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NOTE ON AN ANALYTICAL CRITERION FOR
ELASTIC NORMAL MODE OSCILLATION+

LesTeR S. S. LEE}

University of Toronto, Toronto 5, Canada

Abstract—A definition of a stationary mode elastic oscillation of structure is derived based on a variational
criterion which in turn is derived from the uniqueness proof for such problems. For materials in which stressis a
homogeneous function of strain, e.g. a power-lawed relation in the uniaxial form, the stationary modes coincide
with the normal modes. This variational approach provides some physical insight into the characteristics of an
elastic oscillation, e.g. Rayleigh’s minimum theorem, and is entirely consistent with the concept of approximation
based on a truncated series in which only a certain number of preferred modes are taken.

1. INTRODUCTION

THE vectorial {(Newtonian) and the variational (Euler-Lagrangian) theories of mechanics
are two different mathematical descriptions of the same realm of natural phenomena [1].
Some important specific behaviours of a certain system, e.g. the elastic normal mode
vibration, may also be described from the different point of view of these two theories.
The vectorial analysis of the normal mode vibration may be investigated by some
mathematical techniques, such as the separation of variables. In this note an attempt is
made to explore a variational criterion for the normal mode oscillation.
The elastic stress—strain relation is assumed to be:
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where W is the strain energy density. For the case of linear elasticity, equation (1) reduces
fo
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where C;, is a positive definite symmetric tensor.

Consider an elastic oscillation problem, i.e. initial displacements « and initial velocities
1? are prescribed and therefore no external forces do work on the structure. Consider the
solutions to two problems for identical structures, differing only in the initial conditions,
u?®, 4° and u?°, u2°. By the principle of virtual velocities, where m is the mass density, then
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1 Presented at the Second Canadian Congress of Applied Mechanics, University of Waterloo, May 1969.
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Consider first the linear elastic case, i.e. equation (2), (3) can be written as

w%% =0 4)
where
A = Ag+Ay
Ag = L §(5?~d’5)(ﬁ‘;—d?)d’i/ >0 (52)
b= [ Jes-ohieg—apav =0 (55)

A may be considered as a measure of difference between the two solutions. Since the system
is linear, the difference between two solutions u(X, t) = uf —uf, 4{X,t) = u{—u} is also a
solution of the problem. In terms of u; and #;, A and dA/dt become

A=Ag+Ay =K+V=E (6a)

dA dE dK dV
i Pl v T (6b)

and
m
Ay = J z(u?mu{?)(u‘;—u?)de U (6¢)
14

where K, V, E and U are respectively the kinetic energy, the strain energy, the total energy
and the total amount of the square of displacement, of the solution u;, #;. Uniqueness of
solution will follow then from observing that the initial conditions are the same for both
solutions, i.e. u?° = u?® and &° = #t° throughout the body. This implies that A = 0 and
in turn that the two solutions are identical. If, however, the two solutions do not have the
same initial conditions, but that they do satisfy the same boundary conditions, then one
solution may be considered as an approximation for the other with a value of difference or
error A.

It is clear that the best approximate solution may be the one which makes A minimum.
However, if an attempt is made to formulate the problem in as general terms as possible,
one is led to the undeniable but impractical conclusion that the best approximation is the
actual solution of the problem, ie. u; = w?!—ul =0, 4, = &f—u? = 0 and hence A = 0.
In order to ensure that the approximate solution is not chosen from a set of fields which
contains the actual solution, it is reasonable to compare all the possible fields based on
certain criterion. A reasonable constraint will be that A = const. Our next problem will be
then to find a reasonable measure of difference between two solutions.

At any state of oscillation, the displacement and the velocity fields are the basic indepen-
dent variables of the system. Hence, the displacement and the velocity fields may be treated
separately. A measure of difference between two “static deformations”, u%(X,t) and
uf(X 1), is defined by Ay = U (approximation by least square method). Similarly, the
measure of difference between two “kinematic deformations”, u%(X,t) and o%(X, 1), is
defined by Ay = K.
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Consider first the displacement field. It would be reasonable to judge the goodness of an
approximate displacement field by the smallness of Ay based on an isometric constraint
Ay = const. This constraint condition follows from the condition A = const. Then the
most important displacement field «; which should not be omitted from the approximation
will be the one which maximizes U = Ay subject to the condition that V = Ay, is held
constant. Equivalently, in order to have the same goodness of approximation, i.c. U =
Ay = const., the most important displacement field u; will be the one which minimizes the
strain energy V = A,.

