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Abstract

Eigenvalue problems are of immense interest and play a pivotal role not only in many
fields of engineering but also in pure and applied mathematics. An in-depth understanding
of this class of problems is a pre-requisite for vibration and buckling analyses of structures.
Design optimization of structures to prevent failure due to instability (bucking) and vi-
bration introduces the problem of determining optimal physical parameters such that load
carrying capacity or the fundamental natural frequency is maximized. A classical example
of such problems is the Lagrange problem of determining the shape of the strongest column
against buckling. The primary objective of this research is to develop discrete models for
column buckling and to solve the problem of finding the strongest column by applying
fundamental principles of optimization.

The physical parameters of optimal discrete link-spring models, which maximize the
buckling loads, are reconstructed. It is shown that the optimal system can be determined
recursively by using a one parameter iterative loop. The mathematical problem of deter-
mining parameters of an affine sum such that the system has extremum eigenvalues was
derived and solved. Numerical techniques were developed to aid in the optimization process
and were utilized to optimize mass-spring systems. The more complicated problem of find-
ing the shape of the strongest column was also defined as an affine sum by applying finite
difference schemes to both the second and fourth order governing differential equations.
Optimization techniques and numerical methods were developed to arrive at the shape of
the strongest clamped-free and pinned-pinned column. Unimodal solutions of the Lagrange
problem were also obtained for the special case where minimum area constraints were given.
A mathematical model for columns on elastic foundation also was derived and transformed
to an affine sum problem. Unimodal solution of shape of the strongest pinned-pinned col-
umn on an elastic foundation was obtained. In addition the application in vibration and
buckling, it is believed that the optimization principles and numerical methods developed

in this research will be applicable in other fields such as optimal control.



Chapter 1
Introduction

The mathematical models or differential equations that govern a number of engineer-
ing problems ranging from structural stability to vibration and control are classified as
eigenvalue problems. The element of interest in eigenvalue problems is the existence of
the trivial or zero solution, which does not have any importance in practical applications.
Differential equations that govern the boundary value problems associated with vibration
and buckling may be represented as Sturm-Liouville differential equations that have the

following general form:

(r(2)y") + (g (@) + Ap (2))y = 0 (1.1)

In Equation (1.1) the primes illustrate derivatives with respect to x. The obvious solution
of the differential equation in (1.1) is the trivial solution of y = 0, but this is of no practical
use. Hence, a non-trivial solution of (1.1) that satisfies the problem’s boundary conditions
is to be determined. Such a solution of (1.1), if it exists, is called an eigenfunction and
the scalar A\ for which an eigenfunction exists is called an eigenvalue. There may be an
infinite number of such eigenvalues and eigenfunctions solutions of (1.1) that satisfy the

corresponding problem’s boundary conditions.

1.1 Eigenvalue Problems in Buckling and Vibration
The differential equations that govern both the static problem of buckling and the

dynamic problem of vibration are special cases of the Sturm-Liouville differential equations

shown in (1.1). To explain this in detail, let us consider both these problems separately

one after the other.

1.1.1 Buckling

Buckling is a mode of failure due to elastic instability. The fourth order differential

equation that governs the loss of stability in columns, also known as column buckling is



given by
2 2

% (E(x)](x)%) + P% =0, (1.2)
where P is the compressive load applied, z is the axial coordinate, I(x) is the moment
of inertia, E(z) is the modulus of elasticity and y(x) is the non-trivial equilibrium mode
of the buckled column. The obvious solution of (1.2) is y(x) = 0 with a corresponding
buckling load P = 0 and this is not of any practical application. The non-trivial solution
i.e. y(z) # 0 is obtained by solving this eigenvalue problem (1.2). The eigenvalues are the
loads P that would render the column unstable and the corresponding y(z) is the mode
shape associated with that load. The smallest load P that can maintain the column in its

non-trivial equilibrium is called the buckling load.

