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BROADBAND RANDOM VIBRATIONS OF
ELASTIC SYSTEMS

V. V. BoLoTIN

Moscow Energetic Institute, Moscow, USSR

Abstract—Considered are vibrations of elastic systems under the action of external forces which represent a
space—time broadband random process. On the basis of the asymptotic method, advanced by the author, and of
estimates for the density of natural frequencies of shells, integral estimates for displacements and stresses are
proposed which occur in elastic systems. At the basis of the method advanced there lies the replacement of
summation over separate natural modes of free vibrations by integration over a certain range of frequencies (or
wave numbers). The question concerning limitations of this method is discussed. Investigated is the influence
of the charactefistics of the loading of the type of damping as well as of the type of boundary conditions on
mean squares and spectral densities of displacements and stresses.

INTRODUCTION

IN THIS PAPER, the problems of vibration of elastic systems (beams, plates and shelis)
under random forces represented as a broadband space-time process are considered.
As an example the random vibrations of structures due to acoustic pressure fluctuations
radiated from the hot jet may be mentioned. It is well known [1] that the frequencies of
the acoustic pulsations are distributed practically over the whole sound range. The
pulsations of acoustic pressure can excite a great number of structural modes simulta-
neously. Thus the common methods based on the expansion of the solutions into a
series of natural modes are inconvenient. At the same time the possibility arises of
obtaining approximate solutions based on asymptotic properties.

The method based on this idea was proposed by the author several years ago [2-4].
Two features of eigenvalue spectrum are employed in this method. First, the asymptotic
behaviour of the highest eigenfrequencies and associated modes, and, secondly, the
sufficiently great density of eigenfrequencies of elastic plates, shells and other elastic
bodies. The method consists essentially in replacing summatjon of the contribution of
each mode by integration over a certain region in wave numbers space. This is analogous
to the passage from the quantum statistics to the classical one. The wider the excitation
spectrum and the higher the density of natural frequencies, the better is the approximation
by the asymptotic method. Unlike the direct summation method, the integral method
proposed, yields in many cases the results in closed form. Thus we have the possibility
to study systematically the influence of different factors on the random behaviour of
elastic systems.

The article is written according to the following plan. In Section 1 brief information
on the asymptotic method is presented [2, 3] The principle of replacing the summation
over vibration modes by integration over the wave numbers space is discussed in Section
2. Examples of application of this method to thin elastic plates are given in Sections 3
and 4. In these sections the influence of spectral and correlation characteristics of loading,
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the influence of boundary conditions and of the type of damping on mean square dis-
placements and mean square stresses are investigated. Section 5 is devoted to the
consideration of the shear and rotationary inertia effects. In this section the boundaries
of applicability of classical plate theory to the problem of broadband vibration are
discussed. In Section 6 examples of the application of the method to thin elastic shells
are given. The evaluation of mean square stresses and strains in the case of thin spherical
shells is discussed in particular. In the last section an application of the proposed method
to the estimation of spectral densities, effective frequencies and other parameters is given.

This paper is based on material presented at the 11'® International Congress of
Applied Mechanics, Munich, 1964. A short abstract of this report is to be published in
the Proceedings of the Congress [5].

1. THE ASYMPTOTIC METHOD IN THE THEORY OF
VIBRATION OF ELASTIC BODIES

Referring for details to papers [2, 3], let us present some information on the asymptotic
method for the investigation of natural frequencies and modes of elastic systems for
sufficiently high wave numbers.

According to this method the asymptotic solution for the natural mode is expressed
as a sum of the internal solution and correction solutions which are called the dynamic
boundary effects. Each expression satisfies the differential equations and the conditions
on one of the boundaries of the rectangular region. The number of these expressions is
equal to the number of boundaries. Then the obtained expressions must be matched.
This procedure is similar to the matching of the membrane solution and the boundary
effects in the theory of shells or to the matching of the viscous and inviscid solutions in
hydrodynamics. The matching can be achieved only approximately. The faster the
boundary effects decay, the less is the error of the asymptotic solution. As a result the
equations can be obtained for the parameters defining the internal solution and the
boundary effects. Then the asymptotic expression for natural modes can be obtained
for the whole region except corners and ribs. This is typical for all methods which use
the concept of the boundary effect.

