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Preface

It is a privilege to have the opportunity to share with you some of our interesting
experience in the journey of learning and research about structural analysis. The
specific path we are exploring here is a superhighway — a variational technique
called the Rayleigh—Ritz method or the Ritz method. I was introduced to this method
during my PhD studies by an excellent supervisor, Professor Stuart Dickinson at the
University of Western Ontario. Prior to this, another excellent supervisor (my BSc
and MSc supervisor), the late Dr Stuart Tillman (University of Manchester), had
taught me the Lagrangian multiplier method. Dr Tillman’s lectures were such that
one has only to listen once — from then on the material stays crystal clear. So the
reason I became interested in these techniques (other than the fact that they are very
handy for vibration analysis which was my research area) is perhaps the passion that
my teachers showed in the subject.

The thought of writing a book in vibration occurred to me after my first study
leave in India where I received some positive feedback after giving a public lecture
on “Vibration and Stability of Structures” that was meant to be for a general
audience. I tried hard to think of ways of explaining concepts such as natural
frequency, stiffness, mass, damping where possible using everyday experiences and
analogies. While such analogies may not be accurate, they help to create an image
and this technique has since helped me to score some points with my students. For
example, I explain natural frequencies as the frequencies at which a structure is
easily excitable and give as an example the frequency at which one should meet with
a potential partner or friend to sustain the relationship. If we meet too frequently, we
may not give our friends enough space and scare them; if do not meet often enough,
we may wrongly signal that we are not interested in them. So to get the maximum
response, we need to engage at the right frequency. The same goes with structures. |
have always wanted to share such thoughts through a book.
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The opportunity to write a book has finally come through an invitation from
Professor Noél Challamel. The book is about the Rayleigh—Ritz method but as you
will see, for historical reasons and for its common potential use, the focus is largely
on natural frequencies and modes and the related problem of structural stability. I
have tried to think of simple analogies to present this in an interesting way but have
only managed to do this in one or two places. The book is a mixture of well-
established material (both theory and application) and the result of our own research.
An accidental mistake in the sign of an inertia term in an equation in my PhD thesis
has led to the discovery that negative values of large magnitude for masses and
stiffness can be used in modeling constraints. Dr Luis Monterrubio has utilized this
idea for solving a number of different structural problems, and has come up with a
nice set of admissible functions to use in the analysis of beams, plates, shells and
solids in Cartesian coordinates and has contributed to Chapters 8—12. Dr Yusuke
Mochida has helped with proofreading and checking the derivations. I am grateful to
Luis, Yusuke, Professor Noél Challamel and ISTE for making this possible.

I must also record my thanks to my family, teachers, students and colleagues for
my role as an author would not have been possible without them.

Some of our explanations, for example the use of analogies, may not be based on
principles of science, or may be in subject areas such as management in which we
do not have any expertize. While we have tried to eliminate errors, our attempts to
continuously improve the manuscript with new examples and explanations may have
led to some mistakes. We would be grateful to receive any comments, criticisms or
suggestions for improvements regarding the contents of this book.

Sinniah ILANKO

October 2014



Introduction and Historical Notes

In many practical engineering problems, it is not possible or convenient to
develop exact solutions. A convenient method for solving such problems originated
from attempts to calculate natural frequencies and modes of structures. This method
is known as the Rayleigh—Ritz method or the Ritz method [RAY 45a, RAY 45b,
RIT 08, RIT 09, LEI 05, ILA 09, YOU 50]. In this book we will see how to apply
this method for solving a variety of common problems engineers and scientists
encounter. We will first provide some historical notes on the development of the
method and show how the principle of conservation of energy leads to this
procedure. Those who are keen to get on with the application may want to proceed
to Chapter 3.

