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Abstract—An asymptotic methodology is developed for studying the localized nonlinear normal
modes of a class of conservative periodic continuous structures. Localized modes are synchronous
free periodic oscillations which are spatially localized to only a limited number of components of
the structure. Nonlinear mode localization is analytically studied by defining modal functions to
relate the motion of an arbitrary particle of the structure to the motion of a reference point.
Conservation of energy is imposed to construct a set of singular nonlinear partial differential
equations governing the modal functions. This set is asymptotically solved using a perturbation
technique. Criteria for existence of strongly or weakly localized modes are formulated, and are
subsequently used for detecting nonlinear mode localization in the system. The orbital stability of
the detected localized modes is then investigated by expanding the corresponding variational equa-
tions in bases of orthogonal polynomials and using Floquet theory to analyze the resulting set of
linear differential equations with periodic coefficients. Application of the general theory is given by
studying the localized modes of a system of two weakly coupled, simply supported beams resting
on nonlinear elastic foundations. The use of mode localization for the active or passive spatial
confinement of impulsive responses of flexible structures is discussed.

1. INTRODUCTION

In recent studies, linear and nonlinear mode localization in periodic or nearly periodic
structures was analytically and numerically investigated. It was theoretically shown that,
under certain conditions, the spatial distributions of a subset of modes of a periodic
structure can become spatially localized to only a limited number of substructures. An
interesting feature of structures with localized modes is that they possess passive motion
confinement properties—motions generated by external transient impulses remain passively
confined close to the point of application of the disturbances, instead of “spreading”
through the entire structure (Cornwell and Bendiksen, 1989 ; Vakakis, 1993). This passive
motion confinement phenomenon can be implemented in active or passive vibration and
shock isolation designs.

In Pierre (1990), Lust et al. (1991), Levine and Salama (1993), and Bouzit and Pierre
(1993) the localized modes of coupled flexible structures of various configurations were
studied by perturbation analysis or numerical finite-element and Rayleigh—-Ritz techniques.
It was shown that linear mode localization takes place only in weakly coupled and weakly
disordered periodic flexible structures. Experimental verification of mode localization in
disordered linear periodic structures was carried out in Levine and Salama (1993) and Pierre
(1990). Nonlinear mode localization in flexible structures was analytically and numerically
studied in King and Vakakis (1993a), and Vakakis (1993). In these studies the notion of
nonlinear normal mode (Rosenberg, 1966 ; Rand, 1971b; Vakakis, 1990) was employed,
and Gallerkin approximations were performed to descretize the governing nonlinear partial
differential equations of motion, thereby converting the infinite-dimensional continuous
problem to a finite-dimensional one. Approximate perturbation techniques were then
employed to compute the localized nonlinear normal modes of the discretized problem. It
was found that nonlinear mode localization takes place in weakly coupled flexible structures
even in the absence of structural disorder. In fact, the principal mechanism for nonlinear
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mode localization was proved to be the nonlinear relation between amplitude and frequency
during nonlinear free oscillation (Vakakis and Cetinkaya, 1992 ; Vakakis et al., 1993).

In studies of nonlinear free oscillations employing Gallerkin approximations, the
structural responses are expressed as superpositions of linearized eigenfunctions (Nayfeh
et al.. 1974). Although these techniques provide nonlinear corrections to the modal ampli-
tudes of the superimposed linearized eigenfunctions, they do not provide any nonlinear
corrections to the mode shapes of the ensuing nonlinear free oscillations. This is a drawback
of Gallerkin-type nonlinear analyses. In King and Vakakis (1993b), a new asymptotic
method for studying the free oscillations of single nonlinear structural components was
developed. The method was based on the nonlinear separation of the spatial and temporal
variables in the governing partial differential equation of motion, and provided nonlinear
corrections to the mode shape of the structure during free oscillation. In the aforementioned
work the method was employed to study the free oscillations of simply supported and
cantilever beams, with geometric nonlinearities due to finite-amplitude motions.

In this work a new method for studying the localized free oscillations of a class of
coupled conservative nonlinear flexible structures is developed. The method does not
attempt discretization of the equations of motion, and can be regarded as an extension of
the technique first developed in King and Vakakis (1993b). Modal functions are introduced
to express the motion of an arbitrary particle of the structural assembly in terms of the
motion of a reference point. Conservation of energy is then imposed to construct the set of
singular partial differential equations governing the modal functions. The spatially localized
solutions of this set of equations are asymptotically approximated using series expansions.
The stability of the detected localized free oscillations is investigated by expanding the
corresponding variational equations in bases of orthogonal polynomials and using Floquet
analysis. The developed technique is employed to the study of nonlinear mode localization
in an assembly of two coupled beams resting on nonlinear elastic foundations.

2. THEORETICAL DEVELOPMENT

Consider the free vibration of a periodic structural assembly composed of N identical
one-dimensional continuous substructures, which are coupled by means of elastic elements.
Since all substructures are assumed to possess identical geometrical characteristics, the
cquilibrium position of each substructure is parametrized by the same normalized spatial
variable s, 0 < s < 1. Displacements from equilibrium of material points of the ith sub-
structure are denoted by variables w,(s, 1), i = 1,..., N. It is assumed that the free motions
of the periodic assembly are governed by a set of N nonlinear partial differential equations
of the following form:

g, = Lifu, (s.0). .o un(s. )], sel0,1], i=1,...,N. (D)
These equations are complemented by the set of homogeneous boundary conditions
Bi[u,(s.0), ... un(s,8);e]l =0, s=0,1, i=1,...,N. 2)

Li[] 1s an integro-differential operator acting on variables u,(s,7), p = 1...., N, whereas
Bi['] is a boundary condition operator. The nonlinear terms in operators L;[*] and B[] are
assumed to be small and proportional to a small parameter &, |¢] « 1. The following
assumptions are now imposed on the boundary value problem (1)—(2):

(1) the total energy of system (1) is conserved, and boundary conditions (2) involve no
dissipation of energy ;

(i) for ¢ =0, system (1)-(2) is separable in space and time, and admits bounded
periodic solutions for any set of initial conditions;

(iil) operators L;[*] involve integro-differential operations in terms of the spatial vari-
able;

(1v) only odd-order nonlinearities are present in the system
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(v) the displacements u,(s, t) are sufficiently smooth functions of their variables, so that
all derivatives appearing in the following analysis exist.

