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Abstract

Geometrically nonlinear vibrations of shallow circular cylindrical panels with complex shape of the boundary are
considered. The R-functions theory and variational methods are used to study the problem. The R-functions method
(RFM) allows constructing in analytical form the sequence of basis functions satisfying the given boundary conditions in
case of complex shape of the boundary. The problem is reduced to a single second-order differential equation with
quadratic and cubic nonlinear terms. The method developed has been initially applied to study free vibrations of shallow
circular cylindrical panels with rectangular base for different boundary conditions: (i) clamped edges, (ii) in-plane
immovable simply supported edges, (iii) classically simply supported edges, and (iv) in-plane free simply supported edges.
Then, the same approach is applied to a shell with complex shape of the boundary. Experiments have been conducted on
an aluminum panel with complex shape of the boundary in order to identify the nonlinear response of the fundamental
mode; these experimental results have been compared to numerical results.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Refs. [1-3] are the most complete reviews of studies on nonlinear vibrations of shallow shells. In pioneering
studies [4-9], tangential and rotary inertia were neglected in the dynamics of shallow shells in order to simplify
the mathematical formulation. As a rule, the single-mode expansion of the displacements was used to find an
approximate solution of the nonlinear partial differential equations of motion. By using variational methods,
the initial problem was reduced to a second order, ordinary nonlinear differential equation in the single
parameter given by the vibration amplitude. Different methods were applied to integrate the differential
equation: the Lindstedt method [6,7], the method of continuation [10], numerical integration [4,7,11,12] and
the harmonic balance method [13]. The effect of aspect ratios on nonlinear free vibrations of simply supported
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circular cylindrical panels with rectangular base was investigated in Ref. [14]; nonlinear vibrations of simply
supported circular cylindrical panels subjected to axial excitations were studied in Ref. [13].

In the following years, studies on nonlinear dynamics of shallow shells introduced important refinements:
increased number of modes (i.e. degrees of freedom (dof)) in the approximating functions [16-22], use of
improved shell theories [1,13,21,23,24] and introduction of physical nonlinearity [25-27].

In order to solve the system of nonlinear partial differential equations, it is necessary to discretize the
system, e.g. by using admissible functions. The construction of the basis functions, satisfying the boundary
conditions, is a very difficult task in case of complex domains. In fact, a very small number of studies address
the nonlinear dynamics of structural elements of complicated geometry. The R-functions theory, developed by
the Ukrainian mathematician V.L. Rvachev, is one of the possible approaches to solve the problem [28—33]. It
allows building the basis functions in analytical form for an arbitrary domain and different boundary
conditions, including mixed boundary conditions.

In the present study, geometrically nonlinear vibrations of shallow circular cylindrical panels with complex
shape of the boundary are considered. The present approach is based on the R-functions theory and
variational methods. Numerical calculations of nonlinear free vibrations of circular cylindrical panels with
rectangular base have been performed for several types of homogeneous boundary conditions: (i) clamped
edges, (ii) in-plane immovable simply supported edges, (iii) classically simply supported edges and (iv) in-plane
free simply supported edges. A comparison is carried out with the results previously reported by Amabili
[21,34] for the response of circular cylindrical panels to harmonic excitation in the frequency neighborhood of
the fundamental mode. Nonlinear free vibrations of simply supported circular cylindrical panels with complex
shape of the boundary have been investigated by using the R-functions method (RFM). Experiments have
been conducted on an aluminum shell with complex shape of the boundary in order to identify the nonlinear
response of the fundamental mode; these experimental results have been compared to numerical results.

2. Problem formulation

A shallow shell of uniform thickness /# and arbitrary shape is considered; it is assumed that the deflection of
its middle surface is of the same order of the shell thickness. The principal lines of curvature of the middle
surface coincide with the coordinates x, y of the Cartesian coordinate system, and z is direct along the normal
to the middle surface of the shell and is oriented inwards, as shown in Fig. 1. Strain—displacement relationships
based on the Donnell-Mushtary—Vlasov nonlinear shell theory [4] are used in the present study. The middle
surface strains e, &,, &, and the changes in curvature and torsion ¥y, x,, ), of a doubly-curved shallow shell
are given by

u w1 /ow\? v w1 ow\’ Ou Ov Owow
= > y = > ) (l)

Sx—&—R—x-i-z o _@_R_y—i_i 5 ))xyza—i_a"i_a@;
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Fig. 1. Geometry of the shallow shell and coordinate system.
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where u, v, w are the displacements of an arbitrary point on the middle surface in x, y, z directions,
respectively, and Ry, R, are the constant middle surface principal radii of curvature in x, y directions,
respectively.

The following equations of motion, according to the Donnell-Mushtary—Vlasov nonlinear shell theory, are
used [4]:
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where V* = (0*/0¢%) 4 2(3*/0&%0n%) + (0 /on*) is the biharmonic operator, and the linear and nonlinear
operators [{(w), [,(w), NIy(w), and NI,(w) are given by
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Equations of motion (3-5) include in-plane inertia but neglect rotary inertia and shear deformation; this is a
good approximation for uniform thin shells. In expressions (3—5) the following non-dimensional variables
have been introduced:

y _ wua _ va _ W a? a?
a

,u—hiz, V=—, W=—, T=wopl, Kﬂ:Riyh, Ki:ﬂ’

h2 ’ h ’ (9)

where « is the characteristic size of the base of the panel, E is Young’s modulus, u is the Poisson ratio, p is the
mass density, ¢ is time and wy is the natural circular frequency of the mode considered, which is related to the
non-dimensional frequency parameter A as follows:

EW?
p(1 — 1)

The non-dimensional forces per unit length Ng, N, T are given by a linear and a nonlinear part (hereafter
the overline on the non-dimensional displacements is omitted for simplicity):

(10)

(U():