Chapter 1 starts with application of the principle of conservation of energy for a
simple pendulum showing how the natural frequency can be found by applying this
principle for a system that can vibrate only in one mode or shape. Such systems that
can only vibrate in one mode are called single degree of freedom systems, as a
single coordinate is sufficient to describe the actual shape of natural vibration and
such a natural vibration without any external dynamic force takes place only at one
frequency which is its natural frequency. Then we consider a spring-mass vibratory
system which has two independent coordinates. It can be easily shown, by applying
Newton’s second law of motion, that the system has two natural frequencies with
associated modes. Application of the conservation of energy for this system requires
an assumption about the shape of vibration. Although the natural frequencies and
modes can be calculated conveniently by solving the equations of motion derived
from Newton’s second law, application of the principle of conservation energy
shows that in this case this the application leads to one value for the frequency
which depends on the assumed mode (the assumed ratio of the displacement of two
masses) and takes minimum and maximum values when the assumed modes
correspond to the actual first and second modes, yielding the respective natural
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frequencies. In Chapter 2, we proceed to show how this illustrates Rayleigh’s
Principle which in Lord Rayleigh’s own words is stated as follows:

The period of a conservative system vibrating in a constrained type
about a position of stable equilibrium is stationary in value when the
type is normal.

Chapter 2 also presents a well-known proof that for a system with a finite
number of degrees of freedom, the frequency obtained by applying the principle of
conservation of energy is an upper bound to the fundamental natural frequency, and
a lower bound to the highest natural frequency, provided no essential (geometric)
constraints are violated. The requirement that the essential conditions are not
violated leads to the notion of admissible forms (these could be vector or functions)
of displacements. This chapter also deals with what is meant by admissibility.

Lord Rayleigh has shown in several of his papers and books, how a good
estimate for the fundamental natural frequency may be obtained by adjusting the
shape of a chosen function to seek the lowest possible values for the frequency (or
highest value for the period). The expression for the frequency is a quotient with
potential energy being the numerator and a kinetic energy function being the
denominator. This quotient is called the Rayleigh quotient. However, the credit for
introducing a systematic method for performing this minimization should be given
to Walter Ritz. For this reason there are some who argue that the method should be
called the Ritz method. The arguments and counterarguments for the name are
available in literature [LEI 05, ILA 09]. So we will not focus on it here except to say
that to be inclusive we are using the name Rayleigh—Ritz method which gives credit
to both Rayleigh and Ritz.

Thus, Chapter 3 takes us from the implication of Rayleigh’s principle to the
Rayleigh-Ritz method. Typical minimization equations are formulated for a
conservative structural system possessing potential and kinetic energy, to the point
of developing the eigenvalue equations. A cantilever beam is used as an illustrative
example showing how the method is applied to obtain the natural frequencies and
modes. The effect of adding partial restraints and rigid body attachments are also
explained in this chapter. In addition to natural frequency calculations, static
analysis is also demonstrated as a special case. It may be worth noting here that
while the origin of the Rayleigh—Ritz method can be traced back to problems of
finding natural frequencies and modes, it can also be used to solve boundary value
problems. In structural analysis, this corresponds to calculation of displacements
using the minimum total potential energy theorem, but the procedure for
minimization is the same as the one used in the Rayleigh—Ritz method for vibration
analysis.
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We have noted that a requirement of the Rayleigh—Ritz method is that the choice
of displacement functions for formulating the energy terms is subject to the
requirement that they satisfy all geometric conditions. In actual fact, it is not necessary
for each function to satisfy the constraints but the series as a whole does need to. A
way to relax this requirement is to use the Lagrangian Multiplier method where each
function is allowed to violate the geometric constraints but then these constraints are
enforced by including additional constraint equations which are associated with
undetermined coefficients called the Lagrangian Multipliers. Chapter 4 deals with this
approach and demonstrates the method through a propped cantilever.

Chapter 5 presents some mathematical derivations and formulas for computing
the terms in the eigenvalue matrix equations. For example, integral expressions for
stiffness and mass matrices are presented in Chapter 5.

Chapter 6 introduces the penalty method. While the Lagrangian Multiplier
method helps to relax the limitations on the choice of admissible displacement
functions or vectors, it introduces extra equations that need to be solved together
with a set of minimization equations. There is another clever way to achieve the
enforcement of geometric conditions without increasing the number of equations.
This involves a gemoetric constraint with an artificial spring of very high stiffness
and including the strain energy associated with any violation of the constraint. This
idea was introduced by Richard Courant in [COU 43] and has since then become
very popular and widely accepted. This is known as the penalty method. The penalty
parameter corresponds to the stiffness of the artificial spring and serves as a penalty
against any constraint violation. There have been two criticisms about this approach.
One is that while high stiffness may minimize any constraint violation, it is not
possible to determine the effect it has on the accuracy of the results. Furthermore,
choosing a stiffness that is large enough to prevent any constraint violation, but not
too large as to cause any numerical problems due to round-off errors, can be
challenging. In the case of frequency calculations, the approximation of a rigid
boundary condition with a less than ideally rigid condition relaxes the structure and
could result in lower estimates for the natural frequencies. This means that the
Rayleigh—Ritz method would then yield an upper bound solution to a lower bound
model. However, recent advances in the penalty method where stiffness parameters
of positive and negative values had been used were found to give bounded results
for frequencies, as far as the constraint violation is concerned. This is explained in
Chapter 6.