F1G. 1. Schematics of the shell.
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As an example consider a thin elastic shell with constant thickness h, referred to
orthogonal coordinates x,, x,, which coincide with curvature lines (Fig. 1). Let », and
%, be the principal curvatures of the middle surface, E the elastic modulus, p the material
density, D the cylindrical rigidity, w the normal displacement, y the stress function
multiplied by h, @ the natural frequency. If the characteristic wavelength is sufficiently
small compared with 7! and »; !, the equations for natural modes can be taken in
the form

oHy 0%y
Y P — pha?w =
DAAw (uz ox? q 6x§> phw*w = 0,

1
— At (6,204, 2% <0,
Eh Adw (xz ox? 1t 6x§>

The asymptotic solution of the equations (1.1) for the rectangular (in a general sense)
region with sides a; and a, and with constant middle surface metrics have been obtained
in paper [2]). In particular, for natural frequencies the formula

Ehn? (kix+ k%)z]

D
2 L 22+ k2 + A2 1.2
T oh Ekl I R -2
was given, where y = x,/x; (x; # 0). The wave numbers k; and k, are calculated from
the following transcendental equations:

kia, = arctgu, (k,, k)t arctgu,,(k,, k,)+mm,
k,a, = arctgu,(k,, ky)+ arctgu,,(ky, k,)+ m,n (1.3)

(my,my, =1,2,...).

The functions u,4(k,, k,) depend on the boundary conditions. For free supported edges
all functions u,g(k,, k,) are equal to zero; the asymptotic solution in this case coincides
with the well known exact solution.

The asymptotic solution is valid in the whole domain of sufficiently high wave
numbers except in the regions of degeneration of the dynamic boundary effect. The
details may be found in article [2]. For example, the dynamic boundary effect never
degenerates for plates and spherical shells. For the cylindrical shell the boundary effect
degenerates only for sufficiently small wave numbers:

Ehy?\?
kK+k2 < ( > ‘) :

As a most simple example let us consider the application of this method to the problem
of natural vibrations of a rectangular clamped plate with sides a, and a,. The equations
(1.3) in this case take on the form

ki

kia, = 2arctg————
1 & (k2 + 2k2)1

+ m,m,
(1.4)

k,a, = 2arctg +myn (my,m, =1,2,...).

ke
(k% +2k2)*



108 V. V. BoLoTIN

TaBLE 1
kia, kja, @

my m, -_— - - i
n 7 Proposed Calculations Ad

method of Iguchi (%)
1 1 4/3 4/3 3-556 3-646 2-53
1 2 1-2027 2:4372 7-386 7-437 0-69
2 2 7/3 7/3 10-889 10-965 0-70
1 3 1-1420 3-4688 13-337 13-398 0-42
2 3 2-2556 34012 16-656 16-717 0-37
3 3 10/3 10/3 22-222 — —
1 4 1-1084 4-4816 21-313 o -
2 4 2-2038 4-4366 24-540 24-631 0-36
3 4 3-2784 4-3832 29960 — —
4 4 13/3 1373 37556 — —

Here the functions arctgu,,; are taken in the sense of their principal values. The
natural vibration frequencies are determined by formula

© ~ 3+ kg)(;%)*. (L.5)

A comparison of this result with the very reliable results of Iguchi [6], which have been
obtained by means of a variational method, is presented in Table 1. The calculations
were performed for a square plate with sides a; = a, = a. Here @ is the dimensionless
frequency coefficient in the formula

'@ <D i
=" ph> .

As is seen from the table even for the lower frequency the deviation does not exceed
3 per cent. This deviation decays rapidly with an increase of the frequency.

The asymptotic expression for natural modes can be easily obtained. Thus, near the
boundary x, = 0 (except in the neighbourhood of corner points) the expression can be
obtained

(k3+ 2k2)* k, cosk,x,

w(xl, Xz) ~ m{sm klxl —m

L (1.6)
1 .
+ @2 exp[ —x, (k3 + 2k§)*]} sin k,(x, —x9).
As x, increases the boundary effect rapidly decays and the expression (1.6) approaches
the internal solution
w*(x 4, X,) = sin k,(x; —x9) sin k,(x, — x3). (1.7)

Here x{ and x9 are the limiting phases (certain constants depending on the boundary
conditions).
Note that from the formulae (1.3) the rougher approximation may be obtained:

kya, = ma+ 0(1), k,a, = mun+ 0(1) (my,my, =1,2,..) (1.8)
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FiG. 2. Family of curves, determined by equation (1.7), in the plane of wave numbers.

These formulae are analogous to the well-known Courant’s asymptotic estimates [7]
for the eigenvalues in the vibration problem of membranes and thin plates. It is essential
that for shells these asymptotic estimates are valid only if the boundary effect does not
degenerate. This is clear from the physical point of view: the degeneration of the boundary
effect indicates a strong influence of the boundary conditions on the mode behaviour
in the internal region.

On Fig. 2 two sets of curves corresponding to the integer numbers m, and m, in
equations (1.8) are shown. The wave numbers are defined as coordinates of the inter-
section points. If the shell is simply supported all u,; are equal to zero and we obtain two
sets of straight lines parallel to coordinate axes. The dimensions of cells formed by these
lines are Ak, = n/a, and Ak, = n/a,. In the general case a variation of the boundary
conditions cannot displace the intersection points by more than Ak, and Ak,. This
follows from formula (1.8).