I\)| >

Ne(u,v,w) = Né(u, v, W) + N?(w), Ny(u,v,w) = N,f(u, v, W)+ N,?(w), (11a,b)

T(u,v,w) = T*(u,v) + TP (w), (11c)
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where
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In the limit case of a flat plate, for which K: = K, =0, N¢, N, are denoted as N; PL , Ny, PL and take the

simplified expressions:
6u av ow\? [ ow 2
PL _ou ow B fow
N (u,v,w) = + = < ) 2<677> ,

65 611 2\0¢
2 2
NPL(u v, W) = av + gz 3 (6w> +g <2—‘g> . (14a,b)

Four boundary conditions are given at each edge of the panel. The boundary conditions considered in this
study are:

— Clamped panel:

ow
u, =0, v,=0, w=—=0, (15)
on
where u, = ul + vm, v, = —um + vl, and [, m are the direction cosines of the edge with respect to the in-

plane coordinates u, v (in case of curved edge, / and m are functions of the position); n, T are the normal and
the tangent to the boundary, respectively; both of them are contained in the plane tangent to the panel at
the boundary, with the normal directed outward the shell domain.

— In-plane immovable simply supported panel:

*w *w
u, =0 v,=0, w=0, M:_D(an2 'u612>=0’ (16)

where M,, is the bending moment.
— Classical simply supported panel:

v, =0, w=0, N,=0, M,=0. 17)

— In-plane free simply supported panel:
N,=0, Nyn=0, w=0, M,=0, (18)

where N, = N:I* + Nym® 4 2Tim, N,; = T(I* — m*) + (N, — N¢) Im.
— In-plane free simply supported panel with elastic distributed springs tangent to the edges:

Ny=0, Nuy=—kgty, w=0, M,=0. (19)

where kg, is the spring stiffness per unit length.

3. Solution method

Let us assume that the vectorial eigenfunction U= (U, Vi, W) g)ssociated with the fundamental natural
frequency of free vibrations is known; the procedure to determinate U is presented in Section 5 and is carried
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out by using the RFM. The deflection w(&,#, ) is assumed to be expressed by

W(é, 17’ f) = yl(f) Wl(é’ '/I)’ (20)

where Wi(&, n) is a component of the vectorial eigenfunction; this is a single-mode expansion. Eq. (20) is an
approximation, which is a limitation of the present study; numerical results show that this approximation can
give accurate results for thin shallow panels with weak nonlinearity, in absence of internal resonances.

The in-plane displacements u and v are expanded by taking into account that the functions
u(é,n,T) and v(&, n, T) must satisfy identically Egs. (3) and (4), and the boundary conditions. By substituting
Eq. (20) into Egs. (3) and (4) where in-plane inertia is neglected (i.e. the last term on the right-hand side is
deleted in Egs. (3) and (4)), one obtains a system of equations having the following solution:

W&, n, T = yi(DUIEn) + 1D Ua(E ), 21

v, 1) = 1DV 1(E N + V@ VaE,n), (22)

In Egs. (21) and (22), U, and ¥, are the first two components of the vectorial eigenfunction U previously
defined, and U, and V> are the solution of the system of equations (3) and (4) with, on the right-hand side,
only the nonlinear terms given by Egs. (7), and (8) (i.e. canceling the linear terms and in-plane inertia); U, and
V, satisfy the appropriate boundary conditions. The method developed to obtain U, and V> is described in
Section 6.

By substituting Uy, V3, U,, V5, W) into Eq. (5) and applying the Galerkin method, a second-order nonlinear
differential equation in the time function y(t) is obtained in the form:

W@ +31(8) — api(D) + Byi(5) = 0. (23)
The quadratic and cubic coefficients o and f§ are given by

fg{KgNgL(Uz, Vo, W)+ KyN M (Us, Vo, Wh) = NSUL VL W)W g

o= -
2w
—NEUL VI W)W 1y = (L= THUL V)W 1 W1 40
T , (24)
2wl

fQ{Wl,cféNgL(UZa Vo, W)+ (1 =)Wy, T(Us, Vo, W) + Wl,nnNnPL(Uz, Vs, Wl)} W, dQ
2Iw?

where the subscript *“,”” indicates a partial derivative, NéL, N,,L, Tt are defined by Egs. (12a—), and N, NgP L
N,,PL are defined by Egs. (14a,b). In case of a flat plate, Eq. (23) becomes simpler, due to K: = K,, = 0, and
o = 0. Equation (23) can be integrated by using numerical methods.

B =

. (25

4. The RFM

The RFM [28,29,35,36] allows searching for a solution of boundary value problems in a form that satisfies
exactly all the boundary conditions and contains functions to be determined in order to satisfy the differential
equations governing the problem in approximate way. Kantorovitch [37] introduced a solution u to
homogeneous Dirichlet conditions:

u|8Q = Oa (26)
where 0Q is the boundary of the domain; this solution has the form:
u=owpP, (27a)

where the function w vanishes at the boundary (w|so = 0) and is positive in the interior of 2, and P is an
unknown function which allows to satisfy the differential equations governing the problem. Since w is
identically zero at the boundary 0Q, then no matter what the indefinite component P (differentiable up to the
required order) is, the function u given by Eq. (27a) will satisfy the boundary condition (26) exactly.



L. Kurpa et al. | Journal of Sound and Vibration 306 (2007) 580-600 585

The function P is determined in order to satisfy the differential equations; therefore, in general, it can be
expressed in approximate way by using a series expansion of basis functions y;:

N
P=YCy, (27b)
=1
where C; are scalar coefficients. Thus, the solution takes the form:

N
u=owy_ Cy, (28)
i=1

The undetermined coefficients C; can be found numerically, e.g. by using variational or Galerkin methods.

This idea of Kantorovitch did not have particular success because: (i) there was no available technique to
construct such real functions w for complex domains and (ii) the same solution was not applicable to other
types of boundary value problems.