Although it is well known that the Rayleigh—Ritz method gives upper bound to
the fundamental natural frequencies, it is not well known that the method actually
gives upper bound to all but the highest of the natural frequencies. The proof of
boundedness of the Rayleigh—Ritz method, which comes in the form of Theorem of
Separation, is presented in Chapter 7. This chapter also gives rigorous mathematical
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proof of theorems that justify the use of negative stiffness parameters, which were
derived by one of the authors.

The fact that the admissible functions do not have to satisfy all geometric
constraints is great news for the Rayleigh—Ritz method fans because this removes the
restrictions on the choice of admissible functions. However, with the use of penalty
terms, some functions are known to cause numerical problems. So, are there any well-
behaved functions? This question is answered in Chapter 8, where a recipe for
formulating shape functions can be found, presenting a specific set for many common
structural elements including beams, rectangular plates, shells of rectangular planform
and solids — all are shapes which can be described conveniently in Cartesian
coordinates. It is a convenient set consisting of a cosine series, and linear and quadratic
functions. These functions are easy to work with and have shown to be well-behaved
even under challenging conditions such as high penalty terms and higher modes where
most common admissible functions cause numerical problems.

Chapters 9 deals with application of the special set of functions for beams, which
is then extended to rectangular plates in Chapter 10, shells of rectangular planform
in Chapter 11 and solid bodies in Chapter 12. In all these cases, it has been shown
that the set of admissible functions presented in Chapter 7 can be used to find the
natural frequencies and modes of the totally unconstrained system, without causing
any numerical problems. This is observed consistently for beams, plates, shells and
solids, irrespective of the number of terms used or the number of natural frequencies
and modes obtained. For any other set of boundary conditions, the penalty method
has been employed to obtain the natural frequencies and modes.

Chapter 13 deals with an interesting topic in vibration, namely the effect of a
static axial force on the natural frequencies of a beam. Although the focus of the
book is on the Rayleigh—Ritz method, we have taken the opportunity to discuss the
relationship between the natural frequencies and critical loads of a structure. Anyone
who has played any musical string instrument will know that increasing the tension
increases the pitch. This is because the stiffness increases with tension. Those who
have not had the luxury of handling a string instrument may be able to attest to this
by doing a simple experiment with a clothesline. If the tension is increased it is
harder to move the clothesline and it would sag less under the weight of the clothes.
This is because the tension increases the stiffness which would give rise to an
increase in potential energy and natural frequency. With compressive force the
stiffness decreases and the frequencies also decrease. The interesting point is that if
a natural frequency approaches zero then its period would tend to infinity, meaning
that if the structure is displaced slightly and released it would take infinite time to
return to its equilibrium state, meaning it will never return to equilibrium. This point
of no return is the critical state and it is signalled by a frequency approaching zero.
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Having dealt with analytical methods, we conclude the book with Chapter 14
which explains how the Rayleigh—Ritz method is used as the basis of the ubiquitous
Finite Element method. It is simple: change the name of “admissible functions” to
“shape functions” and derive the system matrices for a structural element and then
assemble these matrices by using common values of the displacement and or slope
at the nodes where they are connected. This gives us the Finite Element method. We
admit this is an over simplification, but this chapter shows how the FEA matrices
can be developed for beam elements as we felt it would be nice way to end the book
by showing its connection to another subject.