1.1.2 Vibration

Vibration is the mechanical oscillation of structures about an equilibrium position.
Vibration in continuous structures is governed by partial differential equations that are
functions of time and the spatial coordinates. For example, the simple case of an axially
vibrating rod is governed by the partial differential equation

(% (E@;)A(x)—a“é? t>) _ pA(p) LU %(tﬁ’t). (1.3)

The partial differential equation in (1.3) is solved by assuming a solution u(z, t) = v(x) sin(wt),

which yields the differential equation

(B0 ™2 + o) o (1.4

The non-trivial solution v(x) # 0 is obtained by solving eigenvalue problem (1.4), where
the eigenvalues w are the natural frequencies and eigenvectors v(z) are the corresponding

vibrating mode shapes.



1.2 Direct and Inverse Eigenvalue Problems

The eigenvalue problems associated with vibration and buckling analysis of structures,
using continuous models, was shown in the previous section. However, for the cases where
the shape of the structure is not uniform, in both buckling and vibration analyses, it
may be more convenient to use discrete models that approximate the continuous system.
In particular, finite difference or finite element models are the most widely used discrete
model approximations. These discrete models usually consist of linear equations that can

be represented as algebraic eigenvalue problems and are of the form
(A-)XB)x=0. (1.5)

In algebraic eigenvalue problems, the non-trivial solution x # 0 that satisfies Equation
(1.5) is called an eigenvector and X its corresponding eigenvalue. Eigenvalue problems that
are based on either continuous system or its discrete model approximation can be used to
solve two broad classifications of problems:

1. Direct eigenvalue problems, and
2. Inverse eigenvalue problems

In direct eigenvalue problems the physical parameters (area, length, modulus of elas-
ticity, density, etc.) of the system are known and these are used to determine the unknown
spectral data (eigenvalues and eigenvectors) of the system. In contrast, in inverse eigen-
value problems some or all of the spectral data are known and these are used to determine
the unknown physical parameters. A graphical explanation of direct and inverse eigenvalue
problems can be obtained from the block diagrams in Figure 1.1.

Introduction of optimization principles in mathematical models that are used for buck-
ling and vibration analysis creates a new genre of problems. These problems are a mixture
of both direct and inverse eigenvalue problems. The aim here is to find the optimal physical

parameters that yield extremum eigenvalues, subject to certain constraints on these phys-



Direct Problem
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Inverse Problem
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Unknown Physical System
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Output
—

Eigenvalues,
Eigenvectors

Figure 1.1: Direct and inverse problems

ical parameters. For example, the problem of finding the shape of the strongest column

against buckling whose length and volume are specified belongs to this genre. The block

diagram representation of such a problem is shown in Figure 1.2

Eigenvalue Optimization Problem

Physical System
Known Known
Input Known Unknown Output
>
Forces Volume, Area, Extremum
Length Stiftness Eigenvalues

Figure 1.2: Eigenvalue optimization problem

1.3 Eigenvalue Optimization Problems

A more comprehensive understanding of eigenvalue optimization problems my be gained

by means of the following example. Consider a two degree of freedom spring mass system as



2

m, AN m,

Figure 1.3: Two degree of freedom mass-spring system

shown in Figure 1.3, with spring stiffnesses k1 = ko = 1. The objective of the optimization
problem is to find the masses m; and msy that makes the natural frequencies of the system
extremum, subject to a total mass constraint givn by

The dynamic response of this system is governed by the second order differential equa-

tion
Mx + Kx =0, (1.7)
where
my
M = , (1.8)
ma
and
ki +ky —k
—ks ko
and

X = ( 2 )T, (1.10)

where the dots illustrates differentiation with respect to time t. The general solution of the



differential equation in (1.7) is

x = A;sin (\/Xt) + A cos <\/Xt> (1.11)

where

A = eigenvalue (K, M) (1.12)

and A; and A, are constants that depend on the initial conditions. The eigenvalues of the

0.9 .
0.8} -
A o7t .
0.6} :
050 01 02 03 04 05 06 07 08 09 1

m,

(a)

250 ——
200 -
150F .
A 100}

50t .
%0 01 02 03 04 05 06 07 08 09 1

ml

(b)

Figure 1.4: (a) Variation of A\; with m; (b) Variation of Ay with m;



system defined in (1.12) is obtained by solving the equation

]{?1 + ]{?2 — )\m1 —l{fg
K — AM| = =0 (1.13)

— ]{32 ]{72 — )\m2

which when evaluated gives the characteristic equation of the form

m1m2/\2 - A (mlkfg + mo (kl + k‘g)) + k?lkfg = 0. (114)

It is evident from equation (1.14) that the eigenvalue \ is dependent on the unknown
masses m; and msy. To graphically determine the maximum and minimum eigenvalue A, all
possible values of one mass, say m; is considered, and the corresponding mass ms is found
such that it satisfies the constraint equation in (1.6). The two roots of equation (1.14) are
the first and second eigenvalue of the vibrating mass-spring system. The variation of A\;
and Ay with respect to my is shown in Figure 1.3(a) and Figure 1.3(b), respectively.

