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An asymptotic approach for determining periodic solutions of non-linear vibration
problems of continuous structures (such as rods, beams, plates, etc.) is proposed. Starting
with the well-known perturbation technique, the independent displacement and frequency is
expanded in a power series of a natural small parameter. It leads to infinite systems of
interconnected non-linear algebraic equations governing the relationships between modes,
amplitudes and frequencies. A non-trivial asymptotic technique, based on the introduction
of an artificial small parameter is used to solve the equations. An advantage of the procedure
is the possibility to take into account a number of vibration modes. As examples, free
longitudinal vibrations of a rod and lateral vibrations of a beam under cubically non-linear
restoring force are considered. Resonance interactions between different modes are
investigated and asymptotic formulae for corresponding backbone curves are derived.
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1. INTRODUCTION

Non-linear vibrations of continuous structures (such as rods, beams, plates, shells, etc.) have
been attracting many researchers. A significant peculiarity of these problems is the
phenomena of internal resonances, arising in non-linear multi-degree-of-freedom structures
when natural frequencies become commensurable with each other. In general, it causes the
coupling of normal modes and results in multi-mode and multi-frequency response. Simple
models that describe these vibrations can involve non-linear second and fourth order
partial differential equations (PDE). The rigorous proof of the existence of periodic
solutions was given by Rabinovitz [ 1]. His work inspired additional investigations, some of
them are reviewed by Brézis [2]. In contrast to ordinary differential equations, construction
of periodic solutions for PDEs can lead to the well-known problem of small denominators.
The Kolmogorov-Arnold-Mozer theory was originally developed to overcome small
denominator problems in celestial mechanics. Since then it has been extended for a wide
range of multi-degree-of-freedom structures (see, for example, references [3,4]). Another
approach, based on the Newton’s method, was proposed by Bourgain [5]. His procedure
may be used for obtaining periodic solutions for equations on spatial domains of arbitrary
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dimension as well as quasiperiodic solutions for equations on one- and two-dimensional
domains. The Ritz, Galerkin and harmonic balance methods allow the dynamic behaviour
of structures with large non-linearities to be predicted correctly, as was pointed out by Ling
and Wu [6], Cheung and Lau [7] and by Lewandowski [8-10].

One of the most popular analytical approaches for studying non-linear structural
vibrations are perturbation methods. A detailed review of the subject can be found in the
monographs of Awrejcewicz et al. [11], Kevorkian and Cole [12], Nayfeh and Mook [13],
and Troger and Steindl [14]. The methods have returned to the Lindstedt-Poincaré
procedure, which was employed by earlier astronomers and laid the foundations of the
modern perturbation theory. It allows the periodic vibrations to be determined directly.

In contrast to the classical Lindstedt—-Poincaré technique, the method of multiple time
scales can provide more general solutions (periodic as well as quasiperiodic), which are able
to treat internal resonance phenomena and to investigate stability of motions (see papers of
Lau et al. [15], Abel-Rohman [16], Ladygina and Manevitch [17], Boertjens and Van
Horssen [ 18-20] Lacarbonara et al. [21], Nayfeh et al. [22] and Chin et al. [23]). Detailed
investigations on comparing the multiple time scales procedure with low order Galerkin’s
method are presented in references [24, 25].

Another powerful asymptotic approach is the averaging method, and its strong
theoretical bases relating to PDEs were given by Mitropolsky et al. [26].

The method of normal forms also allows the resonance phenomena in continuous
structures to be described [27-29].

As a rule, perturbation methods are effectively used for studying weakly non-linear
structures. Bender et al. [30-32] proposed an interesting asymptotic procedure which can
give the possibility of taking strong non-linear effects into account. According to this
approach, an artificial small parameter ¢ is introduced into the exponent of non-linear term
(e.g., u® — u' "?°), so that § represents a measure of non-linearity of the problem. Solution is
sought as formal asymptotic expansions of 6. Numerical results are obtained by setting
0 = 1. This method was shown to be effective for ordinary non-linear differential equations.
It is supposed that it could be successfully extended to non-linear PDEs [33, 34].

Continuous structures are infinite degree of freedom. In this case, use of known methods
leads to infinite systems of non-linear algebraic or ordinary differential equations. For its
solution truncation procedures are applied. Many studies have been restricted by
considering only a few (usually two) mode representations. However, in some instances
neglecting the subsequent modes without justification is not suitable and may even cause
significant errors. For example, Boertjens and Van Horssen showed [18] that for bridges
under non-linear drag and lift loads caused by wind flow at least four modes have to be
taken into account for some values of restoring force.