Assumption (1) is needed in order to impose the condition of preservation of the total
energy of oscillation, whereas (ii)—(v) are necessary for carrying the perturbation analysis
that follows. Condition (iv) guarantees a symmetric structure for the computed localized
free oscillations.

As in Rosenberg (1966) and King and Vakakis (1993b), one defines nonlinear normal
modes of system (1)—(2) as synchronous free oscillations, where all material points of the
periodic assembly vary equiperiodically, reaching their extreme values at the same instant
of time. Assuming that the assembly is oscillating in a nonlinear normal mode, the dis-
placement of the kth substructure at position s = s, is denoted by u,(f) = u.(s,, ?). The
kth substructure will be termed reference substructure, and the quantity u,(f) reference
displacement. Since the free oscillation is assumed to be synchronous, the displacement of
an arbitrary material point of an arbitrary substructure can be parameterized in terms of
the reference displacement u,(7) as follows:

uls, 1) = Uils,uo()), i=1,...,N, U(so, us(1)) = uo(1). (€)

Function U,(v,*) is termed the ith modal function, and describes the mode shape of the ith
substructure during a nonlinear normal mode of the structural assembly. In writing eqn
(3), the set of independent variables is changed from (s, £) to (s, u,(2)), and the explicit time
dependence of the motion is eliminated from the expression of u;. This transformation of
coordinates requires s, not to coincide with a node of the nonlinear mode under inves-
tigation. Shaw and Pierre (1992) used a similar functional relation to define the nonlinear
mode shape, using both the displacement and the velocity of the reference point as new
independent variables.

Considering relations (3), one formulates a condition for strong nonlinear mode local-
ization in the periodic assembly by requiring that the displacement of point s* of the kth
(reference) substructure be much larger in magnitude than the corresponding point of any
other substructure of the system:

| U (s*, u, (D) > |U(s*,u,(1))|, i=1,....,N,i#k, 0<s*<1,

V=0, U.(s* u,()) #0 (strong nonlinear mode localization). (4)

Conditions (4) are imposed away from nodes of the nonlinear normal mode. These con-
ditions guarantee spatial confinement of the free oscillation to the kth substructure. Con-
ditions for weak nonlinear mode localization can be formulated in a similar way. To this
end, one requires the nonlinear oscillation to be mainly confined to a subset of substructures
(instead of only the reference substructure) :

(U(s*, u, (D) > |Us*, u, ()|, meS,, i¢S,, [1,...,N]>5,, 0<s*<1,

V=0, U,(s*u, (1) #0 (weak nonlinear mode localization). (5)

Previous works demonstrated the existence of strong and weak localization in weakly
coupled nonlinear periodic assemblies (Vakakis ez al., 1993 ; Vakakis and Cetinkaya, 1992 ;
Vakakis, 1993). However, in these works the systems considered were either discrete or
discretized using Gallerkin approximations. In what follows, a new asymptotic meth-
odology for studying nonlinear mode localization in continuous periodic assemblies is
described. The method relies on the analytical evaluation of the modal functions U(s, u,(?))
by direct analysis of the governing nonlinear partial differential equations of motion without
resorting to any discretization scheme. Once analytic expressions for U(s, (7)) are
computed, criteria (4) and (5) are used to detect nonlinear mode localization in the periodic
assembly.
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Since the total energy, E,,, during free oscillation is conserved, one formulates an
energy conservation relation of the form:

N 1
Ew=) [(1/2)f ui ds+Li[u, (s, D), ..., un(s, t);s]], 6)
i=1 0
where L]] is a spatial operator acting on the displacements; this operator represents
potential energy terms arising from operator L;-] in eqn (1). Typically, L[] involves
integrations with respect to the spatial variable, with integrands containing partial deriva-
tives with respect to the displacements. Since the periodic assembly under consideration is
conservative, relation (6) holds at all times. In what follows, relations (3) and the energy
equality (6) are used to eliminate the time derivatives from the equation of motions, and
to obtain the equations governing the modal functions U, .).
Employing relations (3), the partial derivatives of the displacements with respect to
time are expressed as follows :

Uy = (OU,[0u,) oy, iy = (az Ui/al‘g) uét +(CU,/0uy) tos - . . » U]

where subscripts t denote derivatives with respect to the time variable. Using eqn (7), the
energy conservation relation is written as

En = g‘, l:(l/z) 7 Jl (OUJouy* ds+ Li{U,,...,Uy; 8]:|’ (®)

0

where the integro-differential operator L; is derived from L, by substituting u,(s, f) = U,.
(s,u(8)), p=1,...,N. Using relation (8), one can express the velocity of the reference
point, u,, in terms of the modal functions U, and the total energy E,,:

ul = Z[Eml— i L[U,..., UN;s]:] l:i Jl (0U,/ou,)? ds:|_l. C))