The procedure described above for finding the extremum eigenvalues graphically often
becomes very tedious or sometimes even impossible as the order of the system increases.
Hence, there is a necessity for developing a simpler, equally defensible procedure to find

extremum eigenvalues. This dissertation proposes enhanced methods to do the same.

1.4 Literature Review and Overview

Lagrange coined the problem of finding the shape of the strongest column in the 18"
century. Even though the Lagrange problem can be stated easily, is has been one of the
most difficult ones to solve. Many authors have made substantial contributions in solving
this problem, but many have also made some serious errors, including Lagrange himself.

Lagrange approached the problem by considering all possible solids of revolution (solids
with circular cross-sections) and attempted to find the shape that would give maximum
relative strength, i.e. strength to weight ratio. Lagrange concluded that the right circular

cylinder is one but not the only solid of revolution that would have maximum relative



strength. His work was found erroneous by Young (1855).

Fiegen (1952), showed that the optimal wall thickness of a round tubular column is
only dependent on the load and is independent of the diameter. Following this work of
Fiegen, Keller (1960) took up the problem of finding the shape of the strongest pinned-
pinned column with convex cross-section. He concluded that the strongest column has
an equilateral triangle as its cross-section, is tapered along its length, and is thickest in
the middle and thinnest at the ends. Tadjbakhsh and Keller (1962) determined the best
shape of columns with circular cross-sections for the clamped-free, clamped-pinned and
clamped-pinned boundary conditions. The shapes of the optimal clamped-clamped and
clamped-pinned columns had two and one, vanishing internal areas, respectively. Keller
and Niordson (1966) extended the work of Tadjbakhsh and Keller (1962) by considering
the weight of the column, and found the height of the tallest column. The only limitation
on height in this case was lateral buckling of the column.

The solution of the fixed-fixed column given by Tadjbakhsh and Keller (1962) was
claimed to be incorrect by Olhoff and Rasmussen (1977). They argued the assumption
that the optimum solution in the former work was simple, i.e. has a multiplicity of one,
and was incorrect. Olhoff and Rasmussen obtained a solution for the strongest clamped-
clamped column by applying a minimum area constraint. However, the details of the
numerical approximation procedure and the proof of validity of the solution were missing.
Moreover, this optimal column has a double least eigenvalue.

Thus, the controversy associated with the Lagrange problem was started. Some au-
thors supported the Tadjbakhsh and Keller (1962) solutions and others particularly, Masur
(1984) and Seyranian (1983,1984) supported the Olhoff and Rasmussen solution. Seyra-
nian (1983), derived the bimodal optimality condition for a fixed-fixed column in the form
of elliptic integrals. Further, Cox and Overton (1992) also proved that the Olhoff and
Rasmussen’s (1977) clamped-clamped column satisfies the first order necessary condition

of Clarke (1990). The theoretical and numerical techniques in Cox and Overton (1992) are



based on convex analysis and its generalizations given by Rockafellar (1970) and Clarke

(1990). However, Cox and Overton (1992) also introduced an error by claiming that the

clamped-pinned solution of Tadjbakhsh and Keller (1962) was incorrect. Further details on

the history of the shape of the strongest column may be found in the works of Cox (1992),

Lewis and Overton (1996), Seyranian and Privalova (2003) and others.

The applications of optimal eigenvalue extends far beyond the best shape problem.

There are many instances in inverse vibration problems and optimal control where ex-

treme eigenvalues are of interest. We discuss some of these applications in the subsequent

chapters.

1.5 Research Objectives

The following issues are addressed in this work:

Develop discrete models to shed light on the controversy associated with the strongest
column.