In this paper, an asymptotic approach for deriving periodical solutions of non-linear
vibration problems of continuous structures is proposed. An advantage of the procedure is
the possibility of taking a number of vibration modes into account. As examples, free
longitudinal vibrations of a rod (the second order PDE) and lateral vibrations of a beam
(the fourth order PDE) under a cubically non-linear restoring force au + eu® are considered.
Here u is a displacement, « > 0, e« 1. Studying free vibrations provides one with the basic
knowledge of the proper characteristics of a structure, and this is the starting point for
investigations of more complicated dynamical problems, such as forced vibrations,
dissipation effects, etc. Initially, the well-known perturbation technique is used and the
independent variable u and frequency expanded in power series of the natural small
parameter ¢. It leads to infinite systems of the interconnected non-linear algebraic equations
governing relationships between mode amplitudes and frequencies. For its solution,
a non-trivial asymptotic approach is used, based on the introduction of an artificial small
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parameter [35, 36]. As the result, resonance interactions between different modes are
investigated and the corresponding backbone curves are evaluated.

The outline of the paper is as follows. In section 2, the proposed asymptotic technique
and the study of longitudinal vibrations of the rod is introduced. In the general case
o €(0; 00), there are no interactions between modes with zero initial energy up to the O(g)
approximation. But for specific values of the restoring force (when o = 0), internal
resonances occur in the O(¢°) approximation for an infinite number of all odd modes. In
order to better understand the behaviour of the structure near the resonance, a detuning
case o —0, o #0 is also examined. In section 3, the developed method is used for
investigating lateral vibrations of the beam. In the O(c) approximation, resonances can
occur between two odd modes m, n if « = m*n?. However, simultaneous interactions of more
than two modes are not possible. Here, resonance coupling of the first and third modes
when o = 9 is considered. The detuning case « — 9, o # 9 is also studied. Section 4 provides
some concluding remarks.

2. LONGITUDINAL VIBRATIONS OF THE ROD

2.1. THE ASYMPTOTIC PROCEDURE

Free longitudinal vibrations of a clamped—clamped rod in non-linear elastic medium are
considered. Following standard textbooks [37-39], the governing equation can be written
in the form

ESu .. = pSu , + F(u), (1)

where u is the longitudinal displacement, p is the density of the rod, S is the area of
cross-section, E is Young’s modulus, and F(u) is the restoring force per unit length acting on
the rod from the surrounding medium. The length of the rod equals I. Suppose that the
non-linear force has a symmetric characteristic and can be expanded in a Taylor series with
F(0) =0: F(u) = gu + gsu® + gsu® + ---. This expansion is restricted by two leading
terms.

Let the dimensionless variables x = (n/l)x, @ = (I/S)u, f = (n/l) (E/p)'/?*t be introduced
Equation (1) becomes

U g = U + ol + &il”, ()
where o = g, I*/n’ES, ¢ = g5 S/n*E. Restoring force is supposed to be weakly non-linear, so
that e« 1. The case of one potential well is studied, a > 0. Next, for the simplicity, dashes in
(2) are dropped and denote it =u, X =x, f = t.

As an illustrative example consider the case of zero initial displacement, although the

proposed method can be extended for different initial conditions.
Now the input boundary value problem can be formulated as follows:

Uy = Uy + o + eu’,
u(0,t) = u(m,t) = 0,

u(x,0) = 0,u (x,0) = u*(x). 3)
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In the linear case (for ¢ = 0), displacement u can be found as superposition

o0
u™ =% g;sinix sin of" t, @)
i=1

lin

where i =./i* + o are frequencies, a; are amplitudes of modes. Next, stationary
solutions of the non-linear problem (3) are sought. Let a change of the time scale be
introduced.