Rvachev [28,38] found the way to overcome both of the obstacles by creating the R-functions theory.
R-functions are elementary functions f whose sign is completely defined by the sign of their arguments; i.e. for
any R-function f exists a Boolean function F(X, X»,...,X,) of Boolean variables X, which satisfies the
following equality F(S2(x1), S2(x2),...S2(x,)) = Sa(f (x1, x2,...,x,)). The two-valued predicate Sy(x) is
defined by

s 0, Vx<0, 2
Functions that satisfy this properties are e.g. xyz, x +y + /xy + x2 + 2 and xy +z + |z - xy‘. R-functions
behave as continuous analogs of logical Boolean functions. Every Boolean function has infinity analog
R-functions. The most known system of R-functions is given by the R-conjunction (xA,y) and the
R-disjunction (xV,y), which are defined as

1
x/\ayzm(x+y— x2+y2—20cxy>, (30)
_ 212
xvay_1+(x(x+y+ xX=+y Zaxy), (31)

where « is a continuous function satisfying the condition —1 <a(x, y)<1; the denial function, simply given by
minus “—"", must be added to complete this system of R-functions. The R-conjunction (30) is an R-function
whose companion Boolean function is logical “and”( ), whereas Eq. (31) has companion Boolean function
logical “or” (). Note that the precise value of o is not important in many applications, and often it is set to a
constant. If « = 1 is taken, Egs. (30) and (31) become the functions Min(x, y) and Max(x, y), respectively.
Setting o = 0 in Egs. (30) and (31), the following simpler functions are obtained:

XAy =X+ — /X242, (32)

XVoy =x+y+ v/ x2 4y (33)

R-functions are closed under composition; therefore the function w can be obtained for complex domains
(eventually time-varying), which can be represented by using primitive geometric regions, e.g. defined by
systems of inequalities. Using R-operations, such as R-disjunctions (xV,y), which has analog Boolean union
U, and R-conjunction (xA,y), with analog Boolean intersection N, it is possible to construct the analytical
expression of o for any domain Q.

The first step in order to build w for the domain Q = Q(Q), where Q is a point in the plane (x, y) or in a
three-dimensional space, it is necessary to construct the so-called characteristic function (also named
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two-valued predicate) of the domain 2, which is defined as

0, V 0¢Q,
QZQ(Q):{L YV 0eQ. (34)

Usually the domain and its characteristic function are denoted with the same symbol.

In general, the characteristic function of the domain Q is obtained by applying simple operations v, A, —,
that correspond to the Boolean operations union U, intersection N and absolute complement ~, to sub-
domains Q;. A characteristic function Q; can be defined for each sub-domain Q;:

0’ v Q¢Qi9
2,(0) = { L voea (33)

Since Q2; € B,{0, 1}, i.c. to the space of Boolean functions, then £, may be used as an arguments of the Boolean
function F:

QZF(QlaQZa"'sQn)ﬁ (36)

which is the characteristic function of the domain Q. It is obvious that the domain  is determined not only by
the shape of sub-domains ©;, but also by the type of Boolean functions involved in F (union, intersection and
absolute complement).

As next step in the determination of w, the function #; is introduced as the continuous analog of the
characteristic function Q; and is defined as

n(Q)>0 Vv Qe

n(Q)<0 VvV 0¢Q;,

n(Q)=0 V QeoQ. (37
Let us assume that the domain 2 is defined by the characteristic function (two-valued predicate) represented in
Eq. (36), where F(y,...,Q,) is a known Boolean function. Then the inequalityf(nl, ey nn) >0 describes the
domain Q, where w :f(m, ce, 17”) is an R-function that corresponds to the Boolean function F(Q,...,Q,).
To construct the function w(x, y) it is sufficient to perform a formal substitution of the characteristic function
Q; with the continuous function #; and the Boolean operations £; N Q;, ;U Q;, €, (intersection, union and

absolute complement) with the corresponding symbols of R-operations, n;Aq1;, 1;Voh;, —n;. Following this
substitution, the continuous function w of the domain Q is given by

w:f(nl’nb""nn)' (38)

S

N

R

Fig. 2. Panel with complex shape of the boundary and coordinate system.
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In order to better understand the method, the function w is built for the panel studied in Section 7.2 and
shown in Fig. 2. The domain Q representing the panel surface is given by following Boolean operations on
sub-domains Q;:
Q= ANHLA (Q3 Vv Q4), (39)
by using (39), the equation of the domain for the panel in Fig. 2 may be written as
@(x, ) = M Aot o (13Volls) (40a)

where the functions #;, i = 1,..., 4, are given by

2
0 = <<§) —x2>/b20 in Q, n= <(g)2—y2>/a20 in 0y, (40b)

which are associated to horizontal (2;) and vertical (£2,) strips in the plane comprised between the straight
lines x = +5/2 and y = +a/2, respectively,

) 2
= (%)) a0 n 0 ni= ( -(%) )/b1>0 in . (400

in particular, Q5 is a vertical strip between y = +a;/2 and Q4 is the region of the plane exterior to the
horizontal strip delimited by x = +5,/2.
Eq. (40a) is normalized up to the first order, i.c. satisfies the following conditions:

o(x,y) =0, V(x,y) €0Q, (41a)
O _ 1, V(xy) €00 (41b)
an - > 7y N

Inside the domain Q, the inequality w(x, y)>0 is verified.
It is possible to extend the solution procedure of Eq. (27) to the case of inhomogeneous Dirichlet conditions
given by

Ulag = @0 (42)

where ¢@q is a function defined at the boundary 02 and ¢ is its extension defined in all the domain Q. The
solution structure can be written in the following form:

u=wP+ . (43)