Use the discrete models to eliminate the controversy associated with the strongest
columns.

Give solutions for more general boundary conditions such as spring supported bound-
aries.

Develop generalized mathematical and numerical techniques that can be used in prob-
lems not only in the field of buckling as well as in many other mechanical engineering
fields such as vibration where extremum eigenvalues are of interest.

Use the developed generalized optimization techniques to find optimal vibratory sys-
tems with various boundary conditions.

Develop solutions of optimal columns with minimum area constraint.

Extend the optimization techniques to determine the shape of strongest columns on

elastic foundation.



Chapter 2
Motivation of Research

2.1 Introduction to Instability in Columns

Columns are structural members that carry loads in the axial direction and transmit
loads in compression. While the use of columns in architectural construction probably
dates back to the very first man-made construction, the concept of instability in columns
was not understood until Euler in the 18" century derived the classical expression for the
critical buckling load of columns. Throughout this entire dissertation the term column
would mean Euler-Bernoulli columns, i.e. a long and slender structure whose length is

much higher that its radius at any section along its span.

(a) (b)

Figure 2.1: (a) Column deformed by the applied compressive load (b) Free-body diagram
of one section of the column

Consider a column of length [, variable cross-sectional area a = a(z) , which is deformed
under the applied load P, as shown in Figure 2.1(a). The minimum static load P that the
column can carry to maintain the statically bent shape as shown in Figure 2.1(a) is known
as the critical buckling load of the column. A free-body diagram of the upper side of the

column is shown in Figure 2.1(b). Since the column is in static equilibrium, using the

10



free-body diagram of the column, it can also be inferred that the shear force at any section

of the column vanishes

V=0 (2.1)

In order to derive the eigenvalue problem associated with column buckling we draw, in
view of (2.1), a free-body diagram for a small element of length dz, as shown in Figure 2.2,

and upon summing the moments obtain

dM dP ,
M+ | M+ ——dr )+ | P+ ——dx |ydr =0, (2.2)
dx dx
which simplifies to
dM / ydP
——dz + Py dr +5y —(dr)* =0 (2.3)
x dz

Dividing (2.3) by dz and setting dxr — 0 we obtain

Py =0. 2.4
oty (2.4)

For the sign convention being used the moment at any section of the beam column is given

by
d*y
M= FEI—=. 2.
dx? (2:5)
Applying (2.5) in (2.4) we obtain

d d?y dy

— | EI— P— =0. 2.

daz( dm2)+ dx . (26)

Differentiating (2.6) with respect to z we obtain the following fourth-order differential

equation associated with column buckling

11



Figure 2.2: Free body diagram of a small section of the column

d? d?y d?y
— | FI— P— = 2.
dx? ( das2> N dx? 0 27)

Since the governing differential equation of column buckling was derived by considering
the free-body diagram of a small section of the column and not the entire column, it is
independent of boundary conditions. This fourth-order differential equation in (2.7) along
with various boundary conditions may be used to determine the buckling load and mode
shapes. The various classical boundary condition are:

a) Clamped-Free Boundary Conditions

y(0)=0 (2.8a)

dz(xo) =0 (2.8b)

Eldj;igl) =0 (2.8¢)

P () o 29

12



b) Clamped-Pinned Boundary Conditions

y(0) =0 (2.9a)
dy(0) _

o =0 (2.9b)

y(l) =0 (2.9¢)

E[diig) -0 (2.9d)

y(0)=0 (2.10a)
dy(0) _

o =0 (2.10b)

y(1) =0 (2.10¢)
dzg) ~0 (2.10d)

d) Pinned-Pinned Boundary Conditions

y(0) =0 (2.11a)
Eldzz(f) =0 (2.11b)
y(l) =0 (2.11¢)
Eldjlyx(;) =0 (2.11d)

2.2 Non-Dimensionalization of the Governing Differ-
ential Equation

Equation (2.7) along with the classical boundary conditions is a fourth-order self-adjoint
differential equation, whose first eigenvalue is the critical buckling load of the column. If we

consider columns with circular cross-sections, then the moment of inertia can be expressed

13



in terms of the cross-sectional area a as

I = ad?, (2.12)
where the constant « is
1
- 2.13
@ 47 ( )

The differential equation of buckling and the boundary conditions are all functions of
physical dimensions. Since, it is more appropriate and perhaps easier to work with non-
dimensional parameters we begin the process of non-dimensionalizing by multiplying (2.7)
with [? and obtain

d> d> d>

< (Em—y) +pr22Y (2.14)

dx? da? da?