Consider next the velocity fields. If —dAg/dt is large, then the difference between the
two velocity fields will decrease rapidly. In consequence, the most important velocity field
which should not be omitted from the approximation will be the one which makes K = Ag
maximum or —dK/dt = —dAg/dt minimum. In order to avoid the similar impractical
conclusion, the most important velocity field 4; should be the one which minimizes
—dK/dt = —dAg/dt subject to the condition that K = Ay is held constant.

The arguments given above are carried out for the linear elastic case. However, for non-
linear materials, it is hypothetized that A behaves almost in the same way as E and dA/dt
behaves almost in the same way as dE/dt. Then the criteria are defined in the same way for
both linear and non-linear materials.

The combined criteria given above for displacement and velocity fields lead to a
variational problem whose solutions referred to as stationary mode solutions will be discussed
in the following section. It will be shown that for some forms of constitutive relation, the
stationary mode solutions coincide with that of a normal mode oscillation.

The application of these concepts of stationary mode for approximating solution of
elastic oscillation problem will be studied. The ideas of the approximation are based on the
same concepts which are discussed in detail in [2] and [3].

2. STATIONARY MODE SOLUTIONS

The stationary mode is defined as the kinematically admissible displacement field in
which the strain energy is less than that in all neighboring kinematically admissible dis-
placement fields which possess the same amount of U, i.e.

J, = J‘W(.eij)dV—/l1 I:f ’—;—uiuidV-U] = minimum (7a)
14 1 4

where 4; is the Lagrangian multiplier and it is assumed that 02W/d; d¢y, is a positive
definitive symmetric tensor and hence the extremal values of Vare relative minimal. As to the
velocity field, the stationary mode solution is defined as the kinematically admissible
velocity field in which the rate of decrease of the kinetic energy (or the rate of change of the
strain energy) is minimum in comparison with that in all neighboring kinematically
admissible velocity fields which possess the same total kinetic energy, i.c.

=) gsié,-jdV—- AZU %aidEdV— K] — minimum. (7b)
ij v
The Euler equations of (7), after using equation (1), are
00 ;;
oX;

+ Aymu; = 0, (8)
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and

0o .
—az—k Aymi; = 0 C)]

since o;; is independent of the variation of velocity. From equations (8) and (9), the following
relations can be obtained :

. _ M
ui = ;;:;u,- (10)
A2
K~hﬂb (1)
f(W+Q)dV:j o6, dV = 24,U (12)
14
and
K
_ad—t= L 0,6, dV = 24,K (13)

where () is the complementary energy density.

Equation (7) or equations (8) and (9), thus, provide a displacement field u,(X, U) for a
specific level of U and also a velocity field u{X, K) for a specific level of K. These two
criteria are further connected by the conservation of energy,

K+V = E = total energy = const. (14)

Hence, if the initial conditions are given, equations (11), (13) and (14) permit solutions for
K{(t), V(t) and U(z), and then the stationary mode solutions u{X, t) and #,(X, ).

Equation (13) can be regarded as a necessary condition for equilibrium since it can be
obtained from equation (9) and the equation of motion do;;/0X; = mii; (body forces are
neglected). It is not, however, a sufficient condition, and the stationary mode solution may
not be dynamically admissible. It will be shown that if the material is such that g;; is a
homogeneous function of ¢;; of order n, say, then equation (13) is also a sufficient cond:txon
for equilibrium since the Euler equations can be reduced to a local equilibrium equation as
follows:

If 6;; is a homogeneous function of ¢;; of order n, then the Euler solution of (8) can be
expressed as

ufX, U) = y(U)p{X). (15}
Substituting (15) into (11) and differentiating both sides with respect to K, it gives
0 [Ayy 14
R R4 (R S 1
6K( lz) 2/(KU) (16)

Using equations (13), (16), (11) and (8), the acceleration of the stationary mode solution is,
from equation {10),

Ay _
&_—+—~ww) ~ gy = 5% (17)
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Hence, the stationary mode solution is both kinematically and dynamically admissible, and
therefore, the stationary mode solution describes the behaviour of a single normal mode
oscillation, and it has the following relations:

Q=nw (18)

2
V=AU, 2= A() (19)
inU) = & 20)

VIUE/U)~(22,/1+n)]

For the linear elastic case, i.e. n = 1, equation (19) becomes

- ,[V %Cijklaijskl dv - fv Cijk1¢i,j¢k1 dv
,[V (m/2uu; dV J‘v mo;¢p; dV

Ay @1

Hence, A, the square of the natural frequency, is stationary (relative minimal) about the
normal mode and is independent of the amplitude. Equation (21) gives then Rayleigh’s
minimum theorem (e.g. [4]).