Principle of Conservation of Energy and
Rayleigh’s Principle

The well-known principle of conservation of energy forms the basis of some
common convenient analytical techniques in Mechanics. According to this principle,
the total energy of a closed system remains unchanged. This means that in the
absence of any losses due to friction etc., the sum of the total potential energy and
the kinetic energy of a vibratory system will be a constant. Although in practice
there will always be some damping, and hence dissipation of energy, for many
mechanical systems such losses may be neglected. Such systems are called
conservative systems.

The natural frequencies of conservative systems may be obtained by equating the
maximum kinetic energy (7,,) to the maximum total potential energy (V,,) associated
with vibration. The meaning of these energy terms is very important. To illustrate
the principle of conservation of energy, and the meaning of the energy terms let us
study some simple vibratory systems.

1.1. A simple pendulum

Consider the oscillatory motion of the simple pendulum consisting of a bob of
mass m and a massless string of length L as shown in Figure 1.1. It would be at rest
in a vertical configuration under gravity field. If it is given a small disturbance /3,
and then released, it will tend to vibrate about this equilibrium state. The restoring
action of the gravity force will initiate a motion toward the equilibrium state but as
the bob approaches the lowest point in its motion it has a velocity and therefore
carries on swinging up on the other side until the gravity force causes it to come to a
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halt momentarily. In the absence of any damping forces, this motion would go on
forever, but in reality the damping forces will help to put an end to this vibration
after some time.

V77774

0]

s

State 2 (at the time of

State 1 (at equilibrium) maximum excursion)

Figure 1.1. Simple pendulum

Assuming that energy loss associated with mechanical friction and aerodynamic
resistance is negligible, we have two types of energy term to consider. These are the
kinetic energy (denoted by 73, 7>) where the subscripts 1 and 2 refer to states
1 and 2 respectively, and the potential energy (denoted by Vj, V). The kinetic
energy is proportional to the square of the velocity and the potential energy is
dependent on the vertical position of the bob.

The pendulum will have the maximum kinetic energy as the bob passes through
the equilibrium state (state 1) at which time it will have the lowest potential energy.
At the time of maximum excursion (state 2), the bob will be at its highest point, and
therefore the system will have the maximum potential energy, but since it has no
velocity its kinetic energy will be minimum. The potential energy can be defined
arbitrarily by selecting a datum. In our example, the increase in the potential energy
as the system changes from state 1 to state 2 is entirely associated with the vibration,
and will be referred to as the maximum potential energy hereafter. As the bob
returns to state 1 from state 2, it loses potential energy and gains kinetic energy. The
maximum kinetic energy associated with vibration is the kinetic energy at state 1
minus the kinetic energy at state 2. (The latter is not necessarily absolutely zero, as
the support point may have a velocity. In rotating systems care must be taken to
ensure that the kinetic energy terms are calculated correctly.) Since the total energy
is conserved, the maximum kinetic energy associated with vibration must be equal
to the maximum total potential energy associated with vibration. The inclusion of
the phrase “associated with vibration” is used here since terms such as “maximum”
and “total” can otherwise cause confusion.
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From the principle of conservation of energy:
Vi+T =V, +T,
ie. V,-V,=T,~T,

The gain in potential energy as the bob moves from state 1 to state 2 is the
maximum potential energy associated with vibration and may be denoted by V,,.

V,-V, =V

2 m
Similarly the maximum kinetic energy associated with vibration is:

T-T,=T [1.1]

1 m

From the above equations we have V, =T

In applying the principle of conservation of energy for vibratory systems, it is
sufficient to equate the maximum potential and kinetic energy terms associated with
vibration.

To find the circular natural frequency @ of an undamped system, the motion may
be assumed to be simple harmonic.

i.e. f= B, sin(ar+), where t is time and «is a phase shift angle.

B .

Then o B = @f, cos(axr+a)

The maximum velocity is therefore = L@,

This means the maximum velocity is equal to the amplitude of vibration times
the frequency. This statement is true for any natural mode, since at natural modes
the vibration is simple harmonic.

(Lap,)’

Hence T, =m
2

The potential energy is due to the change in position of the gravity force mg.