Using (2.13) in (2.14) and simplifying we have

2 2 P2 2
< (a2l2d y) Edy (2.15)

da? di?) " aF da?

We introduce the non-dimensional spatial parameter & such that

(2.16)

~I &8

and denote

dQ
u(§) = a212d_xg' (2.17)

Using this transformation, the fourth-order differential equation in (2.7) is transformed into

d*u d*y
— + A== =0 2.1
dg? dx? 0 (2.18)
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since

d*uv 1 d*u
— = =— 2.1
dz? 12 dE%’ (2.19)
where the eigenvalue A is defined as
PI?
= —. 2.2
A ol (2:20)

Multiplying both sides of equation (2.18) with a? and using (2.17) we obtain the second
order differential equation in terms of u and £ as

2

d“u
2 _
a i + Au = 0. (2.21)

Equation (2.21) is the equivalent second-order, non-dimensional differential equation that
governs buckling of column. It is interesting to note that (2.21) is in terms of moment
whereas (2.7) is in terms of lateral displacement at any point along the length of the
column. The non-dimensionalization of the boundaries conditions is shown in the next

section.

2.3 Non-Dimensionalization of Boundary Conditions
To express the boundary conditions in terms of the non-dimensional parameter £ we

first substitute for w in (2.21) using (2.17) and obtain

2 2

d*u d*y
2 272
a e + Aa’l T2 =0. (2.22)

Integrating equation (2.22) with respect to £ from & = 0 to &, we have

du(§) _ du(0) (dy(ﬂi) dy(O))
- + Al - :

dé de dx dx (2:23)

The various non-dimensional boundary conditions can be obtained using (2.23) and their

respective boundaries that are in terms of displacements.
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a) Clamped-Free Boundary Conditions

Using equation (2.8b) in (2.23) we obtain

dx A\ dE s ) '
Multiplying equation (2.8c) with /% and using (2.12) and (2.17) we get
aFu(l) =0, (2.25)

and since a an F are non-zero constants we obtain the non-dimensional boundary condition

u(1) =0 (2.26)

Upon multiplying equation (2.8d) with [* and using (2.12) and (2.17) at z =lor £ =1,

and simplifying we obtain

PRdy(l) d

oF dr T ap =0 227

Introducing A using (2.20) and using (2.24) at x = [ or £ = 1, it simplifies to

1 1 1 1
1 /du(0) du(l) 1du(l) _o (2.28)
[ dé d¢ [ d¢
or
du(0)
=0 2.29
o (229)
) du  1du . .
since —— = 7d_§ Hence the boundary conditions for the fixed-free column in terms of the
x

non-dimensional parameters are given by equations (2.26) and (2.29).
b) Clamped-Pinned Boundary Conditions

Since the boundary conditions at the base of the clamped-pinned column are same as the
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boundary conditions of the clamped-free column, equation (2.26) is a valid non-dimensional
boundary for the former. To obtain the other boundary condition we integrate equation

(2.24) with respect to & from £ = 0 to £ = 1 and obtain

y(x) —y(0) 1 [ du(0)
l _Xf<§d§

Upon applying the boundary conditions represented by equation (2.9a) in (2.30) we get

—m@+um0. (2.30)

o) = 5 (€42 = w9+ u). (2.31)

The boundary condition in (2.9¢) is obtained from (2.31) at x = [ or £ = 1 which simplifies

to

Mmzi(fg”—mn+mm>:o (2.32)

Using equation (2.26) in (2.32) we obtain the other boundary to be

du(0)
dg

Hence the boundary condition for the clamped-pinned column in terms of the non-dimensional

+u(0) =0 (2.33)

parameters is given by equations (2.26) and (2.33).