3. APPLICATION FOR APPROXIMATE SOLUTIONS

As discussed in Section 1, the stationary mode distributions are the most important
fields which should not be omitted from the approximation since they have more capacity
for storing [see equation (7a)] and preserving [equation (7b)] energy in a body. Therefore,
they may be used legitimately as an approximate solution. In the case of linear elasticity
where modes may be superposed, the solution is approximated by a truncated series, and
it was shown in [2] that the mode approximations are entirely consistent with the established
view of normal mode analysis.

Suppose that the stationary mode solution is now used to approximate an unknown
solution u¥, u}. Since u} and 4} are not known for ¢t > 0, the initial conditions provide the
only possible information. In such cases, the initial amplitudes y, and }, of the approximate
mode solution u (X, t} = y(t)¢p{X), #4; = y¢(X)can be regarded as parameters which may be
varied in order to provide the best approximation, i.e. to make the initial differences

Af = f 2 ) —uf) d, (222)
14
and
a3 = [ Fuaro—it)aro—i dv (220)
| 4
as small as possible. Hence, y, and 7, are determined by
dA fy mur°p, dv
“U_9o =47 "t L
dyo 07 [y médV e
dAg fy miz’s; dv
&0 O o mgg v =
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These imply that
j M — uP)p; AV = 0 = f i — )by AV 24)
Vv 12

A= U*—U°>0, AL =K*—K°>0 (25)

Equation (24) shows that the mode shape ¢(X) is orthogonal to the differences, u¥° —u? and
u*® —u between these two initial fields. Also, equation (25) shows that the average of the
differences is equal to the difference between the averages.

One further useful piece of information can be obtained in the form of upper bound on
the period of oscillation. Suppose that the initial conditions are u*° = 0 and 4#° prescribed
throughout the body. From (7b), at any level of kinetic energy, the actual rate of decrease of
kinetic energy is not less than that of the primary stationary mode solution. This implies
that

T™<T (26)
where T* is the period of oscillation of the actual solution and T'is the period of the primary
stationary mode oscillation in which the initial conditions are found by putting K° = K*°
rather than by minimizing A.

To illustrate the application of the stationary mode for approximate solutions, problems
of uniform beam subjected to transverse impulse as shown in Figs. 1(a)and 1(b) will be given.
The moment—curvature relation, M ~ k, will be assumed to be a power law type as,

Fig. l(c), , ,
K ( M) 0w

M, X @7
where k, and M, are constants and P will be taken to be an odd positive integer. It can be
easily shown that relation (27) ensures the existence of a normal mode oscillation. In the
following analysis, the elementary beam theory will be used.

Consider first the simply supported beam subjected to a uniform impulse I = ml,,
Fig. 1(a). The mode shape ¢(X) may be found by applying equation (7a) or directly by seek-
ing solutions to the Euler equation (8), i.e. u = y¢(X) and

d2 d2 1/P
-]

Ko

where £ = X/l m = mass per unit length, and

_ ma‘z(Kolz)”Piﬂ,p 1P
M,
No closed form solution can be found to this equation for the nonlinear case and a simple
numerical procedure was used to solve for ¢(X). The following procedure appears to
converge very rapidly
(i) guess a function ¢°(X) for the right hand side of (28);

(ii) integrate twice, taking account of boundary conditions on d?¢/d&?;

(iii) raise this function to the power P;

{iv) integrate twice, taking into account the boundary conditions on ¢;

(v) normalize the resulting function, ie. ¢(I/2) = 1, giving ¢ and the normalization

factor 4.

¢' becomes a new guessed function, and the process is repeated.