2. THE METHOD FOR OBTAINING ASYMPTOTIC ESTIMATES FOR
MEAN SQUARES OF DISPLACEMENTS AND STRESSES

Let us study now the vibrations of an elastic system under the action of random loads.
The usual procedure for solving this problem is based on the expansion of displacements,
stresses, etc. in series of principal modes. Thus, the partial differential equations of the
problem are reduced to an infinite number of ordinary differential equations. Further,
this system must be truncated and standard methods of statistical dynamics used. As an
example let us consider a two-dimensional elastic system, characterized by the displace-
ment function w(x,, x,,t). Let us assume

w(xl, X2, t) = Z f:z(t)(pa(xh xZ)’ (21)

where @,(x,, x,) are the natural modes, f,(t) are the generalized coordinates. Introducing
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some additional assumptions relating to the character of the dissipative forces we obtain

d*f,
dr?

+2p0 Y02 = 00 @=12.) 22)

Here w, are the natural vibration frequencies of the nondissipative system, f§, are the
damping coefficients, Q,(t) are the generalized forces. The generalized forces are con-
nected with the loading density g(x,, x5, t), natural modes ¢,(x,, x,) and surface mass
density ph by the expression

Hq(xlw X, @,{X1, X3) dxg dx,
g,(t) = . 2.3)
th(pf(xl, xz) dxy dx,

Let the load intensity g(x,. x,, ) be the stationary ergodic random function of time ¢
and arbitrary random function of coordinates x; and x,. Then the generalized forces
Q,(t) are obviously ergodic stationary functions of time . Let us introduce the spectral
density @, (w) for the generalized forces

x

1 N
D) = ;J .00t + 1) exp(— iwt) dz. (2.4)

-

For mean square generalized forces f'2 we get

3 J[ (I)a(a)) dw
o

Ti= w; —w*)*+ (2B,0,0)*

(2.5)

If §, < 1 and the spectral densities @ (w) are sufficiently slow varying functions of w,
instead of formula (2.5) we can write
— _ D w,)

fz

T AWl

(2.6)

Formula (2.6) is the basic relation in the subsequent study.
Let us now assume that the time spectrum of external loads is sufficiently wide. Taking
into account the high number of excited modes one can use several simplifications.

(1) The asymptotic expression for the natural modes can be used when the expression
for the displacements and stresses in series is introduced. Therefore the asymptotic
formulae for generalized forces can be obtained.

(2) The asymptotic formulae for natural frequencies can be used.

(3) Under certain restrictions the summation in formulae for correlation functions,
mean squares, etc., may be replaced by integration over wave number space. This permits
one to obtain simple integral estimates. The error of these estimates decreases with in-
creasing density of natural frequencies and with decreasing rate of change of parameters in
wave number space.

Let the stress s(t) at a certain point, or any other parameter, be expressed in the form

s(t) = Y. ¢, folt),

a

2.7)
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where f,(t) are the generalized coordinates and ¢, are certain constants. Then for mean

square 'sTZ,, neglecting the cross correlation of generalized coordinates and using the
formulae (2.6), we obtain an approximate formula

o2 o~ E:q)a(wa)

a 4Bdw13

(2.8)

All terms of the series (2.8) depend only on mode number a. In the two-dimensional
case this mode is completely defined in asymptotic sense by a pair of wave numbers k,, k,.
Therefore

2~ Z nc(ky, ky)®(ky, ky)
i i 4Bk, kz)w3(k1,k2),

1 K2

(2.9)

where ®(k,, k,) are the diagonal elements of spectral density matrix for generalized forces.
If the terms of series (2.9) are slowly varying functions of wave numbers, the sum on the
right side can be replaced by corresponding integral. Then we arrive at

G J ch(kl,kz)wl,kz)dkldkz
AkeiAley ) Blky, ko kys k)

Here Ak, and Ak, are the dimensions of the quantum cell (Fig. 2). In many cases
Ak, = n/a,, Ak, = n/a,. But sometimes, taking into consideration symmetry conditions,
we shall put Ak, = 2n/a,, Ak, = 2n/a,, etc. We assume that the integral (2.10) converges
and the approximation connected with transition from the formula (2.9) to the formula
(2.10) is not too rough. These conditions determine the region of the applicability of the
given method.

Formula (2.10) is an asymptotic one. The higher the density of natural frequencies,
the smaller is the error in formula (2.10). The error mentioned can be estimated just as
in the case of well known summary formulae of the numerical methods of calculations
of integrals. The more general expression taking into account the cross correlation, can be
developed by the same method. In this case the integral estimate is expressed by means of
four-fold integrals.

The integral estimates permit an easy investigation of influence of different factors
on a random behaviour of elastic systems. In many problems where standard methods
would lead to a great number of calculations, the method of integral estimates leads to
simple final formulae. Several applications of this method are considered below.

(2.10)

3. SEVERAL PROBLEMS OF RANDOM VIBRATION OF
THIN ELASTIC PLATES

Let us consider the vibrations of a thin elastic rectangular plate with sides ¢, and a,
and thickness h. The equation for the normal deflection w(x,, x,, t) is taken in the form

*w

DAAw+ phw-f- L(w) = g(x,, x,, 1), (3.1
where L is a linear dissipative operator.