c) Clamped-Clamped Boundary Conditions
Applying the boundary condition (2.10b) in equation (2.23) we obtain equation (2.24).
Now applying the boundary condition (2.10d) in (2.24) for = [ or £ = 1 we obtain the

first non-dimensional boundary condition to be

du(0)  du(l)
s de

Now integrating (2.24) with respect to £ from £ = 0 to £ and applying the boundary

= 0. (2.34)

condition (2.10a) we obtain equation (2.31). When z = [ and £ = 1 equation (2.31)
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simplifies to yield the second boundary condition

du(0)
dg

—u(1) + u(0) = 0. (2.35)

Hence the boundary conditions in terms of non-dimensional parameters for the fixed-fixed
column are given by equations (2.34) and (2.35).

d) Pinned-Pinned Boundary Conditions
The boundary conditions for the pinned-pinned column can be obtained very easily by
considering the boundaries (2.11b) and (2.11d) and the definition of u({) given by equation
(2.17). The boundary conditions in terms of non-dimensional parameters for the hinged-

hinged column are

u(0) = 0, (2.36)

u(1l) = 0. (2.37)

2.4 The Essential Rule of Optimization

The Lagrange problem that was introduced in Chapter 1 deals with determining the
shape of the column that can carry the largest load, subject to a specified volume constraint.

Keller and Tadjbakhsh and Keller have used the essential rule of optimization,

u? = a® (2.38)

without giving detailed or clear proof of its validity. This essential rule is based on the
tactical assumption that larger cross-sectional area is required at those points on the length
of the column where the bending moment is large. Using elementary principles of calculus
of variations the essential rule of optimization in (2.38) other wise called the meta-theorem
by Cox (1992) can be derived.

Let us consider a column of specified length [ and volume V. The total volume of the
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column is related to the non-dimensional cross-sectional area a({) via the simple integral

relationship

V= /0 a(€)de. (2.39)

The governing self-adjoint second order differential equation for buckling is given by (2.21)
along with corresponding boundary conditions. The smallest eigenvalue of the self-adjoint

equation is given by

/1 Ul2d§
S0 (2.40)

A = min —3 ,
a”2u?dg
0
or this is equivalent to minimizing A\ where
1
A= min/ u'de (2.41)
v Jo
subject to the constraint
2
/ a *udé = C, (2.42)
0

where C' is an arbitrary non-zero constant. Hence, the problem may be recast as, to find
the shape of the column that maximizes A subject to the constraint (2.42) and the volume
constraints in (2.39). The solution is then a stationary value of the Lagrange function given

by

1 1 1
L= / u'?de — )\/ a”2ulde + 77/ ad§, (2.43)
0 0 0

which simplifies to

1
L= / (u’2 — Xa2u? + 77a> dg, (2.44)
0

19



where the admissible functions must satisfy the boundary conditions, and A and n are

Lagrange multipliers. Hence, by defining functional as

F=(uu,a)=u>—= X au®+na (2.45)

the Euler-Lagrange equations with respect to u gives

T — _au—2" = 2.46
ou  dxou @ “ 0 ( )

which is the same as the differential equation (2.21). The Euler-Lagrange equations with

respect to a gives

or
e 2Xau? + 1 =0, (2.47)
which can be simplified to
—3.2 1
= —. 2.48
a " u 7 (2.48)
Since 17 and A are constants it implies
a"*u® = const (2.49)

Further, as u is an eigenvector it can be normalized arbitrarily, thus with appropriate
scaling we may rewrite (2.49) as
u? = a®. (2.50)

This is the essential rule of optimization or the meta-theorem that enables a column
of fixed volume to carry maximum axial load without buckling. Hence, at all sections

along the length of the column the square of the moment must be equal to the cube of the
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cross-sectional area. This relation also concurs with the physical intuition, that a larger
cross-sectional is required at places where the bending moment or the bending stress is
higher. But this mathematical relation in (2.50) does not take the axial compressive stress

due to the load into consideration.