Expressions (3) and (9) evaluate the displacement and velocity of the reference point in
terms of the (yet unknown) modal functions U,(s;, 4,(f)). Substituting eqns (3) and (7) into
the equations of motion (1), taking into account eqn (9), and noting that the acceleration
of the reference point is computed by u,, = LJU,(50,1), ..., Ux(s,, ?) ; €], one obtains the
following equations governing the modal functions U(s, u,(?)) :

N N [l -182y.
Z[Etot_z Li[Ul,‘--,UNéﬁ]:l[ZJ- (0U,/0u,)? dsi] P 2,
i=1

i=1 Jo o

U,
+LK[U1 (Soa uo)’ R ] UN(SO7 uo) ,815 = _Ij_i[Ul (Ss uo)’ T UN(S’ uo) 5 8],.5‘6 [Oa l]’ (10)

(o]

where i = 1,..., N. The following boundary conditions complement eqn (10) :
Bi[U,(s,us (), ..., Un(s,u,())] =0, s=0,1, i=1...N. (11)

In eqns (10) and (11), operators L[] and B[] are derived from the original operators L[]
and Bi['] of eqns (1)—(2) by transforming the set of independent variables from (s,?) to
(s, u,(1)). Denoting by u¥ the maximum amplitude attained by u,(r) during free oscillation,
and taking into account that the motion of the system is synchronous, it is noted that
equations (10) become singular when the periodic assembly reaches its maximum potential
energy level, 1.e. when u,(#) = u* and
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N
Elo[ = {Z L![Uh'”a UN;S]}
i=1

—u*
U=

This is due to the fact that, at maximum potential energy, the coefficients of the highest
derivatives (8° U;/0u?) in eqn (10) vanish. Therefore, for values of the potential energy less
than £, asymptotic approximations to the functions U; are constructed, and then ana-
lytically continued up to the maximum potential energy level E,,. Similar asymptotic
analyses for discrete oscillators were carried out by Rand (1971a), Manevich and Mikhlin,
(1972), Mikhlin (1974), Vakakis (1992), and for continuous oscillators by King and Vakakis
(1993b). Analytic continuations of the asymptotic solutions up to the maximum potential
energy level are achieved by complementing eqns (10) with the following set of relations
which hold at the maximum potential energy level :

6U,’
|:£k[Ul(sos uo), et UN(sm uo) »8] au _£i[Ul (S, uo)a R UN(S’ uo) ,8]} = 0

—u*
Uy =Ho

i=1,....,N. (12)

Summarizing, the normal modal shapes Us, u,(t)) are governed by the set of singular
nonlinear partial differential equations (10), subjected to the boundary conditions (11) and
the maximum potential energy relations (12). Asymptotic approximations to the solutions
of equations (10)—(12) are sought in the form of a power series. Away from the maximum
potential energy level, the solution of eqns (10) and (11) are represented in the series form:

el

Uls,u,(0) = Y, UP(s,u,), i=1,...,N. (13)

J=0
It is assumed that functions UY and all their partial derivatives are of order &':

o" Ugj)
os"

=0(), j=0,1,... (14)

Hence, the quantities U are the O (¢/) corrections to the ith modal amplitudes U,. Sub-
stituting eqn (13) into eqns (10)—(12) and matching coefficients of respective powers of &,
one obtains a series of subproblems governing the modal corrections U!’. These sub-
problems are then solved by expressing U in power expansions of the form

U (s,u) = a’ () uo (1), U (s,u0) = Y afl (9w (1), j=1.2,... (15)

m

The expressions for the O (1) terms U (s, u,) are separable in space and time due to
assumption (ii) of the problem. The spatial coefficients a$) (s) are computed by substituting
eqn (15) into the O (¢/) subproblem governing UY(s,u,) and matching coefficients of
respective powers of u,(¢). A set of ordinary differential equations governing a{(s) is then
derived, which, coupled with appropriate boundary conditions, is solved to provide the
spatial coefficients in eqn (15). The described analytic methodology can be carried out up
to any desired order of approximation. Once analytic approximations for the modal func-
tions U, are obtained, the time response u,(¢) of the reference point is analytically approxi-
mated by considering the kth equation of motion at the reference point s = s, :

Uon = Lk[(]l(so’ uo(t))’ ) UN(sos ua(t)) 5‘91 (16)

For a prescribed set of initial conditions u,(0) and u.,(0), eqn (16) can be solved either by
quadratures or by an approximate nonlinear perturbation technique (Nayfeh and Mook,
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1984). Once u, (1) is determined, the oscillation of an arbitrary point of the periodic assembly
can be computed using relations (3).

If a subset of the computed modal functions U, (s, u, (#)) satisfies criteria (4) or (5),
mode localization occurs in the structure. Criteria (4) and (5) guarantee the existence of
strong or weak nonlinear mode localization in a mathematical sense. However, as past
works have shown (Vakakis er al., 1993), not all mathematically computed nonlinear
localized modes are physically realizable, since some may be orbitally unstable. To determine
if the computed localized modes are physically attainable, one performs a numerical stability
analysis based on Floquet theory. The stability analysis is described in detail in the next
section, where a specific application of the outlined asymptotic methodology is given.