The general case of inhomogeneous Dirichlet conditions, in which the function ¢, in Eq. (42) is specified as
a piecewise function at the boundary 02, can be solved by using the generalized Lagrange formula obtained by
Rvachev. The function ¢, on the section 0Q; of the boundary 0Q2 of the domain Q is indicated as

(PO(xay)|aQ[ = ;- (44)
Then solution may be represented by using the generalized Lagrange formula [28]:
n 71{,‘
u= P+ Zﬂ% with k;>1 and & = max(ky). (45)
Dm0

Solution (45) is given by a set of functions taking the given values ¢; on the respective sections of the boundary
0Q; a possible choice is k = k; = 1, which makes the solution defined everywhere except at corner points. If
k;>1, the partial derivatives of the function u coincide on the section 0Q; with the corresponding partial
derivatives of the functions ¢; up to the k;—1 order. Eq. (45) may be considered as the general solution
structure for inhomogeneous Dirichlet problems.
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Differential operators have been introduced by Rvachev to take into account boundary conditions of
differential type. For example, for two-dimensional problems, these operators have the following form:

k k—i i k

- (0w ow 0
D=y Cif% ) = 46
e Ck(@x) <ay> iy (462)

k i k—i k
- (30 (30 d
_ k—i i
n=30a(3) () (st

where CZ =k(k—=1)...(k—i+ 1)/i!,and k> 1; w(x, y) = 0 is, as usual, the normalized equation of 0Q (or of
a section 09Q;). Any function u(x, y) € C"(Q) satisfy the following expressions:

ofu ou
Dk(u) = ﬁa Tk(u) = @: v (xay) € aQa (46Cad)

ak
(T D)) = (D Tho)t) = 5o, ¥ () €02 (46¢)

where n and t are here the outward normal and tangent to the boundary, respectively.
In case of Neumann boundary conditions in the form:

ou _
on|yq = Po

the solution structure can be written in the following form:
u= P+ wp—wD|(P)+ P, (48a)

where P and ¢ have been previously built for Dirichlet conditions and D is given by Eq. (46a) for k = 1;
Eq. (48a) is based on the generalized Taylor series [36]. Similar procedures can be used for virtually any
boundary condition, included mixed boundary conditions. In particular, for boundary condition of the type
Ulgo= au/an}ag = 0, which are those of clamped edges, the solution structure can be written in the following
form:

(47)

U= w*P. (48b)

The structure of admissible functions corresponding to clamped edges, Eq. (15), and in-plane immovable
simply supported edges, Eq. (16), is

U =wP), Vi=owP, W,=ao"P;, (49)

where w = 0 is the normalized equation of the domain boundary; the parameter k in Eq. (49) depends on the
type of boundary condition: k = 1 for simply supported edges and k = 2 for clamped edges. The following
structure of the solution satisfies the classical simply supported edges, Eq. (17),

0 0

Ui=2p 40Py, Vi=2P,+wPy, W, =aoP. (50)

Ox ady
If the edges of the panel base are parallel to the coordinates axes, Eq. (50) can be rewritten into a simpler form.
As 0w/0x = 0 on the sides parallel to the axis x, and 0w/0y = 0 on the sides parallel to y, Eq. (50) take the
simplified form:

U=wiPs3, Vi=wPsy, Wi=0P, (51

where w; = 0 (i = 1,2) are the equations of the domain edges on which the boundary conditions U; = 0 or
V1 = 0, respectively, should be satisfied.

If the panel has in-plane free simply supported edges, Eq. (18), the structure of the solution satisfying the
kinematic boundary conditions is

U =P, Vi=P, W =owP; (52)
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In the case of boundary conditions represented by Eq. (19), the structure of the solution satisfying all the
boundary conditions is

Uy = Pi(1 = m*Cy0) — [ D1 Py — Im(1 + )T 1 Py + (> — m*) Ty Py — ImCpe P, (53a)
Vi=Py(1 = PCypu) — @[Di Py + Im(1 + ) T1 Py + (I* — um®) T Py — ImCyp Py, (53b)
1. oP; oP;

=P - Iy =4 hy——
W, 3<w+3w>+w<1ax+hz ay), (53c¢)

where Dy and T are obtained by Eq. (46), Cspr = 2(1 + wkspe/E, 0 = o(x,y) as usual, & = o(x + hi, y + ha)
and:

1 1
hl :_(U|:x+§(l)(x,y), y:| +U)|:x_§(})(x,y), y:|a

1 1
h2 =—-w |:X, y+§w(xsy):| +U)|:X, y_zw(x,y)]

In Egs. (49-53) the functions P;, i = 1,..., 4, are the unknown functions that are represented as
M| MZ
Pl(xay) = Zai(pi(x:y): PZ(xﬂy) = Z a; x,i(xay):
i=1 =M +1
M5 M,
Pix.p)= > ay(x.y), Pax.y)= Y abi(x.y). (54a—d)
i=M,+1 i=M;+1

In Eqgs. (54) a;, i =1, ..., M4, are the coefficients defined in Eq. (27b) as C;, to be determined by solving the
corresponding variational problem, and @;(x,y), x(x,»), ¥;(x,»), 0i(x,y) are elements of a complete
function system {¢,(x,»)}, {x:(x,»)}, {¥;(x,»)}, {0i(x,y)}. For example, the power polynomials, the
Chebyshev polynomials, the Legendre polynomials, trigonometric polynomials and functions, or finite
functions (splines, atomic functions) can be used in Egs. (54).