2.5 The Optimal Columns

The shape of the optimal or the strongest columns may be obtained by means of the
meta-theorem given in (2.50). Substituting (2.50) in (2.21) we obtain
d*u

€@ + M3 =0, (2.51)

Keller and Tadjbakhsh (1962) and Keller (1960) have given a parametric solution for the
strongest columns that involve solving non-linear equations. The solution of the strongest
column for various boundary conditions is then obtained by simultaneously solving the
non-linear equations for each case as shown below.

a) Clamped-Free Column

4V —
a(€) = ;- sin?0(€), - <0<0 (2.52)
31 2
and
1 T T
g o _Z < E< 2.53
0 231n26’+2 25, 0<¢<1 ( )

The non-linear equations in (2.52) and (2.53) can be solved using well known numerical

methods such as the ‘bisection method’, and the optimal shape is shown in Figure 2.3(a)

l
At £ = 0 the non-dimensional area @ 1.33 and at £ = 0 is &V = 0. The eigenvalue
1, (V\?
corresponding to this column is A = §7r2 (7) . The variation of the bending stress along

the column is shown in Figure 2.3(b).
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Figure 2.3: (a) Shape of the strongest clamped-free column (b) Bending stress along the
length

b) Clamped-Pinned Column

4V sin® 0(&)
= -5 0(0) <0< 2.54
1 N2
A\ 12

T+a= (3) ag’ (2.56)

4 %
= — 2.57
0= 3ein? 6(0) 1 (257)
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Figure 2.4: (a) Shape of the strongest clamped-pinned column (b) Bending stress along
the length

where

0(0) = —1.4243 (2.58)

and

16, A% A%

Solving the set of equation in (2.54)-(2.59) we obtain the shape of the column shown in
l
Figure 1.4. At £ = 0 the non-dimensional area is av = 1.33 and the area vanishes at £ =1

and ¢ = 0.2895.
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c) Clamped-Clamped Column

1 1
0.9t 0.9t
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Figure 2.5: (a) Shape of the strongest clamped-clamped column (b) Bending stress along
the length

4V, 7 3m
= - << = 2.60
€ =7 sm’0(e), 5 <6< (2.60)
and
1 . m
9—5811129—4—5:27?5, 0<¢<1 (2.61)

Solving equations (2.60) and (2.61) simultaneously we obtain the shape of the columns
shown in Figure 1.5. At £ = 0 and ¢ = 1 the non-dimensional area is av = 1.33 and at the

area vanishes at ¢ = 0.25 and & = 0.75. The eigenvalue corresponding to this column is

24



) 1672 Z 2‘
3 l

d) Pinned-Pinned Column
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Figure 2.6: (a) Shape of the strongest pinned-pinned column (b) Bending stress along the
length

a(€) = g% §in20(6), 0<0<nr (2.62)
and
L. £
0——sin20—=>=0, 0<¢<1 (2.63)
2 s

Solving equations (2.62) and (2.63) simultaneously we obtain the shape of the columns

shown in Figure 1.5. The maximum area @ 1.33 is at £ = 0.5 and the area vanishes at
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3 l
The Lagrange problem of finding the shape of the strongest column has been plagued by

Ar® (V\?
¢ =0 and ¢ = 1. The eigenvalue corresponding to this column is A\ = Sl (—) .

erroneous solutions right from the beginning. As explained in Chapter 1, many researchers
both in the field of engineering and mathematics have attempted to solve this problem
and have made some critical errors in their attempts. Further, even the correct solutions
(clamped-free and pinned-pinned) are not very clear and require complicated numerical
algorithms to obtain the shape. A method that would circumvent the tedious procedure
of solving the non-linear differential equation in (2.51) is needed. This dissertation address
the problems of problem of finding the shape of the strongest column using discrete models.
As a subset to this problem, an affine sum model that can be used to determine mass-spring

systems with extremum natural frequencies, will also be developed.
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Chapter 3
Discrete Model Analysis of Optimal
Columns

The continuous model developed in Chapter 2, may be represented by an equivalent
discrete link-spring models having appropriate spring stiffness and lengths of links. The
various classical boundaries and other non-classical ones may be obtained by using appro-
priate support springs at the ends of the link-spring system. The details of the procedure

used to obtain the optimal columns using these discrete models are given in this chapter.