8



112 V. V. BoLoTiN

Let us introduce first an operator L, given on the set of functions
PolX1, X3, 1) = @F(xy, X;) explicw,t),
whiere ¢¥(x,, x,) is the internal solution (1.7), @, is the natural frequency. Here
Lo(@,) = 2iphB,w,p3(x1, x3) explio,t),

where B, is the coefficient of dissipation. Let us consider three realizations of the operator
L,. These realizations are given by the formulae

. 0

L= phegi, (3.3a)
_ Yo(Dph)? 0

L= o atA’ (3.3b)

L= DEAA (3.3¢)
=1V )

The case (a) corresponds to the so called “external” damping with coefficient &. The
case (b) corresponds to the energy dissipation independent of vibration frequency. Here
¥, is the specific damping ratio, equal to the rate of energy dissipation during the period
of vibration to the mean value of the total energy. The case (c) corresponds to a visco-
elastic material according to the Kelvin—Voigt hypothesis with viscosity coefficient #.
In the case (a) the damping coefficient f, is inversely proportional to the frequency w,, in
the case (b) B, is independent of w,, in the case (c) B, is proportional to w,.

The next step consists in the extension of these equations to the random processes con-
sidered. The extension is based on the asymptotic behaviour of the natural modes. In the
asymptotic approximation the natural modes @, (x,, x,) can be approximated by means of
@X(xy, x,). If the dissipative forces are sufficiently small the evaluation of each generalized
coordinate is close to the narrow-band random process with frequency w,.

Let the load intensity be delta-correlated in space and possess an arbitrary time cor-
relation. By introducing the Fourier time transformation

Dy (xy, x3,¢1,825 w) = %J‘ q(x4, x5, )q(&y, &5, t+ t) exp(—iwt) dt
this condition can be written in the form
q)q(xl’ X2 &1, &2 0) = W(w)aa,0(x, — &1)d(x, — &) (3.4)

Let us substitute formulae (1.5), (1.7) and (3.4) for formula (2.10). Assuming that ¢, = 1,
corresponding to the case of determination of mean square w?, we obtain the asymptotic

estimate
Wi e D} J J Pk, kz)c:ikl dﬁ _ (3.6)
4nD*\ ph B(ky, ky)(k1+ k3)

Here the phases x? and x3 are taken to be uniformly distributed. Therefore
Aky = 2nfa,, Ak, = 2znfa,. The calculations can be simplified by introducing the polar
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coordinates
ph\*
rP=k+k=0 o) tg 0 = k,/k,. 3.7
Then the formula (3.6) takes on the form
=5 _@143(D Y dr 18
Y~ 3p? <ph> j Bor (38)

Analogously, for normal stress ¢ = 0, h/2) at arbitrary point of internal region of
the plate with coordinates x; = +h/2, we have to take formula (2.10):

6D
cly, ko) = S5 (ki+vk3),

where v is Poisson’s ratio. Using notations (3.7), we obtain

—  9aa, ‘P(r)dr
6% ~ 16h"'( ) (3+2v+3v Z)J By (3.9

Let the time spectrum density be equal to zero everywhere except in the range
w; < w < w, inside which the time spectrum density is equal to constant value W. Let us
call this white noise truncated from both sides “quasi-white” noise. Thus let us assume

Wa,a,0(x, —&1)0(x2— &)
d)q(xl, x2, cb éZ;w) = (a)l S w S wu)’ (3'10)

0 in other cases.
Further, let us introduce the characteristic deflection w, and characteristic stress o,

w2 = 1% D\'Y
0 8D2r12 ph Bl,

9a,a,
16h*

63 (3+ 2v+ 3v2);.
1

Here r, and §, are the values of parameters r and § at frequency @ = w,. Using formula
(3.8) we obtain the following simple formulae for dimensionless mean square deflection

7 1 [0]]

w_(z) ~ 5(1_6)_)’ (3.11a)
w2 o1 w?

—~1 2 A1
al-o0) et

w2 o1 w}
—_~=ll-= 3.11
w3 6< wf) (3.11¢)
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It is interesting that in the limiting case w, — o0 the mean square displacements are
very simply related. The formulae for mean square stresses are

2 1/
o e | 312
ol 2<w, ) (3.122)
2 1. w
— ~—In— 3.12b
6 2 nw,’ ( )
PEA w,
"
2.—
13 [% a2
sy L
| |
o] 1 5 {e]

wy

wi

F1G. 3. Comparison of theoretical and empirical values of o2 and we,

Let us note that as w, — 00, the finite limit for ¢ exists only in case (a). On Fig. 3 the
comparison is made between the results obtained by direct summation of terms of series.
For calculations we assume @, = a, = lm, h=2.10"3m, E=14.10' nm~ 2, v = 03,
p = 27.103kgm™ 3, @, = 3-7.10* sec™!. The predicted results are plotted by thick line,
the empirical results are presented by means of histogram. The agreement for the stresses is
better than the agreement for the displacements. This fact is natural because of the rela-
tively greater contribution of the lowest modes to displacements than to stresses. On the
whole the agreement can be considered as satisfactory.