3. APPLICATION: COUPLED BEAMS ON NONLINEAR FOUNDATIONS

Application of the asymptotic methodology will be given by studying the localized
nonlinear modes of the structure depicted in Fig. 1. This structure consists of two coupled
simply supported beams resting on nonlinear elastic foundations. Assuming that the dis-
tributed linear coupling stiffness and the nonlinearities of the elastic foundations are weak
[of O (¢), |¢| « 1], the governing equations of motion are written in the following form:

Upg = — Uygees — KUl _8}’”? —eK (4, —u,) an

Uy = _u2ssss_ku2_8)’“;_81((“2“”1)' (18)
Assuming simply-supported beams, the boundary conditions of the problem are given by :

ul(o’ l) = ulSS(O, l) = ul(l’ t) = ulss(la t) = O
u2(0a t) = uZSS(()’ t) = u2(19 t) = u255(1v t) =0. (19)

Equations (17)—(19) correspond to the general equations (1) and (2) of the previous section.
The localized nonlinear normal modes of system (17)—(19) are now sought. Following the
previously outlined general methodology, it is assumed that u(s,?) = U,(s,u.(¥)),
uy(s, 1) = Us(s, u,(2)), where U,(s,, u,(1)) = u,(¢) is the displacement of the reference point
s = s, of beam 1. It is assumed that the reference point does not coincide with any node of
the nonlinear mode under investigation. The energy of the system during the nonlinear
mode oscillation is expressed as

e L R TRy

Nonlinear
Elastic
Foundation

uy(s,t)

7 4 7 7 / / / /7

Fig. 1. The flexible system under consideration.
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2 M gy eK
Bor= ) 3 [ Gt + i+ 5 i ) ds 0)
i=1Jo

with the understanding that u; = u,. The velocity of the reference point is computed as

2 1 K
2=y, J (Uk+kU? + 2 Ut 4 (U= Ue)) ds
i=1 Jo

(o)* = — en
Z J (@U,/ou,)* ds

with U, = U,. Expressing the displacements in the equations of motion in terms of the
modal functions, computing (u,)* from eqn (21), and taking into account that

Uy = {- Ulssss —kUl —EVU? _EK(UI - U2)}s=sax

one obtains the following set of singular partial differential equations governing the modal
functions U, (s, u,) and U,(s, u,):

2 1 K
2E— Y J (U2 +kU + 2 U+ (U~ U, 1)) ds
=1 Jjo 2 2 62

1

ou?

i Jl (8U,/du,)* ds
i=1 Jo

U,

+ { - Ulssss_kUl “EYU? _8K(Ul - U2)}s = soaT

= - Ulssss—kUl —8'))U% —SK(UI - U2)
and

2 1 K
2E i J (Ua+kU? + 5 U+ 5 (U= U, ) ds
=1

i=1Jo 0°U,
2 1 2
Y f (U fou)* ds o
i=1 Jo
3 (7U2 3
+{_ Ulssss—kUl —EYUI _BK(UI - UZ)}szxoﬁ = - UZssss_kUZ ‘EVUZ —BK(UZ - Ul)

(22)

These equations are complemented by the following relations holding at maximum potential
energy level, u, () = u¥:

l:{—— Us — kU, —eyU3 —eK (U, —Uz)}SﬂOBa%
+ Ut + kU, +e9U7 +2K (U, —Uz):| =0
uo(f)=ug
I:{— Ups — kU, —eyU3 —eK (U, — Uz)}sz%%g—:
+UZSSSs+kU2+8yU§+8K(U2—Ul):| =0. (23)
o (1) =ul
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Equations (22) and (23) are solved, taking into account boundary conditions (18). These
boundary equations are expressed in terms of the modal functions

Ul (03 uo) = U]ss(Oa uo) = Ul(lauo) = L[Iss(huo) = O
U, (0, uo) = Usz(O, uo) = U?.(l,uo) = UZss(lﬂ uo) =0 (24)

and the following compatibility condition is imposed :
Ui (80, o (1)) = u,(2). (25)

Equations (22) and (23) correspond to eqns (10) and (12) of the previous section. When
the potential energy is less than E,,, solutions to eqns (22,24) are sought in the series form
(13)—(15). The power series solutions are then analytically continued up to the maximum
potential energy level, E,.,, by satisfying relations (23).

The modal functions are expressed in the series forms

Ui(s,ua(1)) = UP (s,u) + ULV (s,1) + U (5,u) + O (%), i=1,2,

and are substituted into eqns (22)—(25). In accordance with assumption (ii) of the
general formulation, the O (1) approximations are separable in space and time,
U (s,u,) = a¥(s) u,(t). By matching coefficients of respective powers of &, a series of
subproblems at various orders of ¢ are formulated. In this work the symbolic manipulations
required for computing the asymptotic approximations to the modal functions were per-
formed using the software package Mathematica.

O(1) approximation
Retaining only O (1) terms in eqns (22)—(25), one obtains the following equation
governing the first-order corrections U® (s, u,) :

sUP
(— U —kUP} oy 5 = = U — kU
° Ou,
aU(O)
{ - U(l(;:ss -kU(IO)}s=SO 51{2 = (22255 -kU(‘]) (26)

Setting U (s,u,) = a!’(s) u, (), i = 1,2, and substituting into eqn (26), the following
ordinary differential equations governing a'’(s) are derived :

a"" () —a\" (so)a’ (s) = 0= a{"(s) = Asin As+ Bcos As+ Csinh As+ D cosh As

as$y"” (s) — a" (so)asy (s) = 0= a¥)(s) = Esin ls+ Fcos As+Gsinh As+ Hcosh As  (27)
where A* = a{)" (s,) is a solution-dependent parameter, and primes denote differentiation
with respect to the spatial variable s. Imposing the boundary conditions, a’(0) = a{{’(1)
= af{""(0) = alP"(1) =0, i = 1,2, and the compatibility relation a{%(s,) = 1, the solutions
of eqn (27) are computed as

a%(s) = sin (nns)/sin (n7ns,), a$)(s) = a¥Y(s,) sin (nns)/sin (nns,), 7 =nm, (28)

where n = 1,2,...denotes the order of the mode. The amplitude of beam 1 (the reference
beam) is completely determined at this order of approximation, whereas the amplitude of
the non-reference beam 2 is determined within a multiplicative constant, a%(s,), which is
evaluated at the next order of approximation.
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O(e) approximation