5. Eigenvalue problem for linear vibrations of shallow shells with an arbitrary shape of the boundary by using the
R-functions method

Only linear terms are considered here in the shell middle surface strain—displacement relationships (1):

ou w o w . Ou Ov 55
F»x—&—R—xa gy—@—R#ya /xy—@+a- (55)
The solution of Egs. (3)—(5), after elimination of nonlinear terms, with any of the boundary conditions given
by Egs. (15)—(19) may be reduced to a variational problem by considering the minimum of the Lagrangian,
which represents the difference of kinetic and elastic strain energies of the shell, once the displacements are
expanded by using admissible functions.
Vibrations are assumed to be harmonic in time, which yields:

ul(éa n, f) = Ul(é: ’7) cos T, Ul(é) ’%f) = Vl(éa ’1) cos T, Wl(éa n, f) = Wl(é: ’7) cos 7. (56)
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The non-dimensional functional of energy can be written as

1 oU 2 oU oV oV 2
I = 5/{ (—1—K¢W1> +2u(—1—K5W1) (—I—K,7W1> + (—I—KWWI)
Q

o o on on
2 2 2

l—pu 0V, dU, 1| /8w, W W, [(PW, o*W,

S T — | —= 2 1 —
T <a§ * an> +12[< 652> e e e ) PO a

12 2 2

A (h h
-5 (; U? +;V% + W%)}dg, (57)

where Q is the panel surface projection on &x plane.

The systems of admissible functions must be constructed in order to minimize the functional (57). The
R-functions theory is applied in order to find admissible functions for the displacements U;, V;, W, which
satisfy the given boundary conditions [28-31].

In the present study, power polynomials have been used in Egs. (54) to obtain numerical results. For the
panel in Fig. 2, assuming simply supported edges (50, 51), due to the symmetry of the problem in x and y, the
following polynomials have been used:

{o}: L2y X3 h (58a)
{X[}: x7y9xysx3y9xy3"-~a (Sgb)
{w:}: 3.7 x4, (58¢)
{0}, x.x°,x%,x°, Xy xph (58d)
By substituting Eqs. (54) into any of the Eqgs. (49)—(53) yields:
Ny N> N;

Uy~ ZaiUn, V = Z aiVii, W= Z aiWii, (59a—c)

i=1 i=1+N, i=14+N,

where Uy;, Vy;, Wi, are admissible functions that satisfies the geometrical (kinematical) boundary conditions.
The calculation of the unknown coefficients q; is carried out by minimizing the Lagrange functional (57):

o

— =0, i=1,...,N3, (60)
Ga,»

which yields the eigenvalue problem:
(K —*M)X =0, (61)

where /4 are the eigenvalues, X = (a;,as, .. .,aN})T are the corresponding eigenvectors, i.e. the vectors of the
unknown coefficients, K = {k;};;—; v, is the stiffness matrix and M = {m;;};;_; _y, is the mass matrix.

6. Calculation of U, and ¥V, in the in-plane expansions

As discussed in Section 2, the functions U,(&, 1) and V»(&, 1) are obtained by solving the following
differential equations obtained from Egs. (3) and (4) canceling the linear terms and inertia on the right-hand
side:

62U2+1—,u62U2 1-}-,[1an2
oe? 2 onp? 2 0&ony

— NI (W), (62a)

141 0°U, 1—uan2+an2

Tt T ot o = NL,(W)). (62b)
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It is possible to reduce Eq. (62) with any of the boundary conditions (15)—(19) to a variational problem
considering the minimum of energy integral [39] and developing U, and V5 in a series of functions that satisfy
the geometrical boundary conditions; this gives

U, \? (am)z U, OV 1—u<aU2 am)z [awl O’ W,
I= — | t|==) tu——F o+ —— | +57) 2|5
/9{< 66) on) THeE T T2 oy e ¢ o2
2 _ 2 2 2 . 2
1+/J@W16W1+1 uanan U2_26W16W1+1+ﬂ6W16W1+1 ﬂ@W]@W] Vz do
2 0n 0&oy 2 0& on? onp on? 2 0& ooy 2 o e

oW\ oW\ 2 oW oW
_/69<U2n<(§) +/~‘<E> >+(1 _N)V2naﬁ> dSa (63)

where U,, = Uyl + Vom, Vy, = —Uym+ V3[, [ and m being the directional cosines that can be obtained by
using the R-function w [29]: / = —(0w/0&), m = —(0w/0n).

In particular, Eq. (63) takes a simplified expression for clamped edges, as a consequence that the last
integral in Eq. (63) (extended to the boundary 0Q) vanishes. The Ritz method is used to discrete Eq. (63). In
particular, Uy(&, 1) and V,(&, ), defined in a domain of arbitrary shape, are expanded by using the
R-functions theory. Eqs. (49-53), constructed for U,(&, ) and V(& 1), can now be used to obtain U,(&, ) and
ValE, ).

7. Numerical results

Eigenvalues and eigenvectors of linear vibrations of shallow shells, as well as the functions U(&, ), V>(&, 1)
and the coefficients o and f in Eq. (23), have been calculated by using the computer program POLYE-RL [40].
The resulting second-order nonlinear differential Eq. (23) is integrated by using the 5th order Runge-Kutta
method in the commercial computer program MAPLE. All the nonlinear results are obtained for the vibration
mode with one longitudinal half-wave in both x and y directions, briefly indicated as mode (1,1). In the
presentation of numerical results, the sign of the flexural displacement W has been changed in order to have
positive displacements outward the shell and negative displacements inwards, in order to be consistent with
the results in Ref. [34].

7.1. Numerical results for circular cylindrical panels with rectangular base

Numerical results have been obtained for free vibrations of circular cylindrical panels by using the RFM.
Curved panels with rectangular base are initially considered. Numerical results present the backbone curves,
indicating the change in the resonance frequency versus the vibration amplitude; the backbone curves
(amplitude—frequency curves) shown are relative to the maximum vibration amplitude outwards (i.e. on the
side of the panel opposite to the center of curvature; this amplitude is different with respect to vibration
amplitude inwards in negative direction of the z-axis, which is larger in amplitude), measured in radial
direction at the center of the panel. Several types of boundary conditions are considered. The ten dots Gauss
quadrature formula has been used to perform numerical double integrals.