The results obtained above referred to values of parameters in the internal region.
Here the influence of boundary conditions was ignored as inessential. It may be expected
that the results are applicable for plates of arbitrary form if only the considered points are
sufficiently far from the boundary.
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Near the contour of the plate substantial boundary effects are to be expected. These
effects may be taken into account in the framework of the asymptotic method. First, the
mean squares of generalized coordinates are to be calculated under the assumption that
the influence of boundary effects on the behaviour of the solution in the internal region is
negligible. Then we return to the consideration of boundary conditions introducing in
formula (2.10) the corresponding influence coefficients c(k,, k,).

As an example let us study the boundary effect near the clamped edges. Using formula
(1.6) we find that along the line on which sin ky(x, —x3) = 1

7t L, s
cky, ky) = Iz—kx(kx'*' k3)*. (3.13)

Substituting expression (3.13) into formula (2.10) we obtain after integration

—  9a,a,(D  CP(r)dr.
o ~ h42\;’-'> j B (3.149)

Formulae (3.8) and (3.14) are analogous. The ratio of mean square stresses for clamped
edges and for internal region is independent of the time correlation form and type of
damping and is equal to

2 16

edg VY
62, 3+2v+3?

Q

For v = 03 the ratio of the mean square stresses at clamped edges and in the internal
region is equal to approximately two.

4. THE INFLUENCE OF LOAD SPACE CORRELATION

The final results given above are obtained for the case when the external forces are
delta-correlated. It is the simplest case for the analytical calculation but it is a too rough
an idealization of a real process. The question concerning the possibilities of such idealiza-
tion can be studied also by means of the method presented. For simplicity let us consider
the one-dimensional system—a beam or a plate of span a subjected to cylindrical bending.
Let the external forces be exponentionally correlated. Then

D (x, &) = %J qlx, 0)g(é, t+ 1) = P(w)e >4l (4.1)

Here « is the correlation constant, W(w) is the function characterizing the time correlation.
The spectral density of generalized forces can be determinated by formulae (2.3) and (2.4).
Expressing ®,(w) as a function of wave number k we obtain

k) oaa 2k? 2
p’ha [k2+ 2 eraptte )]

Dk) = 4.2)

Let us substitute the expressions (1.5) and (4.2) into formula (2.10). As a result we
obtain an asymptotic formula for mean square displacements and stresses in the internal
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region {(x; = +h/2):

= __L (DY} 2k* ] Wldk
w2 ~ 2D%a (;Z) j.[aa’*' ———k2+ a2(1+ e )} W, (43)
— 18/D\} 2k? ] WK
o2 ~ ;}F(ﬁ{) j.[aa-i- 'k2+ a2(1+ e {IW (44)

As an example let us consider the case of “quasiwhite” time noise. Let the damping
be external (case a). Then f(k) = Bk?/k?, where k, and B, are the wave number and damping
coefficient, respectively, corresponding to the lowest frequency ;. Introducing the

notations 4
S IMDVY ke ek

60 - h4 ph ﬂ;klz’ ua - ] ”’l — By Ky ua
after calculation using formula (4.4) we obtain

- H Uy
a3 st ud ot

Q

1+ e *+
+ —e—&(arc tg Pu_arc tg ﬂ). 4.5)
-4 (-1 a
2.—
B 507

FiG. 4. Dependence of % on u, and u,.

The results of calculations by formula (4.5) are plotted on Fig. 4 by continuous lines.
It was assumed that u, = n. The horizontal dotted lines correspond to the assumption
that the load is completely space correlated. The dotted curves are obtained for space
delta-correlated load. The load intensity is taken so that at great values of a the exponen-
tially-correlated and delta-correlated loads are equivalent in a certain sense. To this end
instead of formula (4.1) the expression

05, £30) = ¥(@h(x—0)
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was taken. From the diagram (Fig. 4) it follows that the wider the time spectrum of excita-
tion the smaller must be the space correlations. This follows also from mechanical con-
siderations. An unexpected result is that the complete correlation approximation is valid
over a very wide range of damping coefficient variation, provided the time spectrum of
excitation is sufficiently wide. This resuit should be studied further, as also other questions
concerning the possibilities of simple analytical approximation of realistic random load-
ings.