Substituting the series expressions for the modal functions in eqns (22)—(25), and
retaining O (¢) terms, one obtains the following equations governing the first order cor-
rections U{V(s, u,) and U (s, u,) :

2

1
=S j (UO 2+ kU®?) ds
0

i=1

oruUM
ol

2 1
s J (BU® /8u,)? ds
i 0

i=

(1) (1) (0)3 o) _ (0) 6U(0)
— Ul —kUY) —yUY" —K(U
+{ 1ssss 1 ’}’ 1 ( 1 )}s £ au
oum
+ { - U(los)sss U(IO)}s =5, 61:0
= — U, —kUP —yUP —K(UP = UD), j=1,2 (29)

with the understanding that U{” = U{”. These equations are complemented by the fol-
lowing relations holding at the maximum potential energy level, u, (f) = u¥:

(]
[{_U(‘ls)“s_kU‘l”ﬂUﬁ"”~K(U%°’—U§°))}s=maéjuj
UM
= Ul kU, u, T Ufs‘s)ss+kU“’+vU,‘-°”+1<(U,‘-°’—U}3H)} =0 (30)
o (1) =u3

where j = 1,2. The maximum energy F,, in eqn (29) is equal to the maximum potential
energy level, and, hence, can be expressed in terms of the maximum displacement of the
reference point u¥:

Eo = {(1/2) Z J (UL L+kUD?) dshy =i+ O (@) 3H

The corrections to the modal amplitudes U{" (s, u,(?)) are expressed in the series form,
U (s, u,(0) = afl’ (s) uo (1) + a3 (5) 3 () + O (w3 (1)), i=1,2. (32)

Although the analysis can be carried to any order of approximation, in this work only
terms up to O (u2(f)) are retained in the expressions for U(". Substituting eqn (32) into
eqns (29) and (30), taking into account eqn (31), and matching coefficients of respective
powers of uy(¢), one obtains the following ordinary differential equations governing the
spatial distributions a{{’(s) and a}’(s) :

sin (nns
(n4n4+k)u*2a(l)(s)_[a(lll)rm(so)]s—ia-((?ﬁ;)) _n4n4a(1|l)(s) - __a(lll)nu(s)
*2 (1) (L) (0) sin (mcs) 4.4 (1)
6(n* ' +us* af (5) — )" (s )]a (s0) Gromes — it afl (9)
in (nms)
— — g — a0 (0)
A" )+ K (1 —afl () (1 +af 6 L (63)

Equation (33) evaluates the cubic spatial coefficients 4!}’ (s) in terms of the (yet unknown)
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linear spatial coefficients a{’(s). These cocflicients are governed by the following eighth-
order differential equations:

a0 (5) — (10n* n* 4+ 8Kk) a1 (s) + n*n* On* n* + 8K al) ()
_ [ sin (nns)

= | in (s AR 60) = (10n** 801 (5,) = 67 K

a3
+6y(n4n4+k)u;kﬂs,m—("ﬂ} (34)
sin® (nns,)

and
a0 () — (10n* n* 4+ 8Kk)a )™ (5) + n*n* (9n* n* + 8k)al') (s)
= =2(n* 7" + k) [BK (1 —al) (s,)) +3a5 (s,) {af]™) (s,) + ud?afi™ (s,) + yul?

y sin (nns
+ K (1—a) (s,))} +aii™ (s5)as? (s,) + K (1 —a$? (s,))] Elﬁo)—)

sin’® (nms)

+ [6yud? (n* 7 + K)ab?® (5,)] (35

sin® (nms,)

The nonhomogeneous terms in eqns (34)—(35) are solution-dependant, since they contain
the (yet unknown) first approximation a3’ (s.), and derivatives of ai{(s) evaluated at s,.
Moreover, these equations depend on the order n of the mode under examination. Equations
(34)—(35) are complemented by the boundary conditions,

dal(s)  d"dP(s)
s=0 =

§ = = 0’
ds® dsr !

forp=0,2,4,6,and i =1, 2, and by the compatibility relations, ai}(s,) = a{}(s,) = 0.
These conditions were derived by considering O (g) terms in expressions (24) and (25).

The solutions of egqns (34) and (35) are composed of homogeneous and particular
solution terms, and their derivation is standard. Equation (34) coupled with the boundary
conditions and compatibility relation yields the following solution for a{Y(s) :

ali(s) =

Iy(ntrt +k)ux? [sin3 (nms)  sin (nns) ] (36)

320n*n* (9n*n* — k) | sin® (nns,) ~ sin (nms,)

Substituting eqn (36) into the first of equations (33) leads to the following solution for the
cubic spatial coefficient of the reference beam :

ey — Y sin (nms) B sin® (nms) ] 37
ay3(s) 8(9n*n* —k) [sin (nms,)  sin® (n7s,) . (37

Considering eqns (36) and (37), it is noted that they become singular when k = 9r*z*. The
same finding was reported by Shaw and Pierre (1992) and King and Vakakis (1993a,b),
and is due to a 3:1 internal resonance between modes () and (3n). Hence the outlined
Jormulation [as well as the invariant-manifold approach of Shaw and Pierre (1992)] is only
valid for computing nonlinear normal modes which are not in internal resonance. Results (36)
and (37) compute the mode shape of the reference beam 1, during the nonlinear mode
oscillation.
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The spatial coefficients ab} (s) and a4 (s) for beam 2 are computed by considering eqns
(35) and (33). Satisfying the aforementioned boundary conditions, one obtains the following
three solutions for the undetermined coefficient a¥} (s,) of the O (1) approximation

af(s)) = +1, ora¥(s,) = —16Ksin® (nms,)/(9yul?). (38)