Example 1. A circular cylindrical panel with rectangular base, having the dimension ratios a/b =1,
h/R, = 0.001, a/R, = 0.4 and Poisson ratio u = 0.3 is investigated. Calculations have been performed for
classical simply supported edges. The same panel was previously studied by Leissa and Kadi [12], and Chia
[17].

Fig. 3 shows the comparison of the backbone curve obtained in the present study with those given in
Refs. [12,17], also obtained by using a single dof and the same shell theory neglecting in-plane inertia. The
present results are in reasonable agreement with those in Refs. [12,17] for vibration amplitudes up to three
times the panel thickness, being closer to those in Ref. [12].

In order to verify the accuracy of the method, the natural frequency of the mode (1,1) is given in Table 1.
The convergence of the natural frequency with the number N; of terms in Eq. (59¢) is shown and results are
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Fig. 3. Amplitude—frequency curves for the fundamental mode of panels with square base (b/a = 1, R,/a = 2.5, h/R, = 0.001, u = 0.3);
—, RFM; ----, backbone curve from Chia [17]; — - — -, backbone curve from Leissa and Kadi [12].

Table 1

Non-dimensional frequency parameter wg4/p(1 — uz)Ri/E of free vibrations of the panel (a/b =1, h/R, = 0.001, a/R, = 0.4, u = 0.3);
convergence of the present solution (RFM) with the total number of terms in the expansions and reference solution [12]

Ref. [12] RFM: number of terms in the expansions
18 30 45 63 84
0.47555 0.47556 0.47556 0.47555 0.47555 0.47555

compared to the frequency obtained by Leissa and Kadi [12]. It can be observed in Table 1 that the non-
dimensional frequency parameter computed with 45 terms converges to the value obtained by Leissa and Kadi
[12]. Increasing the number of terms up to 84 does not make any significant change in the results.

A good agreement of the present results, both linear in Table 1 and nonlinear in Fig. 3, with those in
Ref. [12] shows the accuracy of the present approach.

Example 2. A shallow circular cylindrical panel with boundary conditions given by Egs. (15)—(18), having
dimension ratios b/a = 1, RJa = 10, h/a = 0.01, u = 0.3, is considered. Free nonlinear vibrations of the panel,
classical simply supported at four edges, were previously investigated by Kobayashi and Leissa [11]. A very
good agreement of the backbone curves obtained in the present study with the one obtained in Ref. [11] is
shown in Fig. 4 for classical simply supported edges.

Fig. 5 shows the backbones curves of the panel for four different types of boundary conditions; both the
maximum, Fig. 5(a), and the minimum, Fig. 5(b), of the panel response are shown. It is interesting to note that
the backbone curve obtained for in-plane free simply supported panel, Eq. (18), shows always hardening type
nonlinearity; this is similar to the case of clamped panel, Eq. (15). For other types of boundary conditions,
Eqgs. (16) and (17), softening type nonlinearity is initially obtained, quickly turning to hardening type. It can be
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Fig. 4. Amplitude—frequency curves for panels of rectangular base (b/a = 1, R.Ja = 10, h/R, = 0.01, u = 0.3); —, RFM; - ---, backbone
curve from Kobayashi and Leissa [11].
(a) (b)
18 — T T T T T T T T,
1.4 ,’—'
1.7 I ) /
/L
16 13 | AT
1.5 s VA
S .1
- 1.4 - 12+ S/
< < S
(<= 13 (<= L , RV
. /' /’o
11 + .~ ; -
1.2 STy
L s . i
- S
1.1 e
1.0 —rg'-f:—-'—-’ . -
S~ o
1.0 L T~ ]
09 ! | L | 1 | L | L Il L 1 | 09 L 1 L 1 L | L 1 L 1 L | - |
0.0 04 08 12 16 20 24 28 00 04 08 12 16 20 24 28
Wmaxlh -wmmlh
Fig. 5. Effect of boundary conditions on amplitude—frequency curves for panels of rectangular base (b/a =1, R./a = 10, h/R, = 0.01,
= 0.3); —, classical simply supported panel, [11]; -- -, classical simply supported edges, RFM; - - - - ., in-plane immovable simply
supported edges, RFM; — - — . in-plane free simply supported edges, RFM; — - - — . ., clamped edges, RFM. (a) Maximum of the

coordinate w in a vibration period; (b) minus minimum of coordinate w.

observed that, excluding the clamped case where the rotational constraints play a fundamental role deforming
the fundamental mode shape and largely increasing its natural frequency, in-plane constraints change the
nonlinearity from hardening (in-plane free edges) to softening (simply supported and in-plane immovable) due
to the increased importance of in-plane stretching with respect to bending.
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Table 2
Natural frequency w, (Hz) of the panel with rectangular base for different boundary conditions (¢ =b =0.1m, R, = Im, 7 = 0.001 m,
E =206 x 10° Pa, p = 7800 kg/m>, = 0.3)

Boundary conditions RFM (Hz) Ref. [34] (Hz)
In-plane free simply supported 535.0 539.4
Classical simply supported 637.0 636.9
In-plane immovable simply supported 911.9 912.0
Clamped 1145.5 1168.3

(@) (b)

MaX(W1_1Ih)
—Min(w, 4/h)

wlw,
Fig. 6. Amplitude of the response of the panel with rectangular base vs. the excitation frequency; —, classical simply supported edges [34];

----, in-plane immovable simply supported edges [34]; — - — -, backbone curves (RFM). (a) Maximum of the coordinate w in a vibration
period; (b) minus minimum of coordinate w.

(a) (b)

Max (W11Ih)
= Min (W11Ih)

0.9 1 1.1 1.2 1.3 0.9 1 1.1 1.2 1.3
wlw, 4 wfw, 4

Fig. 7. Amplitude of the response of the panel with rectangular base vs. the excitation frequency; —, in-plane free simply supported edges
[34]; - - -, classical simply supported edges [34]; — - — -, backbone curves (RFM). (a) Maximum of the coordinate w in a vibration period;
(b) minus minimum of coordinate w.