5. THE INFLUENCE OF TRANSVERSE SHEAR AND OF
ROTATIONARY INERTIA

At sufficiently high wave numbers the effects of transverse shear and rotationary in-
ertia must be taken into account. Let us estimate the influence of these factors on the
mean square stresses and displacements. Consider a rectangular plate with sides a, and
a, and with thickness A. Let us take the equations which follow from the Reissner theory
[10]:

6'y(1 v) p(1—v?) &% _
Ap ———5—(@—w)— E a—tz' 0,
12y 2p(1+v) %
2p(1+v) O*w
A=)~ 5 =

Here w(x,, x,, t) is the normal displacement of the points of the middle surface, ¢{x;, x,, 1)
and y(x,, x,,t) are the displacement potentials which are connected to the angles of
rotation of normals 6, and 8, by expressions

O op oy

b=mtoy %7

Further, E is the elastic modulus, v is Poisson’s ratio, p is the density, y is a nondimensional
coefficient, taken usually equal to 5/6.

It was shown by Moskalenko [11] that the asymptotic method is valid for the first,
primarily (bending) series of the natural modes if the characteristic wave length is greater
than the thickness h. More exactly, the condition .of the application of the asymptotic
method is

2

P =kt <, (.2

where k; and k, are the wave numbers. For the natural vibration frequencies, correspond-
ing to the first (bending) series, we obtain the approximate formuila

4
2D ¥

il TS (5:3)
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Here % is the nondimensional coefficient
1 1
=t e, 4
T ei—vy) 12 (5.4)

Using the method given above we obtain the formula for mean square displacements
in the internal region of plate under the loading with the spectral density (3.4):

iy a,a22 D\ Y+ uhjrz)‘} dr‘ 5.5)
8D\ ph Bryr
For mean square stress ¢ = o,,(+ h/2) we obtain analogously in the internal region
—  9a,a,( D} J W(r)(1+ xh?r2)E dr
2 1%2 2
~ — ] 3+ 2+ . 5.6
7 Tent ( ph) G2 | 2oy +mghr i (5.6

Here %, = »x—1/12, where » is determined by formula (5.4). Let us carry out the
calculations by formula (5.6) for the case of “quasiwhite noise”. Further, let us take
B = const. The calculation by formula (5.6) gives

a* 1 oL (L wh?r ]
o3 rl1+ (1+ xh?r2)¥]
1 o\ (1+ =22 (1+ xhzr,z)*:l
+o(1-= A 5.7
2 (1 x0>': 1+ %oh®r: 1+ xoh*r? 6.7

4 2 1+ h2 2y 14 1+ h2 2y | &
+1 % f_-{-x_z_z arctg %_()(__M _arctg M .
2\t xy/ \tp 2o x—%g H—%g

In this formula o, is the characteristic stress

9a,a,( D \} ¥
2= L2 7 ) (34 2v+ 3vE) .
% = Ton* (;;h) G+ ")ﬂ

0
1074 10°3 10-2 107! [

F1G. 5. Dependence of o on w,/ow, for a thick plate.
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On Fig. 5 the diagram corresponding to formula (4.7) is given. Here o, is a character-

istic frequency
O = 1 (D :
b xh?\ph )’

The order of magnitude of w, is equal to natural frequency corresponding to the wave-
length of the order of thickness h. In plotting the diagram it was assumed that the lower
boundary of the exciting spectrum is w; = 10”*w,. The result corresponding to the
classical theory is plotted by a dotted line. It is seen from the diagram that the classical
theory of plates is applicable up to w, ~ 10”'w,. As an approximate estimate we can
use the classical theory practically up to w, ~ @,

6. RANDOM VIBRATION PROBLEMS FOR THIN ELASTIC SHELLS

Let us consider now the more difficult problem of random vibration of thin shells.
Let us use the system of differential equations

2!// azlp
DAAw — ( 25 2+xla >+ph6t2 = q,

1 0w w (1)
— AAY+ 2y st 2y =
EhAA‘// "2 5x2 * 0x3 0

describing vibrations with sufficiently high wave numbers and ignoring the tangential
external forces and tangential inertia forces. In the equations (6.1) the same notation is
used as in equations (1.1). However, in equations (6.1) w(x,, x,,t) and ¥(x,, x,, ) are the
functions describing the time variation of the displacements and stresses, respectively.

Using the integral method we can obtain the formula for mean square displacements
and stresses, which coincides with formula (2.10). The expression (1.2) must be substituted
into the formula (2.10) instead of w(k,, k,). Let the external load be characterized by
expression (3.4). After substitution and transition to polar coordinates (3.7), formula (2.10)
takes on the form

—  aja,(D\*["? rulf) ¥(r, O)r dr
W 4nD<ph) L dé v [+ 180 cos20+ sin?6)° (62)

In formula (6.2) r, indicates the constant
12(1 — v?)x?
h2

and ry(@) and r,(0) indicate the real roots of the equation

ré = (6.3)

r* +ra(x cos?0+ sin%6)? = w?

corresponding to the cases w = w; and w = w,.