Solving eqn (35) and the second of eqns (33), one derives the following analytic expressions
for coefficients a4 (s) and a%y(s) :

6 *2 k (0)3
ay)(s) = Csin (nns) — ——M-L)—a-—(i”)— sin (3n7s), (39)
2560 n* (9n* n* — k) sin® (nns,)

1 a(l)/m(so) a(o) (So)+K(] _a(())7(so))
() = .
6u**(n*n* +k) sin (nns,)

(M3
———lﬁz—’ﬁL sin (3nms).  (40)
32 9n*n* —k)sin® (nms,)

Coefficient a4 (s) is completely determined at this order of approximation, whereas the
expression for a4} (s) contains the yet undetermined coefficient C. This coefficient can only
be determined by considering O (¢%) terms in eqns (22)—(25). This is due to the fact that no
compatibility relations for a4 (s) and a%y(s) can be formulated ; by contrast, a\(s) and
ai) (s) satisfy the compatibility conditions ai!}(s,) = a4 (s,) = 0, Wthh were employed to
compute expressions (36) and (37). The analytic expression for C is given in the Appendix.

Combining all previous results it is concluded that, depending on the value of aty(s,),
there exist three nonlinear normal modes for the system of Fig. 1. During a nonlinear normal
mode, the modal functions of the two beams are asymptotically approximated as follows:

ur (5.1) = Us (s.t0(0)) = I:sin (nms) 3ey(n'n? +k) u ;{) {sm (nms)  sin (nns) H ue(0)

sin (n7s,) — 320m*n*(9n'n sin® (nms,) ~ sin (nms,)

N &y [sin (nms)  sin® (nns)
8(n'n* —k) | sin(nns.)  sin® (nms,)

ilu;f(t) +0 (euy(1),e%)  (41)

and
sin (n7s) .
- — | 4o X
U (Sa t) U2 (sa uo([)) [ ( 0) Sln (n7r 0) +5C sim (I’ITIS)
6evu*? (N 4 k) g’
—ﬂ-—(ifjh-)a‘—~ (5,) sin (3nns):| 1, (1)
2560n* n* (9n*n* — k) sin® (nns,)

N [ e{di" (s,) af (50) + K (1 — a8 (s.)) sin (n7s)
6ul* (n*n* +k) sin (nms,)
)3
32(9n* ;w.l_z;c)(ssli . (3'“”)} w00 (0. ) -

where a7 (s,) is given by eqn (38).

From expressions (41) and (42) it can be easily shown that, when a4 (s,) = + 1 the
modal functions are either equal or opposite in sign, U (s, uy(?)) = + U,(s, uo(?)). In that
case the structure vibrates in a non-localized symmetric or antisymmetric nonlinear normal
mode. When

as)(s,) = —16 Ksin® (nms,)/(9yu*?),
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Fig. 2. Asymptotic approximations of the modal functions U, and U, for the symmetric mode:
( ) nonlinear theory (¢ # 0); (------ } linear theory (¢ = 0).

Fig. 3. Asymptotic approximations of the modal functions U, and U, for the antisymmetric mode :
( ) nonlinear theory (g # 0); (------ ) linear theory (e = 0).

and the ratio (K/yu**) « 1, the modal function of beam 1 is much greater in magnitude
than that of beam 2; in the limit (K/yu*?) — 0, it can be shown that U (s, (1)) — O (1)
and U, (s, u,(1)) = O (eu’(t),e*). It is concluded that, as the ratio (K/yu*?) tends to zero,
criterion (4) of the general analysis is satisfied and the nonlinear normal mode becomes
strongly localized to the reference beam 1. Parameter K is the coefficient of the coupling
stiffness, whereas product (yu*?) is indicative of the strength of the nonlinearities of the
elastic foundations. Hence, the previous analysis shows that when the ratio of the coupling
over nonlinear terms is small, the system possesses a strongly localized nonlinear normal mode.
This conclusion is in agreement with the findings of previous theoretical and numerical
works on nonlinear localization (Vakakis and Centinkaya, 1992 ; King and Vakakis, 1993a),
where discrete or discretized periodic systems were considered. Note, that due to the
symmetry of the structure under consideration, an additional strongly localized mode exists,
involving localization of the free vibration in beam 2. This mode can be studied
by considering beam 2 to be the reference substructure. The corresponding localized
modal functions for the second localized mode are computed by setting
af)(s,) = — 16Ksin? (nns,)/(9yu**) and interchanging subscripts 1 and 2 in expressions
(42).