T=wt ®)
and represent the solution in the form of asymptotic expansions
U=ug+eu; +e*u, + -, (6)
w? = wd + e + 26, + -, (7)
where wy, = 0" = \/1—+oc is the frequency of the normal mode in the linear case ¢ = 0.
Substituting series (6), (7) into problem (3) and splitting it with respect to ¢ gives a recurrent
system of linear PDEs:
Uy = wauy_ + oo, (8)
Uy — W%UL,, — oy = &g + us,
............................. (9)
The boundary conditions can be rewritten as follows:
uf0,7) = uy(n,r) =0,i=0,1,2,---. (10)

Solution of the boundary value problem (8), (10) yields the O(c®) approximation:

0 lin 0

Uy = Y a;sinixsin——rt = )Y a;sinix sin Q. (11)
P w Pa—
i=1 0 i=1

In the linear case (for ¢ = 0) expression (11) coincides with representation (4). For non-linear
vibrations (when ¢ # 0), unknown frequencies of the modes with respect to time t are

wh i’ 4o )
Q= N +a¢(1 to) el el 4 o, i=1,2,3,-. (12)

The next O(e) approximation is derived from the boundary value problems (9)and (10).
The terms containing sin ix sin(w!™/we)t,i = 1,2, 3, --- in the right-hand side of equation (9)
will produce secular terms, which should not be parts of the uniformly valid expansion (6).
In order to eliminate the secular terms, coefficients of sin ix sin(w!"/wg)t have to be zero.
This condition leads to an infinite system of non-linear algebraic equations

(iZ + OC) o0 0 0 )
a;é = ckm g aa,,,i=1,2,3,-. (13)
! 1+ k;1 z;1 mZ=:1 o
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Here coefficients C{*'™ are evaluated after substituting expression (13) into the right-hand
side of equation (9) and expanding it using the goniometric relation

sinf} siny sinf
= % sin(f +y — 0) — sin(f —y — 0) —sin(f + y + 0) + sin(f — 7 + 0)). (14)

Solution of system (13) provides the next term &; of the frequency expansion (7) and allows
relationships between the amplitudes a; to be obtained. Having known &; and g; the term
u; can be determined from the boundary value problems (9) and (10). Later, the asymptotic
procedure can be continued routinely for evaluating higher order approximations.

Infinite systems such as (13) may be obtained in various ways (e.g., by means of Galerkin
method [6, 9, 24, 25], by multiple time scales technique [15-23] or by the averaging
procedure [26]. Existence of non-trivial solutions in the case of internal resonance is shown
in papers [1-5]. In practical problems, these systems are usually treated by truncation
procedures, and many studies consider only a few mode representations. Meanwhile, in
some instances, neglecting the subsequent modes leads to losing information of higher order
internal resonances, which can produce significant errors in the solution. Due to this,
solving system (13) should be started with a detailed investigation of probable mode
interactions, and truncation can be allowed only for those modes which are not involved in
the resonance coupling. In this paper, the asymptotic approach for analytical solution of the
non-linear system (13) is proposed. This procedure gives the possibility of taking an
arbitrary number of modes into account. The proposed technique is based on the
introduction of an artificial small parameter [35, 36].

The artificial small parameter u is introduced into the right-hand side of system (13) near
the terms satisfying condition (k > i)u(l > i)u(m > i). For example, consider three leading
equations of system (13)

111) 3
aiéy = C(l )611

+ C(1112)a%a2 + C(1122)a1a§ + C(1222)a225

+ CM3%2a; + C{13¥a a3 + C1*¥a,aza;
+ C?%¥a%a; + C**¥aya3 + CP¥3¥a3 + -, (15)
4+ o)
111) .3
a&, = (! )az
1+
+ CHPa%a, + C1?Pa a3 + C#2?a3

+ C8'¥%a; + CY3¥a,a3 + CY*Va,a,a;,
+ C??¥d%a;y + CP3¥aya3 + C§3¥Vad + -,

9+ )
( a) Cglll)a:i)

+ C(31 12)61%612 + C(3122)a1a§ + C(3222)a225

+ C{%a3a; + C§3¥aa3 + C{*¥a aa; + C¥*Va3a;

aséy

+ C¢3¥aya3 + C§3¥ad + -,
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w is introduced in the following way:
ayéy, = CY{''"ay
+UCH 2t + O} + CFal

+ CM3¥%a, 4+ C13¥a,a? + C{1*¥a,a,a; + CP*¥a3a;

4 CP3¥g,a2 + CP3¥a3 + o), (16)
4+ o)
a,&, d+a = C{1g3

+ D020, 4+ CY2 00,43 + CE22ad
+ u(CY Patas + CY*Paya3 + CY*Vajaza,
+ C¥*Va3ay + CE*Vaya3 + C*¥a3 + ),

O+
T

— Cglll)af

+ C{'Pa%a, + C1%Pa,a3 + CE2*?dad
+ C{Y¥a%a5 + C{3¥a,a3 + CY2¥Va,a,a,

+ C8a3ay + CE¥Varad + C8Va3 + (),

This perturbation is such that at g = 0 system (16) turns into a triangular form and is
reduced to a recurrent equations sequence, and at ;¢ = 1 it restores to the original form (15).