The integral on the right side of formula (6.2), in general, is not expressible by
elementary functions. However, in some cases, as an example in the case of a spherical
shell, simple final formulae can be obtained. Let ¥ = const in-the interval o, < w < w,
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and be equal to zero outside this interval. Here w, > wy, where w, is the minimum
natural frequency determined by formula

1/E\*

Introducing the characteristic deflection w, by formula

i s (DY ¥
° 7 8D%f\ph) B

we obtain after integration

—3 1 r 2 Py 2 E

w_2~ ) arctg(w—;—1> —arc~tg<—w—'2—1) ], (6.5a)
wyg 2owgl (OF} WR

2 1 w? [~ 2\%+ 2\4

w Lot (l_‘”_'; _ (1=}, (6.5)
Wo 2 Wrt Wy w;

Wl lolfek o \*_wrfof |\

wi 4 op| o \wi of \wk

(6.5¢)
w? % w} 3
—arctg 55-—1 + arc tg co_ﬁ—l .
R

As before, the first formula corresponds to the case of external damping, the second
one corresponds to the case of damping independent of the frequency, the third formula
corresponds to the case of Kelvin—Voigt damping.

Some numerical results obtained for case a are plotted on Fig. 6. It is seen from the
diagram that the influence of the curvature on the mean square displacements is not too
strong. It is seen from Fig. 6 that the mean square deflections increase when the ratio

0:50 |—

¥ “

0 ] | |
1 5 10 15

Wy
W,

Fic. 6. Dependence of w? on w, and ), for a spherical shell.
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wg/w, approaches unity. This may be explained by the approximation of the lower part
of the interval of exciting frequencies to the frequency near which a maximum of the
density of natural frequencies takes place [9].

For the calculation of mean square normal stresses ¢ = a“(+h/2) at points located
sufficiently far from the boundary, we have to take in formula (2.10)

Eh?|,| (k3x+ k3)k3
24 32 1
clky, ky) = [k i A S

The substitution into the formula yields

s

i 9a,a, ( D )‘} J =2 46 O gy, ) [r*(cos?0+ v sin20 + ard(x cos20+ sin26) sin?0r dr
nh* \ph | o) B(r, O)[r* + r¥(x cos26+ sin?0)*J*

(6.6)

where a? = (1—v3)/3.
As an example, let us consider the spherical shell loaded by the broadband random

time—space forces (3.10). Let the damping be external (case a). Introducing the notation for
the characteristic stress

., Yaia,

D
+ 2v+ 3v?
¢ = 16h4( ) ﬁ1(3 2v+ 3v?)

we obtain after the calculation of the integral in formula (6.6)
3 2 % 2 % + 2
o JLesjen (V(er )y (ke o,
g5 2w, [\wg Wi 3+ 2v+3v* wp

3+4v+y2 o \* w? )*
— mv—z l:al'c tg(w_i_ 1> -—arc tg(zo-;z;— 1 . (67)

FiG. 7. Dependence of o? on w, and w, for a spherical shell.
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The results of calculation by formula (6.7) are plotted on Fig. 7. Taking into account
the asymptotic character of the used estimate, the influence of the curvature on the mean
square stress may be neglected (if the exciting spectrum is sufficiently wide).

7. ASYMPTOTIC ESTIMATES FOR SPECTRAL DENSITIES AND OTHER
CHARACTERISTICS OF FREQUENCIES

The asymptotic method can be used for calculation of spectral densities, correlation
functions, etc. As an example let us calculate the spectral density of stresses at some point

of a plate or a shell. The connection between the mean square o2 and spectral density
@ (w) is given by formula

a? :J @, (w) do. (7.1)
0

Together with the given excitation process let us consider an auxiliary process with
spectral density coinciding with the spectral density of the given process at w < w, and
being equal to zero at w > w,. Using the method described above, we may obtain an
asymptotic estimate for mean square 6> ~ f,(w,) as a function of separation frequency w,,.
Then the asymptotic estimate for spectral density of stresses is expressed on the basis of
(7.1) by the simple formula

@ () ~ L)

Wy

(1.2)

W=W,

As an example, let us carry out the determination of the spectral density of stresses
near the clamped edge of a thin plate. Let us consider the loading given in the form (3.10).
Analogously to formula (3.14) let us write

Loy ~ 20aa (D[ o or
o h* \ph) ], Bryr

p
Hence, using formula (7.2), we obtain an estimate for the spectral density

9a1a2/2)* ¥(w)
2h* \ph) Blw)w’

Let us note that this estimate is an asymptotical one. The spectral density calculated
by means of formula (7.3) is smoothed out with respect to the peaks due to the individual
contribution of each natural mode. It is evident that the error in estimating the spectral
densities may be larger than in estimating the mean squares. However, the formulae of
type of (7.3) may be useful for drawing general conclusions concerning the influence of
different factors on the character of the spectral density. On Fig. 8 the diagrams for
smoothed spectral density of deflection are plotted for the case when the loading is space
white noise and time quasiwhite noise, i.e. the time-space spectrum is given by expression
(3.10). The variation of the character of spectral density in the transition from the external
damping (case a) to Voigt’s damping (case c) is shown on the diagram. An analogous dia-
gram for the spectral density of stresses is given on Fig. 9. In the case of external damping

(Do'(w) ~

(7.3)



Broadband random vibrations of elastic systems 123

3 3
3 b
o )
b
c
o w wy o wy w, w
FiG. 8. Spectral density @ (w) for three cases F1G. 9. Spectral density ®_ (w) for three cases
of dissipation. of dissipation.

the spectral density of stresses is similar to the time spectral density of load. In the case of
damping independent of frequency and in the case of Voigt’s damping, the higher natural
modes are suppressed more than the lower natural modes.