In Figs 2 and 3 the asymptotic approximations to the modal functions of the non-
localized symmetric and antisymmetric normal modes of the structure are depicted for
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a1 0(s)
0.2 0.4 0.6 0.8 1 S
321(0)(5)
0.2 7 \(bs\o,—g/l S
ay(I)(s)
a21((s)
a3((s)
0.2 0.4 0.6 0.8 1§
a3(s)
U
0.2 0.4 0.8 0.8 18

— w

Fig. 4. Asymptotic solutions for the strongly localized mode: (a) spatial coefficients @/’ (s), !}’ (s)
and ali'(s), 7 = 1, 2, (b) modal functions U, and U,.

n=1,5,=05 u¥=1.0,K=25k =850,y =100 and ¢ = 0.5. For comparison purposes
the respective linearized modes corresponding to ¢ = 0 are also shown. In Fig. 4a the spatial
coeflicients a{¥’ (s), al{’(s), and a$1’(s), i = 1, 2 for the strongly localized mode are depicted
forn=1,5=0.5 u*=1.0,K=10, k =850,y = 100, and ¢ = 0.5, whereas in Fig. 4b the
complete asymptotic approximations U, and U, to the localized modal functions are
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presented. Note that, during the strongly localized mode, the free periodic oscillation of
reference beam 1 is of much larger amplitude than that of the non-reference beam 2. Hence,
when the system oscillates in a strongly localized mode, the energy of the motion is mainly
confined to only one of the two beams.

Applying formula (16) of the general analysis and assuming that the system oscillates
in a strongly localized mode, one obtains the following differential equation governing the
motion of the reference point during nonlinear mode localization :

3yuX? (n* 1t + k) (4 sin> 3
i, (1) + (n*nt + k) uo(t)+g[ﬁfﬁ__(n‘“ +k)( STn7 nms, —3)
16(9n°n* —k) sin’ nns,

+K{l N 16K sin® (nnso)H 4e(0)
(Oyus?)

y(15ntnt —2(n*n* + k) sin® nms,) 5 5
APEE ZAR T TR ) 20+ 0 (el (1), 6%). (43)
209n*n* —k) sin® nms, ( (eara(

For a specified set of initial conditions, the solution of eqn (43) can be expressed in terms
of elliptic functions. Assuming that u,(0) = u¥, u,(0) = 0, i.e. that the system is initiated
from a position of maximum potential energy. the solution of eqn (43) is given by

uu(t):u:‘cn(pll’kl)v ﬁ>0
u (1) = uksn (prt+K(ky), k), —1 < Buja <0, (44)

where cn (-, -) is the elliptic cosine, with argument p, and modulus &, given by
pr = o+ pull'2, ki = pud®/2pi, (45a)
sn () is the elliptic sine, with argument p, and modulus &, given by
pr = la+Bu 22, k3 = —Bud®/2ps, (45b)
and « and f are the linear and cubic coefficients of the modal oscillator (43), respectively

3eyu¥? (n*nt + k) (4 sin? nns, —3)

16(9n* n* — k) sin* nns,

o=n'nr*+k+

16K sin? (nns,)
+eK| 14+ ————"

Oyud?)

eyuX? (15n* n* — 2(n*n* 4 k) sin’ nms,)

; (45¢)
2(9n*n* —k) sin? nrs,
The frequency of oscillation w of the strongly localized mode is then computed as
w=ouy)=mrp /2Kk), >0
w = o) =1p:2K (k). —1 < pur?ja <0, (46)

where K() is the complete elliptic integral of the first kind. Employing eqns (44)—(45), the
time responses of the two beams can be computed using the previously derived expressions
(41) and (42).

The stability of the computed localized mode is now examined by performing a
numerical study similar to the one first introduced in King and Vakakis (1993b). Denoting
by (s, r) the motion of beam 7/ during mode localization [expressions (41)—(42) and (44)—
(45)], small perturbations in space and time are introduced in the following form:
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u(s, 1) = a;(s, 1) +el(s, 1), i=12. 47)

Substituting eqn (47) into the equations of motion (17), and retaining only terms of O(g),
the following set of variational equations results:

‘:itl = _éissss_kéi‘3g}’ in(())z’ff_gK(/:/_éi‘1)+0(62)~ [= 172a (48)

where & = ¢, and U9(s,u,) = a¥’(s)u,(¢). Equations (48) are linear partial differential
equations with time-periodic coefficients. Their solutions are approximated by expansions
in terms of orthogonal polynomials as follows :

xX

E(s,0) = 3 %i(l) Pouls), (49)

m=1

where { P, (s)} - | is a complete family of orthogonal polynomials, satisfying orthogonality
relations of the form, j (1) P..(s) P,(s) w (s) ds = h}d,,,, where w(s) is a weighting function and
S, 1s Kronecker’s symbol. Polynomials P,,(s) need not satisfy the boundary conditions at
s = 0,1, but the numerical convergence of the stability analysis is greatly improved if
they do. Selecting P, (s) = sin (mms), w(s) = 2, h, = 1, substituting eqn (49) into eqn (48),
premultiplying both sides by (w(s) P,(s)), n = 1,2, ..., integrating from s =0to s = 1, and
neglecting terms of O(¢&?) or higher, an infinite set of linear ordinary differential equations
with time-periodic coefficients is obtained :

alql[+(k+q2n2)alq+8K(alq_“a2q)+g Z Slqm(l)alm :O

m=1

(qu[l+(k+q27[2)d3q+8K(0124—d1[l)+8 Z Squ(t) Yom = 03 q= 132:”'9 (50)

m=1

where Sy, (1) = 6yu2(?) [} al{"* (s) sin (g7s) sin (mmns) ds for u, (1) given by eqn (44), and the
quantity a{’(s) was computed previously. For the numerical calculations the infinite set
(50) is truncated to 2N equations by considering only the first N terms in eqn (49), and
Floquet analysis is applied to the truncated system (Nayfeh and Mook, 1984). The Floquet
matrix of eqns (50) is computed, and the stability of the variational equations (50) is
determined by computing the eigenvalues of the Floquet matrix: eigenvalues greater in
modulus than unity indicate orbital instability, whereas eigenvalues of unit modulus cor-
respond to neutral stability. Neutral stability does not necessarily imply stability, but
combined with the fact that the system under consideration is conservative, neutral stability
implies small bounded oscillations of the perturbations &&,(s, r) close to the steady-state
solutions #(s, ¢). Since truncation of the infinite series (49) was performed, a convergence
study must be performed on the eigenvalues of the Floquet matrix. Stability or instability
of equations (50) implies orbital stability or instability for the localized normal mode under
consideration.