Here, &, can be considered as a kind of eigenvalue, which is associated with the specific set
of eigensolutions a;. Perturbed eigensolutions of system (16) are sought near the given
unperturbed eigensolutions. Unperturbed eigenvalue & can be obtained from the first
equation of system (16) when u = 0:

40 = citnal. (17)

The physical sense of solution (17) is that interconnections between different modes are
neglected and vibrations in only one fundamental mode with amplitude a; are considered.
The following formal asymptotic expansions in powers of u starting from the unperturbed
eigensolution are proposed.

& =& 4 pl) + 280 + -, (18)

aj=a” + pafV + pPa? + o j=2,3,4--. (19)

Starting values of amplitudes a}o) are calculated by substituting expression (17) into the
subsequent (second, third and so on) equations of system (16) at ¢ = 0. In the subsequent
approximations by u, representations (18), (19) allow modes resonance interactions to be

taken into account and the eigenvalue &; to be defined. Calculating coefficients in
expansions (18), (19) it is supposed finally that = 1.
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2.2. GENERAL CASE: o€ (0; 00)

Now an investigation of system (13) is considered. On the basis of expression (11) and
relation (14) one could determine that only some terms a,a;a,, with specific combinations of
k, I, m contribute to the right-hand side of system (13). So,

tktltm= 4]

Cm £0 if { 20
i\/kz—l—zxi\/lz—}-oci\/mz—}-oc:ia/i2+zx. (20)
In general case o €(0; c0) system (13) can be written as follows:
@+o 9 , 3 [, S L)\ .
i‘/ =T, 4 Wi > :152)37'“- 21
ag1(1+a) TR k;ak +k:;rlak i (21)

Infinite algebraic systems with cubic non-linearity such as (13) may have three non-trivial
solutions, which describe different resonance interactions between modes. However, in the
case under consideration o €(0; o0), simple numerical analysis can show that system (21)
does not have real solutions describing resonance interactions: all three non-trivial
solutions are imaginary. If real roots are sought by means of the approach of artificial small
parameter, then it would be found that expansion (19) diverges rapidly. The only possible
solutions are:

90 +a , .
= 2 i =1.2.3 ...
él 16(i2+a)al>l s 737 s
a,=0,j=1,23j#i (22)

Relations (22) correspond to the case when in the O(s°) approximation the rod is able to
vibrate in only one ith mode (i = 1,2,3, ---). These vibrations are periodical with frequency
9 (a)

Q=JErall+—
‘ ’”( MBI

g> o), 23)

The amplitude of the excited mode a; can be evaluated from initial conditions:

[ 2 (7" o
a; = ﬂQiZL u*(x)* dx. (24)

Amplitudes of all other modes equal zero: a;=0, j=1,2,3,--, j#i In the O(c°)
approximation more than one mode cannot be excited simultaneously. The structure could
be reduced to a one-degree-of-freedom oscillator [40]. In this case, mode interactions may
take place only between modes with non-zero initial energy (up to O(g)). So, if one starts
with zero initial energy in the jth mode there will be no energy present up to O(e). This
allows truncation to the modes with non-zero initial energy.

2.3. INTERNAL RESONANCES: o = 0
When the linear part of restoring force is absent (« = 0), extra contributions to the

right-hand side of system (13) occur. System (13) has the form

9 3 3
a; & = T a; + 2 aj(a3 + a3 + ai + a?) + 3 (araza4 + azasas + ajaszas + a,asas)

3
+ 16 (a%ay + adas + asas + a3as) + -,



472 I. V. ANDRIANOV AND V. V. DANISHEVS’KYY

9 3 3
4a,é, = 16 as + I ax(a? + a3 + a3 + a3) + 3 (ayaras + ajaszay + aja,as + ajazas

3
+ azasas) + 16 (atay + azaz) + -,

1 3 3
9as¢; = 16 ai + 16 a3 + I as(ai + a3 + aj + a3) + 3 (ara,a4 + azazay

3
+ ajasas + a,asas) + T3 (a,a3 + a?as + ajas) + -, (25)