It is not difficult to obtain the asymptotic estimates for some other values. Thus in
determining the degree of damage and the mean life of structures [8] we must know the
effective frequency w,g of stresses a(t):

] © %
{ 2@ (w) dw
Wep = | L (7.4)

f : @, () dw

Using the asymptotic estimate (7.3) for the spectral density, we obtain the following
simple formulae for w, :

2 2
2 Wy + wuwl+ wu

weﬂ‘ ~ 3 5 (753)
22
Wy ~ 23 (7.5b)
wu
ln -3
Wy
wZe ~ 0w, (7.5¢)

The formulae (7.5) indicate the influence of the time spectrum width and type of damping
on the mean life of the structure.
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Résumé—Dans ce texte sont considérées les vibrations des systémes élastiques sous P'action de forces externes,
ce qui représente un procédé au hasard espace-temps a large bande. Des évaluations intégrales pour les déplace-
ments et efforts qui adviennent dans les systémes élastiques ont été proposées en se basant sur la méthode
asymptotique avancée pr I'auteur et sur des évaluations intégrales pour la densité des fréquences naturelles
d’une voile. A la base de la méthode avancée se trouve le remplacement de la sommation de modes naturels
séparés de vibrations libres par une intégration d’une certaine gamme de fréquences (ou numéros d’ondes).
Le probléme des limites de cette méthode y est discuté. L’influence des caractéristiques de charge et du genre
d’amortissement ainsi que du genre des conditions limites sur les carrés moyens et densités spectrales des dé-
placements et efforts, est investiguée.

Zusammenfassung—Es werden Schwingungen von elastischen Systemen unter der Einwirkung von #dusseren
Kriiften untersucht, welche einen zufilligen Breitband Raum-Zeitvorgang darstellen. Auf Grund der vom
Verfasser vorgeschlagenen asymptotischen Methode und der Schitzungen der Dichte von Eigenfrequenzen
von Schalen, werden integrale Schitzungen fiir Verschiebungen und Spannungen vorgeschlagen, welche in
elastischen Systemen auftreten. Am Grunde der vorgeschlagenen Methode liegt der Ersatz der Summierung
iiber einzelne Hauptformen der Eigenschwingungen durch Integration itber einen gewissen Frequenzbereich
(oder Bereich der Wellenzahlen). Die Frage betreffend die Einschrinkungen dieser Methode wird erdrtert.
Untersucht wird ferner der Einfluss der Belastungscharakteristiken, der Ddmpfungsart, als auch der Art der
Randbedingungen auf die Durchschnittsquadrate und auf die Spektraldichten der Verschiebungen und
Spannungen.

AnHOTauHS—PaccMaTPHBAIOTCH KosiebaHMA ynpyrux CHCTEM moX AeHCTBHEM BHEIUHHX CWJI, NPEACTAaB-
JIAIOIWKX co60M MPOCTPaHCTBEHHO-BPEMEHHON cuyvaliHbIf mpouecc ¢ mMMPOKMM crnekTpoM. Ha ocHose
ACHMMITOTHYECKOIrO MeTofia, IPEeHIOKEHHOTO ABTOPOM, M OUEHOK IUIA IUIOTHOCTH COOCTBEHHBIX 4acTOT
060504ex npeAsaraloTCA MHTErpajibHble OLEHKH IUIA NepeMelleHuM M HanpsokeHui, BO3HHMKAIOWHX B
YHPYITHX CHCTeMaX. B OCHOBE NPHMEHAEMOrO MeTOHA JEXHT 3aMEHA CYMMHPOBAHMS IIO OTIEJBHBIM
dopmaM cobcTBeHHBIX KOsIeOaHHE MHTEIPHPOBAHMEM MO HEKOTOPOH 00JacTM 4acTOT (WM BOJHOBBIX
yucen). O6cyxmaeTcs BOIPOC O IPaHHLAX NPHMEHECHHS 3TOTO Mertoda. Mconenyercs BiIMsHHME XapakTe-
PHCTMK Harpy3kW, THOa JeMN(HPOBAaHHA, a TaKXKe THNA I'PAHHYHBIX YCMOBHM Ha CpelHWe KBaapaThl M
CHEKTPANIBHBIC IUTOTHOCTH NEPEMELECHHA K HanpsKEHUH.