Example 3. Free vibrations of a shallow circular cylindrical panel with different boundary conditions are
considered. The panel has the following dimension and material properties: length between supports
b = 0.1m, curvilinear dimension ¢ = 0.1 m, radius of curvature R, = 1 m, thickness # = 0.001 m, Young’s
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Fig. 8. Amplitude of the response of the panel with rectangular base vs. the excitation frequency; - - -, classical simply supported edges [34];
—, clamped edges [34]; — - — -, backbone curves (RFM). (a) Maximum of the displacement w at the center of the panel in a vibration
period; (b) minus minimum of displacement w at the center of the panel.
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Fig. 9. Effect of boundary conditions on amplitude—frequency curves for the panel with complex base in Fig. 2; RFM solution;
—, clamped edges; - - -, in-plane immovable simply supported edges; - - - -, classical simply supported panel; — - — -, in-plane free simply
supported edges; — - - — - -, in-plane free simply supported edges with additional distributed elastic tangential spring of stiffness per

unit length kg, = 75*%10" N/m?. (a) Maximum of the coordinate w in a vibration period; (b) minus minimum of coordinate w.

modulus E = 206 GPa, mass density p = 7800kg/m® and Poisson ratio u=0.3. The panel with the
same dimension ratios (b/a =1, R./a =10, h/R, = 0.01, u = 0.3) was previously studied in Ref. [11] with
classical simply supported edges, and in the present study, Example 2, for four types of boundary conditions
(see Fig. 5). The same panel subjected to forced vibration with non-dimensional harmonic force excitation
f=10.021 (defined in Ref. [34] and corresponding to 6.6 N for simply supported panel) applied at the center of
the panel and damping ratio { = 0.004 has been recently studied by Amabili [34], by using also a model
previously developed in Ref. [21], for different boundary conditions with a different approach and by using up
to 39 dof in the nonlinear models, which are based on Donnell’s nonlinear shell theory retaining in-plane
inertia.
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Fig. 10. Amplitude—frequency curves of the panel with complex shape for various cut depths ratios a;/a, RFM; —, a;/a =0.7;
.-, a1/a=08;,—-- — a;/a=0.9.

The natural frequency wg of the fundamental mode of the panel for four different boundary conditions has
been computed by the RFM and compared in Table 2 to results presented by Amabili [34]; a very good
agreement of the results confirms the accuracy of the present approach.

Figs. 6-8 show the maximum (part (a) of the figures) and minimum (part (b) of the figures) of the panel
radial response of the fundamental mode versus the excitation frequency computed by Amabili [34] for each of
the four types of boundary conditions given in Egs. (15)—(18); results are compared to those obtained by using
the RFM, where only backbone curves have been computed. The present results for free vibration are
extremely close to those of Amabili [34], as shown in Figs. 6-8, for all the considered boundary conditions; this
gives an excellent agreement. In order to perform the comparison, it is necessary to consider that the backbone
curve approximately goes through the middle of the forced response curves for different force levels.

7.2. Numerical results for circular cylindrical panels with complex base

A circular cylindrical panel with complex base, shown in Fig. 2, is investigated. The dimension and material
properties of the panel are assumed to be (see Fig. 2): overall length b =0.199m, curvilinear width
a =0.132m, length of the cut b; = 0.041 m, curvilinear width at the cut a; = 0.092m, radius of curvature
R, =2m, thickness 4 = 0.00028 m, Young’s modulus E = 195 GPa, mass density p = 7800kg/m?>, Poisson
ratio u = 0.3.

Fig. 9 shows the backbone curve of the panel calculated in the present study by using the RFM for each of
the five types of boundary conditions given in Egs. (15)—(19); the maximum, Fig. 9(a), and the minimum,
Fig. 9(b), of the response at the center of the panel, in radial direction, are shown. It is interesting to note that,
in the case of in-plane free simply supported edges of the panel, results indicate very weak hardening type
nonlinearity. The backbone curves for the other types of boundary conditions indicate softening type
nonlinearity.

Numerical calculations have been performed for the same panel as the cut depth approaches a;/a— 1, i.e.
approaches the limit case of a panel with rectangular base; boundary conditions are in-plane free simply
supported at all the edges. The influence of the cut depth on the nonlinear amplitude—frequency curve of the
panel is shown in Fig. 10. Globally 63 terms have been used in the expansions in order to get the results
presented. This number of terms corresponds to the eleventh power in the polynomials approximating U and
V, and to the tenth power in the polynomial approximating W in Egs. (59a—); this number of terms has been
found to give convergence of the linear eigenfunctions and eigenvectors.
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Fig. 11. Experimental set-up. (a) Curved panel with complex base; (b) panel excited by the shaker at ¥ = 40mm and j = a/2.

8. Experimental results and comparison

Tests have been conducted on an aluminum circular cylindrical panel with the same geometry (but different
material) used for calculation in Section 7.2: b = 0.199m, a = 0.132m, b; = 0.041 m, a; = 0.092m, R, = 2m,
h =0.00028 m, E = 70 GPa, p = 2700 kg/m>, u = 0.33. The panel was inserted into a heavy rectangular steel
frame, see Fig. 11, having V-grooves designed to hold the panel and to avoid transverse (radial) displacements
at the edges; silicon was placed into the grooves to fill any gap between the panel and the grooves. In-plane
displacements normal to the edges were allowed on the convex part of the domain because the constraint given
by silicon on these displacements was very small; this may be not true for the concave part of the domain; in-
plane displacements parallel to the edges were elastically constrained by the silicon. Therefore, the
experimental boundary conditions are close to those given for in-plane free, simply supported boundary
conditions with distributed springs parallel to the edges, as expressed by Eq. (19), at least for the convex part
of the panel; for the two concave parts the same boundary conditions are imposed to the model, but the actual
constraints in the tested plate are probably more complex.