9 3 3
16a,é, = T3 ai + I asal + a3 + a3 + ad) + 3 (ajazas + ajazas + a,asas + asasdas)

3
+T6(aza% + azag) +

9 3 3
-— ag + - as(a% + a% + (,l% + (li) + g (a1a2a4 + a2a3a4)

23561 = e a5 4

3
+ T (a1a3 + alasy + ada;, + asad) + ---,

Note that expressions (22) satisfy system (25). Besides this, system (25) may have three
non-trivial solutions describing resonance interactions. In the case under consideration
(o = 0) two of them are imaginary, and only one solution is real and has got physical sense.
For its evaluation an artificial small parameter u is introduced in the following way:

9 3 3
a, &, = % a3 + u <4_1 ay(a + a3 +a +ad) + 3 (ayaza, + ayasa, + a,a; as + a,a,as)

3
+ 1—6(afa3 + a3as + a3as + aas) + --- >,

9 3 3 3
da¢, = 16 a; + 2 aia, + p <4 ax(a3 + ai + a3) + 3 (ayazaz + ajasa, + a,a,as

3, 2
+ ajasas + azasas) + 16 (atas + azas) + -+ ),

1 9 3 3 3
9as¢, = 6 a3 + 6 a3 + 1 as(a? + a3) + 6 a,a3 + u (4_1 as(az + a?)

3 3
+ 3 (ajaray + arasay + ajasas + a>asas) + 16 (alas + alas) + - >, (26)
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TaBLE 1

Comparison of asymptotic solution with numerical data

Variable Asymptotic solution (27) Numerical results
& 0-565376a? 0-565360a?
as 0 0
as az = 1449 x 10~ 2q, az = 1442 x 10~ 2a,
Ay 0 0
as as = 2071 x 10~ *a, as = 2.049 x 10~ %a,

9 3 3 3
16a4¢; = 16 az + 2 as(ai + a5 + a3) + 3 aasas + 16 (a,a7 + a,a3)

3 3
+u <4 asas + 3 (ayazas + azasas + azaqas) + - >,

9 3 3
25a5¢, = 6 as + y as(a? + a3 + a3 + a3) + 3 (ayara4 + arazay)

3
+ 16 (a;a3 + aias + azay, + azai) + -,

The solution is sought as asymptotic series (18), (19). Being restricted by two leading
terms in expansion (18), one obtains

a;=0,j=246,-;a3=1449x 10" > ay, a5 = 2071 x 10" * ay, --; (27)
3 9 3 3 3 3 ada
& = Ea% + Z(a% +a?) + g 4ads + g 143 +E ;15 + .- 2 0:5653764a3.

Here, the approach of an artificial small parameter yields very accurate results. In Table 1,
expressions (27) are compared with numerical solutions of the non-linear system (25). The
numerical data were calculated in the Mathematica program package by truncating system
(25) to five leading equations.

According to expressions (27), in the O(¢°) approximation an infinite number of all odd
modes are involved in resonance interactions. This provides energy transfers between odd
modes, and the truncation may not be valid. The physical meaning of this phenomenon is
that if the rod initially vibrates in a high mode, then low modes can be excited. This can lead
to large-amplitude oscillations of the structure. Taking into account relations (27), mode
frequencies can be expressed as functions of the fundamental amplitude a;:

Q; = i(1 + 0-282688a%) + O(e?), i = 1,3, 5, (28)

where a; is determined from the initial conditions

2 (" 2 z
= [ 2| wrPdx—9a2 —25a2 — -~ |— | wx)dx. (29
o / Q2 L uHx)” dx — 9a3 — 2543 / 1001891707 L wx)” dx. - (29)
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It should be pointed out that for « = 0 the ratio of frequencies of interacting modes equals
the ratio of their wave numbers:

Q
5’:=%,m,n=1,3,5,---. (30)

Therefore frequencies of all excited modes are commensurable with each other. In this case
the O(e°) approximation formula (11) describes periodical vibrations with the general period
T =2m/Q.