Numerical computations of the Floquet matrix of equations (50) were performed. A
parametric study was performed in order to achieve convergence of the eigenvalues of the
Floquet matrix. The numerical computations indicate that the Floquet matrix possesses
pairs of complex conjugate eigenvalues of unit modulus, indicating orbital (neutral) stability
for the nonlinear localized mode. Hence, it is shown that the detected strongly localized mode
is stable and, thus, physically realizable.

4. DISCUSSION

A new analytical method for studying localization of nonlinear normal modes in a
class of periodic structural assemblies was presented. The outlined methodology was based
on a direct asymptotic analysis of the governing nonlinear partial differential equations of
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motion, and did not involve Gallerkin expansions or any other discretization scheme. As a
result, the analysis provided nonlinear corrections to the modal amplitudes and to the
localized mode shapes of the structural elements. The orbital stability of the computed
localized modes was numerically studied by expanding the variational equations in terms
of orthogonal polynomials and performing Floquet analysis on the resulting set of coupled
ordinary differential equations with time-periodic coefficients. The described asymptotic
analysis can be carried out up to any desired order of approximation, although for higher
approximations the associated analytical computations become cumbersome and resort to
computer algebra is required.

Application of the method was given by considering a system of two weakly coupled
simply supported beams resting on nonlinear elastic foundations. It was shown that, as the
ratio of coupling over nonlinear terms tends to zero, strong nonlinear mode localization
occurs in the system, where the free oscillation was mainly confined to only one of the two
beams. Moreover, the strongly localized mode was found to be orbitally stable, and, thus,
physically realizable. The basic generating mechanism of nonlinear mode localization is the
dependence of the frequency of the free nonlinear oscillation on the amplitude of the motion
(Vakakis and Cetinkaya, 1992). When the two beams of the coupled assembly are initiated
at differing initial amplitudes, their frequencies during free oscillation differ, so that a
[frequency disorder occurs in the system. The effect of this frequency disorder is to confine
the amplitude of motion of each beam close to its initial state, and to give rise to nonlinear
localization. In the application considered in this work only strong mode localization was
detected. Periodic systems with additional number of substructures are expected to possess
strongly and weakly localized nonlinear modes. Moreover, not all of the localized modes
are expected to be orbitally stable.

The nonlinear mode localization phenomenon can be employed for the design of
periodic structures with improved passive or active motion confinement properties. Indeed,
a direct link between nonlinear mode localization and passive motion confinement of
disturbances generated by external impulses was found in Vakakis (1993). In that work it
was shown that, if a structure possesses strongly localized modes, motions generated by an
external transient disturbance remain passively confined close to the point of application
of the disturbance, instead of “spreading” through the entire structure. Clearly, if the
inherent dynamics of a structure lead to passive confinement of externally induced motions,
this structure is expected to be more amenable to active or passive vibration suppression
than a structure with no such motion confinement properties.
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APPENDIX: ANALYTIC EVALUATION OF COEFFICIENT C OF EXPRESSION (39)

Retaining O (¢%) terms in eqns (22)—(25) and imposing the corresponding O (¢%) boundary conditions, one
obtains the following analytic expression for C:

Iyur?a (s,) ]!
c= [A. —K(1+a¥(s,)) ~ M] { {aﬁ(so)m K(1+a(s2))
4sin? (nms,)
_ 9?14'*302 Y (s, )]+rz ':iyu azollz(so) az‘m(so)):]
4sin? (nms,) 4sin’ (nns,)
Gyu*2ag©2(s,
+r3u:2[ 3A, +K(1+a<°>(so))+—w—9—(5—)]
4sin’ (nns,)
N © Gyud*ds) (s.)
+u¥?) 3a8 (s,)A — K (1 + a8 (s,)) — —————
4 sin? (nms,)
(012
i [M a&“f‘*(so))J}, (A1)
4sin’ (nms,)
where
Ay = a\V"(s,) Furaly" (s,) HyuX? + K (1—af(s,)),
[ {sin (3nnso)}{ 6y(n'n® + kyuX? }
: sin® (nms,) | 12560m*n® On*n —k)f’
ro- —by(ntnt +kyuX?
T 2560n'nt (97t —k) sin’ (nms,)
K(1—a¥?
Iy = Fa(s,) + (1—a%(s.))
6uX?(n*n* + k) sin (nns,)
_ {sin (3nns(,)}{ -y }
sin® (nms,) | 1320n* 7t — k)
_ Y
I = - . (A2)
32(9n*n* —k) sin® (ans,)
For the symmetric (a$}(s,) = 1) and anti-symmetric (a)(s,) = — 1) cases, the above solution simplifies to give
: it *2
C=T = {Sl‘n (3nnso)}{ 6y(nin’ +k)u} } (symmetric), (A3)
sin® (nms,) ) (2560 n'nt (9n*n® — k)
in (3 6 4.4 k :2 . .
C=-TI=— {Sl_n( nnso)}{ P a4l } (anti-symmetric). (A4)
sin (nns,)) (2560 n'n(9n'*n* —k)
The localized solution, obtained by substituting af)(s,) = — 16K sin? (nms,)/(9yu**) into eqn (A1), was evaluated

using Mathematica. The resulting expression can be easily manipulated symbolically, but is too lengthy to be
included here.