A = const. (29)
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A good approximation (after the first cycle in the above procedure) to the primary
modes for the cases P = 3 and P = 5 may be given analytically:

P=1  ¢H=sinné A, =n°

P=3 638 =——(sinni—phsinnd, As = 2356 (30)
1037
P=35 ¢3¢ = 1 (:60(sin né—{ysin 3né+5igsin Sné), A5 = 1791

The primary modes and their corresponding moment distributions are shown in Fig. 1(d).
From equations (10), (15) and (20), it can be shown that the normal mode solution (¢) is
obtained by the ordinary differential equation

2 2 2P A 5 1+1/P
s = L _l_i (31)
Vo Vo 1+P il
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mv3

= Mk,

is the dynamic parameter indicating the intensity of the initial impulse and y, is the “best”
value of the initial amplitude of the approximate normal mode solution [see equation (23a)].
Equation (31) was solved by a Runge-Kutta procedure (e.g. [S]), and the normal mode
solutions are plotted in Figs. 24.

The equation of motion of the actual dynamic problem, in a non-dimensional form, is

2 2 P 2
el il = vl 2
Ko i BN
where the dimensionless time t = /(Mo/mi*ko)t. The actual dynamic solutions were
carried out by the finite-difference method and a Runge-Kutta procedure and were plotted
in Figs. 2—4. Figures 2-4 show the comparisons of the central displacements and the central
velocities between the actual solution and the approximate normal mode solution.

In this example, the linear case, P = 1, has the smallest value of A/K*° and this value
increases as the behaviour of the material becomes more highly nonlinear. This point is
expected since the primary mode of the linear case is closest to the uniform distribution
of the initial impulse.

Consider next the built-in supported beam subjected to impulsive loading over a length
12 symmetric about the midpoint, so that the initial velocity is ¥; on this section and zero
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FIG. 3.

in the remaining length //2 as shown in Fig. 1(b). In this example, only the linear case,
P =1, will be considered. The calculating procedures are exactly the same as that in the
previous example except the boundary conditions. In solving the mode shape ¢5(X),
no boundary conditions on d?¢/d&? in step (ii) are available, while there are four needed
boundary conditions on ¢ and d¢/d¢ in step (iv).
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For the build-in problem, A, = 4929 for P = 1. The primary mode and the moment
distribution M%(X) are shown in Fig. 1(d). The central displacement-time and velocity—
time histories for # = 1 are shown in Fig. 5. Figure 6 shows the comparisons of the bending
moments at the ends and the centre between the actual and the approximate solutions.
Figure 7 shows the bending moment distributions of these two solutions at time t = 0-1,
0-2, 0-3 and 0-4. It can be seen that the inflection point remains at £ = 0-226 aimost all the
time.

From the examples, it is seen that, in general, the stationary mode solution may provide
not only a good approximation in an average sense to an impulsive loading problem but also
some physical insight into the features of the problem.
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AGcTpakT—BBIBOOHTCH ONpPEIE/ICHHE CTAHHOHAPHOTO BHAA YNIIPYITOro KoyieGaHUs KOHCTPYKILIMH, H2 OCHOBE
BAPHALMOHHOIO KPUTEPHS, KOTOPOE MOCIEACTBEHHO OMPENCNeHHOE M3 A0KA3aTeNbCTBA €JHHCTBEHHOCTH
2AA Takuxxke 3axad. [InA MaTepuasoB, B KOTOPBIX HPIPAXEHHE ABIACTCH OQHOPOAHON dyHKUMelH aedop-
MaiuH (HampuMep CTEneHHas 3aBHCHMOCTL B ONHOCHOM $opMe), cTalMoHAPHBIE BHOLI KoneGaHuu coria-
CYIOTCSA ¢ HOPMAJIbHBIMH BHIAMH KoJieGauuit. DTOT BaPHALMOHHBIA IOAXOI AA€T HEKOTOPYIO (PHU3HYECKYIO
CcIocoBHOCTE TOYHOTO HCCJIEAOBAHUSA XaPaKTEPHCTHK yIPYroro koiebaHus, HANPUMEDP TEOPEMY MHHHMYMA
Penes. DTOT NOAXOH TAKXKE LETHKOM COIJIACOBBIBAECTCS C KOHHUENUMEH aNMPOKCHMALMM, OCHOBAHHOH Ha
oT6pachiBaHMK YJIEHOB B PAOAX, KOTOPBIX YYHTHIBAETCH HEKOTOPOE YHCIO HEOOXOAUMBIX BHIOB Ko/ieBanmii,