2.4. THE DETUNING CASE: o — 0, o # 0

The behaviour of the rod near the resonance is considered below. In order to introduce
detuning it is supposed that oo — 0, but o # 0. Here, the parameter o shows how far the
structure is from the pure resonance state. Changing the scale of time (5), the solution of the
input boundary value problem (3) as asymptotic expansions by powers of « is as follows:

u=u?+ o +oPu® + -, (1)
W= &0 4 gZD 42D 4 (32)
Here, each term is represented by a series
U™ = y™O ooy 4 g2y 4 (33)
é(n) — é(n,O) + 8é(n,1) + 825(;’1,2) + ... L= 0’ 1’ 2’ e (34)

where &% = 1. Splitting problem (3) with respect to o and & gives the recurrent sequence of
equations

U —uz® =0, (35)
0,1 0,1 0,1),,(0,0 0,003
ufxx ) — ufrr ) = 26( )ufrt ) + (u( )) s (36)
1,0 1,0 1,0),,(0,0 0,0
ufxx ) — uftr )= 25( )uf‘rr ) + u( )a (37)

UL — LD = 0y 01) | (0.1) 4 p(E(0.DE(1.0) | #(1.1)),(0.0)
+ 280Dy 10 4 3(3y(0-9) 2 (1.0 (38)
with boundary conditions
u™m0,7) = u"™(r, 7),mn=0,1,2,--. (39)
Solution of the boundary value problems (35) and (39) provides
u®? =% g sinix sinit. (40)
i=1

The next approximation u/*") is evaluated from the boundary value problems (36)and
(39). In order to prevent secular terms in expansion (33), coefficients of sinixsinit in the
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right-hand side of equation (36) have to be equated to zero. This condition leads to an
infinite system of non-linear algebraic equations

2di5<0’1)i2 = Z Z Z Cgklm)dkdldma i= 1’ 27 37 T (41)
k=11=1m=1
the right-hand side of which is identical to the right-hand side of system (25). System (41)
gives the solution

a,=0,j=2,4,6,;d; = 1449 x 10 2a,, as = 2071 x 10" * @y, -+ (42)

9 3 3 3 3 azas

EON = = ai +2(a@5 + a3) + — asds + = 41d3 + 5 ——
32 a

e 0 _2.
D) 3 16 D) + 0-282688aj

Function u®" can be represented as the harmonic expansion by

u®b =% f (x)(d{V sinit + d{® cosit), (43)

i=1
where fi(x), d{*, d{* are some functions and coefficients. The term u**® is determined from

the boundary value problems (37) and (39). Eliminating secular terms in expansion (31), the
right-hand side of equation (37) yields

1

(1,0) _
¢ 2i%’

(44)
where i is the mode number. Then
ut® =% b; sinix sinir. (45)
i=1

The boundary value problems (38) and (39) allow u**" to be evaluated. Satisfying the
condition of absence of secular terms in expansion (33), the right-hand side of equation (38)
gives an infinite linear system for coefficients b; (see Appendix A). It provides b; and &*-1:

b,=0,j=2,4,6,;by = 1443 x 10" 2b,,bs = 2:004 x 10 *B,, ---; (46)

=2

_ a
2040 & 0565352, 5, — 0-141344 721

Even in the pure resonance case « = 0 all odd modes take part in resonance interactions
in the O(¢°) approximation. From expressions (42), (44) and (46), the asymptotic formula is
given for unknown frequencies as:

—2.2
Q=2 +u <1 + 0282688 ifj: - s> +0-565352id, by e
& (47)
— 0.141344 — eo 4 o(e) + o(x) + o(ex), i =1,3,5---.
i
The mode amplitudes being equal to a; = a; + ab;, a, is evaluated by formula (29). For
simplicity it can be assumed that b; = 0, a; = ;. The solution correctly represents the
behaviour of the structure in “limiting” cases. So, for ¢ = 0 formula (47) is in agreement with
relations (23), and for « = 0 formula (47) coincides with expression (28). It should be noted
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that in the detuning case the ratio of frequencies of interacting modes differs from the ratio
of their wave numbers:

Q
S O 0@, mn=1,3,5,- (48)
Q, n

Actually, in this case the ratios of the frequencies (48) may be irrational numbers. The
general solution (11) can then describe quasiperiodical motions.

3. LATERAL VIBRATIONS OF THE BEAM

In this section, the asymptotic approach is extended to study the solutions of the fourth
order PDE. Free vibrations of a simply supported beam on a non-linear elastic foundation
are considered. The governing equation can be written as follows [37-39]:

ES !
EIW yyxx — 57 W x J w?x dx + pSw,, + F(w) =0, (49)
0

where w is the lateral displacement, and I is the moment of inertia of the cross section. As in
the previous example, the non-linear restoring force per unit length is assumed to be in the
form F(w) = gw + gsw>.