Thus V,, = mgL(1—cos 3,)
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Substituting these into equation [1.1] gives:

m% =mgL(1-cosf3,)

2
m

For small amplitude vibration, (1-cos ) = '87

This gives: m

(Lap,)’ B,
T = gl P
2 2

This actually gives us two possible solutions. One is that £, = 0. This implies
there will not be any motion and is therefore a trivial solution. The other solution is:

o =g/L

in which case B, #0 and vibration is possible. That is to say, in the absence of any
external force, the system can vibrate freely at a frequency of w= \/m rad/s. This
is therefore the circular natural frequency of the pendulum. The natural frequency in
Hz (cycles/s) is [ =w/2x = \/gﬁ / 27 From this point onwards, for simplicity, we

will refer to circular natural frequencies as natural frequencies.

The simple pendulum is a “single degree of freedom” system. This means it can
only vibrate in one specific mode, in this case, the string and the bob rotating about
the equilibrium state. In cases where the mode is defined, the above method yields
the exact value of the natural frequency. We will soon see why it is not always
possible or convenient to get the exact frequency.

1.2. A spring-mass system

Consider the motion of a simple spring-mass system shown in Figure 1.2. A rigid
body of mass m is connected to a linear elastic spring of stiffness k. Assume that the
system is free to vibrate only axially (in the direction of the spring). If the mass is
displaced from the equilibrium state by distance i which induces a force in the
spring and then released, it would tend to return to its equilibrium state. However as
it approaches the equilibrium state it has a velocity and this velocity causes the mass
to move away from the equilibrium state now on to the opposite side. Then as the
spring force develops, the motion comes to an end momentarily and the mass then
returns to the equilibrium state and the cycle repeats as in the case of the pendulum.
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A2

The maximum vibratory potential energy in the spring is given by V, = and the
. L . mao'n’
maximum kinetic energy is 7, = 2
m
k .
i
|——

Figure 1.2. 4 spring-mass system

A2 2 A2
Using equation [1.1], k% = ma; u

For a non-trivial solution, we have the natural frequency given by w=+k/m .

For multidegree of freedom systems and continuous systems, calculation of the
energy terms requires an assumption about their modes. This method results in exact
values of natural frequencies only if the exact modes are used in the calculations. If
the exact mode is not known, it has been shown that the use of any other mode shape
that does not violate any geometric constraints of the system results in a frequency
that cannot be lower than the exact fundamental natural frequency. This is one of the
many interesting proofs that Lord Rayleigh gives in his famous book The Theory of
Sound [RAY 45a]. This is best illustrated through some examples. We will start with
a two degree of freedom system, as its exact solution is easily understood.

1.3. A two degree of freedom system

Consider the vibration of the spring-mass system shown in Figure 1.3. The
masses are assumed to be free to move only in the axial direction. Since the two
masses can be moved independently of each other there are two degrees of freedom.
The relevant values for the stiffness and mass are shown in the figure. Let the
dynamic displacement of the masses be u, u, and their amplitudes be i, i,. The
various energy terms may be written in terms of #; and .
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0 2k
g 0. 3kg State 1 (equilibrium, springs unstressed)

State 2 (at the time of maximum excursion))

100 N/m 200 N/m

Figure 1.3. 4 two degree of freedom system

If u; = 4, sin(@r+a) and u, = i, sin(axr+ ), then the velocities are given by:
u, = wi, cos(arta) and u, = Wi, cos(ax+a).
The maximum potential energy due to vibration is
= (1/2)100 (i1)* +(1/2)200 (i1, — 11)*
The maximum kinetic energy is:
T, = (1/2)(0.2) & 4% + (1/2)(0.3) & i,
Using the principle of conservation of energy, V,, = T,,.
This gives:
(1/2)100 (i1y)* +(1/2)200 (115 - ity)* = (1/2)(0.2) & 1y + (1/2)(0.3) & ii,*
i.e. @ =1[(1/2)100 i,* +(1/2)200 (ii5- i,)* V[ (1/2)(0.2) i,> + (1/2)(0.3) 1i5°]

This equation, which is the Rayleigh Quotient, can be condensed into the
following form:

@ = (100 777 + 200 (1— 7)*)/(0.3 + 0.2 77), [1.2]

where 77 = 1)/ i, (the mode). This is equivalent to normalizing the amplitude of the
displacements of the masses with respect to i, Note that modes give a relationship
between the displacements of the degrees of freedom in the system.

Unlike the first example, this does not immediately yield a value for the
natural frequency. However, it may be solved by assuming a relationship between i,



