/
Y= ; 5 [Cibeiy(mup“™)+ C kei, (mup* ™)+, (38)

where

4 2 oa
s+1° % = Jupy
and where y, and ¥, are particular solutions expressible in terms of Lommel functions
[6, p. 350].* For shallow spherical (s = 1) and conical (s = 0) shells, equations (37) and
(38) reduce to known results [4, 7].
For s = —1, the operator on the left-hand side of equation (36) is equidimensional,
and the complete solution is

. /(A 1+ip? M, 1—-v
= P1 P2
x+z\/(D>1// CipP 4+ Cyp 41:D(1+u4)p{ +aPyll—Inp+il —r e (39)

where C; and C, are arbitrary complex constants and p, and p, are the two roots of

p*+2p—3—idu? = 0.

* We note that for axi-symmetric deflections (n = 0), the homogeneous solutions of the corresponding
second-order differential equation have exactly the same form as the homogeneous parts of equations (37)
and (38) but with m = 2/(s+1), [5].
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This solution in powers of p (for P, = M, = 0) is a special case of the solution for all
values of the integer n obtained in [8].
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Zusammenfassung—Es werden Drehschalen mit radial verinderlicher Dicke untersucht, welche dem Sinus und
Kosinus des Polarwinkels proportionalen Deformationen (seitlichen Deformationen) unterliegen. Durch die
Verwendung gewisser Intergrale, welche das Gesamtgleichgewicht und die Kompatibilitit der Schale zum
Ausdruck bringen, ldsst es sich zeigen, dass die Losung der bestimmenden Differentialgleichung auf die Losung
zweier gekoppelter Differentialgleichungen zweiter Ordnung reduziert werden kann. Die expliziten Losungen
fiir eine Schalenklasse, deren meridionale Neigung sich mit der Potenz des Radius dndert, werden in Kelvin-
‘funktionen und deren Integralen ausgedriickt.

AdcTpakT—PaccmartpuBalorcs  HersybokMe OQO/MOMKH Tesl Bpall€Husl ¢ paJMalibHO H3MEHAIoLIeHCs
TOJILMHON, NOABePkeHHbIE HeGonbluoit nebopmalyy, NPONOPLUMOHANEHONR CHHYCY WIM KOCHHYCY NOnsp-
Horo yria (6okoBas nepopMauus).

INpuMeHeHHEM H3BECTHBIX MHTETPASIOB, BbIpaXaioulux 00luee PABHOBECHE W COBMECTHOCTb OOOOUKH,
NEMOHCTPHPYETCA YTO pellieHHe YNpaBlsAoluX AuddepeHIManbHbiX ypaBHeHHH MOXeT ObITb CBeReHO
K peLIEHHIO OBYX cnapeHHbIX audepeHNManbHBIX ypaBHEHHH BTOPOro nopsiaka. SIBHblE pelieHHs I
TOro kjacca ofosoyex, y KOTOPOro MepHIAHOHAIBHbLIN YKJIOH M3MEHSAETCS CO CTENEeHbIO pamuyca, Imosty-
4yaroTCs B ycnoBusax ¢pyHkumit KenbByHa U MX MHTErpanos.