The term (ES/2l)w ., ﬂ) w? dx in equation (49) represents the so-called geometrical
non-linearity of the beam and describes the influence of a dynamical axial force. If the ends
of the beam are immovable, the axial force appears due to a change of the beam length
during bending. However, it is well known [37-39] that in many practical problems when
the displacements w are essentially smaller than the typical size of the cross-section, the term
(ES/2l) w 4 [ W’ dx can be neglected when comparing it with the first term of equation (49)
Elw .., Here, this approximation and a geometrically linear problem are assumed without
taking into account axial force. Vibrations of a geometrically non-linear beam were studied
Lewandowski [9].

Introducing the dimensionless variables x = (n/l)x, w = (I/S)w, t = (7%/I1?) (EI/pS)"/?t,
equation (49) becomes

W oeeex + Wiz + OW + ew® =0, (50)

where o = g I*/n*El, ¢ = g5 I*’S?/n*El if e« 1 and o > 0. Next these dashes in equation (50)
are omitted and # = u, x = x, f = t. The case of zero initial displacement is considered.
The input boundary value problem is formulated as follows:

Woawxx + W 4 0w 4+ ew® =0, (51)
w(0,t) = w(m,t) = 0,
w(x,0) = 0, w (x,0) = w¥(x).

For solving problem (51) the asymptotic technique, introduced in the previous section is
used. All intermediate evaluations remain the same, and only final results are displayed
below. In the O(¢°) approximation

w= ) a;sinQ;tsin ix + O(¢). (52)

i=1
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In the general case for o =[0;0), «# m?n* mn=135,-- there are no mode
interactions up to O(e). Frequencies ; are determined as follows:

9 42
Q= i4+oc<1+§i4aﬁs>+0(sz),i=1,2,3,---, (53)

where amplitudes are

2 g
= *(x)2 4
a; _os JO w¥(x)“dx. (54)

The structure can be truncated to the modes with non-zero initial energy.
Resonance coupling in the O(¢®) approximation can occur only for two odd modes m and

4 Q s by 5~y s .

Equation (55) determines the specific values of o which allow interactions and energy

transfers between the mth and nth modes: « = m*n®. In this case, independent of the

distribution of the initial energy, both the mth and nth modes can be excited. For example,
when o = 9, there is a coupling of the first and third modes, and

ay = 1-449 x 10~ 2a,, (56)

) 9 3 3 & .
Q; =iy 1 +OC<1 + (3_261% +§a1a3 +§a§>1—+a> + 0(82),1 =1,3.
The asymptotic relations (56) may be rewritten in the form

Q; = i /10(1 + 0:0282679a%¢) + O(c2), i = 1,3, (57)

where the fundamental amplitude a, is evaluated from the initial conditions:

2 (" 2 ™
— *x)2dx —9a2 = J—— *(x)? dx. 58
@ / Q3 JO WHX)” dx —9a3 / 1-0018697Q2 L W) dx (58)

In the detuning case « — 9, o # 9, condition (55) is not satisfied strictly. The frequencies
Q,, Q3 are determined as follows:

1+ o d% ab,
Q=ilJ1+o0+7——(x—9)+ 0282679 &+ 0565357 —— (o« — 9)e
( 2(i* + o) J1+ o J1+a (59)

-2
(o — 9)8) + o(e) + o(x — 9) + o(e( — 9)),i = 1,3.

ay

1+ a(i* + o)

— 0141339
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The mode amplitudes are a;=a;+ (@ —9)b; here, a;=1441x10"%a,,
by = 1-441 x 10~ 2h,. One can suppose that b; = 0, a; = d;. a, is given by expression (58).
Equation (59) correctly represents “limiting” cases: for ¢ = 0 it corresponds to relation (53)
and for o = 9 it takes the form of equation (57).

4. CONCLUSIONS

In this paper, an asymptotic approach for periodical solutions of non-linear vibration
problems of continuous structures is proposed. Using perturbation technique, infinite
non-linear algebraic systems for mode frequencies and amplitudes were obtained. To solve
this, the asymptotic approach of artificial small parameter was introduced. The procedure
allows one to take into account a number of modes. Longitudinal vibrations of the rod and
lateral vibrations of the beam under non-linear restoring force were studied. Internal
resonance interactions between different modes were considered and asymptotic formulae
for the corresponding backbone curves have been derived. The results of interest are that for
specific values of parameter o energy transfers among resonance modes can lead to exciting
modes of zero initial energy. From the practical point of view, this means that a small
external high-frequency excitation in a high mode can cause a large low-frequency response
of the structure in a low mode.