The panel has been subjected to: (i) burst-random excitation to identify the natural frequencies and perform
a modal analysis by measuring the panel response on a grid of points, (ii) harmonic excitation, increasing or
decreasing by very small steps the excitation frequency in the spectral neighborhood of the fundamental
natural frequency, to characterize nonlinear responses in presence of large-amplitude vibrations (step-sine
excitation). The excitation has been provided by an electrodynamical exciter (shaker), model B&K 4810.
A piezoelectric miniature force transducer B&K 8203 of the weight of 3.2 g, glued to the panel and connected
to the shaker with a stinger, measured the force transmitted. The panel response has been measured by using a
very accurate laser Doppler vibrometer Polytec (sensor head OFV-505 and controller OFV-5000) in order to
have non-contact measurement without introduction of inertia. The time responses have been measured by
using the Difa Scadas II front-end, connected to a HP ¢3000 workstation, and the software CADA-X 3.5b of
LMS for signal processing, data analysis, experimental modal analysis and excitation control. The same front-
end has been used to generate the excitation signal. The CADA-X closed-loop control has been used to keep
constant the value of the excitation force for any excitation frequency, during the measurement of the
nonlinear response.

The measured natural frequency of the fundamental mode (1,1), which is the only one investigated in the
present study, is 156 Hz. The measured excitation was far from being sinusoidal; as usual, higher harmonics
are introduced by the shaker around resonance for higher excitation levels [41].
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Fig. 12. Experimental oscillatory displacement (1st harmonic) vs. excitation frequency for different excitation levels measured at the center
of the panel; fundamental mode (1,1). —— experimental points;--, connecting line; —, direction of movement along the line.
(a) Excitation at X = 40mm and j = a/2; (b) excitation at a different position.
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Fig. 13. Comparison of numerical (for different stiffness values k) and experimental amplitude—frequency curves (1st harmonic) of the
panel with complex shape; fundamental mode (1,1). O, Experimental value; — - —, line interpolating the experimental data; - -, simply
supported panel (kgpr— 00); — - — kepr = 197 x 10" N/m?; ——, kypr = 52.6 x 10" N/m?.

Fig. 12(a) shows the measured forced oscillation (displacement, directly measured by using the Polytec laser
Doppler vibrometer with displacement decoder DD-200 in the OFV-5000 controller; measurement position at
the center of the panel) around the fundamental frequency, i.c. mode (1, 1), vs. the excitation frequency for
three different force levels: 0.05, 0.1, and 0.15N. The excitation point was at ¥ =40mm and j = a/2.
Fig. 12(b) shows the measured forced oscillation around the fundamental frequency vs. the excitation
frequency for four different force levels: 0.05, 0.1, 0.15 and 0.2 N for a different position of the excitation
point. The closed-loop control used in the experiments keeps constant the amplitude of the harmonic
excitation force, after filtering the signal from the load cell in order to use only the harmonic component with
the given excitation frequency. The measured oscillation reported in Fig. 12 has been filtered in order to
eliminate any frequency except the excitation frequency (I1st harmonic of the response). Experiments have
been performed increasing and decreasing the excitation frequency (up and down); the frequency step used in
this case is 0.02 Hz, 16 periods have been measured with 128 points per period and 200 periods have been
skipped before data acquisition every time that the frequency is changed. In Fig. 12(a) the hysteresis between
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the two curves (up = increasing frequency; down = decreasing frequency) is clearly visible. Sudden increments
(jumps) of the vibration amplitude are observed when increasing and decreasing the excitation frequency;
these indicate softening-type nonlinearity. However, in Fig. 12(b), it is shown that for larger vibration
amplitude there is a folding, and the nonlinear behavior turns to hardening-type.

By using the forced responses in Figs. 12(a, b), the experimental backbone curve, indicating the
frequency—amplitude relationship in case of free vibrations, is obtained. This curve is plotted in Fig. 13 vs. the
theoretical calculations for aluminum panels with simply supported edges and in-plane free simply supported
edges with additional elastic tangential spring of stiffness k.. The theoretical first-harmonic component is
plotted, which is approximately the average value between the oscillation amplitude outside and inside the
shell. In particular, the theoretical curve for kg, = 52.6 x 10" N/m? is extremely close to the experimental
results, giving both a qualitative and quantitative validation of the theoretical approach. However, the natural
frequency computed for kg, = 52.6 x 10" N/m? is significantly larger than the measured one (156 Hz).
However, for kg, = 0.63 x 10" N/m? a computed natural frequency of 160 Hz is obtained, which is extremely
close to the experimental value. The indetermination of the experimental boundary conditions as well as a
significant effect of geometric imperfections on both natural frequency and trend of nonlinearity are the
probable reason for differences between numerical and experimental results; geometric imperfections are not
taken into account in the present study.

9. Conclusions

In the present study, geometrically nonlinear vibrations of circular cylindrical panels with different shape of
the boundary are considered for several boundary conditions. The study of the nonlinear vibrations is based
on the R-functions theory and variational methods, which allow considering complex shape of the panels.

Numerical calculations of nonlinear free vibrations of circular cylindrical shells with rectangular base have
been performed for several sets of boundary conditions. In order to check the accuracy of the present
approach, a comparison with the natural frequencies, backbone curves and forced responses previously
obtained by Amabili [34], Kobayashi and Leissa [11] and Leissa and Kadi [12] has been carried out. Free
vibrations of circular cylindrical panels with complex geometry have been investigated by using the RFM.
Specific laboratory experiments have been conducted on a panel having the same geometry in order to give a
further validation of the numerical results.
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