Formal asymptotic approximations were constructed. Rigorous estimations of
asymptotic convergence for the perturbation technique are given by Mitropolsky et al. [26].
The accuracy of the approach of artificial small parameter was verified by comparison with
numerical data.

The procedure developed can be used effectively in conjunction with other analytical
methods. Thus, its implantation together with multi-time scale techniques would allow the
study of quasiperiodic motions and forced vibrations. Different types of non-linearity can
be taken into account (e.g, Rayleigh perturbation [18] &(w,— (1/3) w3), non-linear
boundary conditions, etc.). The stability analysis can also be performed. Extension to
structures of higher order spatial dimensions is possible.
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APPENDIX A

Infinite linear algebraic system for coefficients b; and &*+Vis:
2

SEODEa, 4 10, + £y

9 1 1 _
= <R a + q @G+ad+ai+ad)+ 3 (@,as + a,as + d3ds)>b1

1 1 _
+ (z dldz + g (dzd3 + 67154 + d3d4 + dZdS + d4dS)>b2
(A1)

1 _ 1_ _ 1 _ o _ o\~
+ (16 (@ + a3) + 5 a,as + 3 (@,ay + aas + a3a5)>b3
1_ 1 _ o o\~
+ 5 G1da + 3 (a1Gy + a>as + a,as) by
+ i(‘2+‘2)+1‘ g +1(‘ a3 + Gydy) |bs +
16 az + das 20105 g apdsz T daxdy) |Ds 5
8 0.1)x1.0)~ (1.1) = 20, 1)f
§(f’f’az+f’az+C’b2)
1_ 1 e s o N\
=13 aa, + 3 (a»as + aa, + asa, + a,as + asas) by
9 L 1 [ NS
+ —az—i——(al+a3+a4+a5)+—(a1a3+a1a5) bz
16 4 8
1_ 1 o o .\~
5 aas + 3 (@ia, + aay + asa, + asas) |bs

1 1 1 _
+ <16 (a + a3) + 3 ard, + 3 (@ as + a,as + d355)>b4

1 _
a,as + 3 (@G, + aa, + 5354)>b5 + -y
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0,1)£(1,0) 5 1,1) = 0.1~
6000, + €10 + EOVBy)

1 1 1 _
(16 (@ + a3 + = 5 aas + = (a2a4 + a,ds + a3a5)>b

1 1 _
+ <2 072073 + g (dla_z + d1d4 + d3d4 + 074075)>b2

9 1 1 _
+ <6 a +- (al + a5+ a;+ a3+ g (aas + d1d5)>b3

1 1 _
+ <§ asdy + 3 (a1a; + aas + a,as + 5455)>b4
+ 1(‘2+‘2)+1“ +1(“ + aydy) |bs +
—(ai+a — a3as + = (a,a; + a,a
64 4) 5 dads + 2 (dids 204) |Ds )
32 (0,1) 2(1,0) 5 (1,1) = O, 1)
?(«f D0z, 4 ¢-Da, 4 £ODp,)
1_ _ 1 _ _ o N g
= §a1a4 + g(alaz + a,as + a,as) )b,
1 1_ _ 1 _ _ o _ A\~
76 (a + a3) + 2a2a4+§(a1a3+a1a5+a3a5) b,
< dzdy + < (0102 + dxasz + aas + a4a5)>53
1
—(l4+ a1+az+a3+a5)+8(l3(l5 dy

< asds + = (a1a2 + d,as + a3a4)>b5 + -

50 _ _ -
T (EODEI a4 €00 + £OFy)

1 1 1 _
((lz + (13) + = a1a5 + = (ald3 + (jz(j4) bl
16 8
1 o A\~
= d,ds + 3 (@a, + a,aq + a3a4)>b2

16 2

1 1 _ o R
4ds + < g (ara, + aras + asas) |ba

1 1 1 _
+ < (@ + a3) + = asas + S (aas + d2d4)>b3

1 _
az +Z(d§ +as+as+ di))bs +
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