3.1 Discrete Model Analysis of the Strongest Clamped-
Free Column

The clamped-free column may be represented using a link-spring model with n + 1
inflexible or rigid links each of length A = [/n . Two adjacent links are connected using
a moment or torsion spring of stiffness 7;, as shown in Figure 3.1. We denote the cross-
sectional area of the ¢-th spring by a;, and in order to maintain an analogy with the

continuous column, the stiffness of the torsion spring must be

El, Ea?
=t = =1,2,... 3.1
TZ h 4ﬂ_h7 Z ) Y 7n ( )

The problem of finding the shape of the strongest column using the discrete link-spring
model may equivalently stated as, to find the cross-sectional areas of the links, subject to

the constraint
V=h) a, (3.2)
i=1

such that the critical load P, the one which is able to maintain the system in non-trivial
equilibrium, is largest. Note that the assumption that the links are inflexible implies that,
the links maintain constant distance between adjacent nodes. In particular, even if the

area of some links vanishes the distance between the two nodes that are on either side of
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(a) (b)

Figure 3.1: The link-spring system (a) System configuration (b) Free-body diagram of a
typical segment of the system

this link still remains constant.
From the free-body diagram for a segment of the link-spring system, shown in Figure

3.1(b), the bending moment M; at the i-th node is
MZ:P((S—yz):TZ(Qz—@l_l), 221,2,,7’L (33>

where 6; is the slope or the angle of the i-th link, measured from the vertical. The slopes

can be expressed in terms of displacement of the nodes as,

9:% i=1,2....n. (3.4)
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Replacing 7; and 6; in (3.3) using (3.1) and (3.4) respectively we obtain,

Ea? L — s T
M= P (65— y) = 2 <yz+1 Yi Y Ui 1)7

4dmh h h
which upon simplification yields,

Ea?

i

PO —yi) = 4 h?

(%—1 —2yz+y,+1) 1= 1,2,...,n.

In order to eliminate ¢ from equation (3.6) we introduce the transformation,

Uz:yl—é Z.:1,2,.‘.,7’L,

in (3.7) and obtain

Ea?
1 (;ZQ (—wi—1 +2u; —ujr1) — Pu;  1=1,2,...,n,
7
where ug = u; = —60 and u,, + 1 = 0.

The eigenvalue problem that equation (3.8) defines, is of the form

where the matrix K is tridiagonal of the form

and M is diagonal of the the form
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aIQ
Qo 2
M = (3.11)
a;?
with eigenvalue
A 4Pmh?
S 7 3.12
p= = (3.12)
and eigenvector u = ( 4y wy -+ w, )T. The Courant-Fischer characterization of eigen-
values for the symmetric eigenvalue problem gives
u’Ku
— mi 3.13
p=min e (3.13)
indicates that
u’Ku
maxr — I 3.14
i max min —z—r (3.14)
Hence, we may determine the maximum eigenvalue fi,,,, by solving
Lmae = max minu’ Ku (3.15)
subject to the constraint
u’Mu = C (3.16)

and the volume constraint given in (3.2), where C' # 0 is an arbitrary constant. A solution

of this optimization problem, may be obtained by defining Lagrange function as

L=u"Ku-—pu"Mu+n(a; +as+ -+ ay), (3.17)
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where p and 7 are Lagrange multipliers. This Lagrange function must be stationary or
invariant with respect to both w; and a;. By virtue of (3.11), equation (3.17) can be

written in equivalent form,

L=u"Ku—p(a;u] +a;?us+ - +a,°ul) +n(ar+a+ - +ay), (3.18)
Variation of (3.18) with respect to u leads to the eigenvalue problem (3.9)-(3.12), and

variation with respect to a; gives

oL
5 =2ua;ul+n=0, i=12...,n (3.19)
Q;

The Lagrange multiplier 7 in (3.19) does not have any significance, and to eliminate it we

subtract (3.19) for i = 2,3,...,n from (3.19) for i = 1 and obtain

oL _ OL
8ai 8&1

= 2ua; *u? — 2uaPu? =0, i=2,3,...,n (3.20)

or

a;?’u? = a;3u%, 1=1,2,...,n. (3.21)

Equation (3.21) is the discrete model analogy of the meta-theorem of the continuous model
in equation (2.38).

If the volume constrain is changed from V' to V= oV, where o # 0 is some constant,
then from (3.2) the cross sections of all links comprising the model are scaled by «.. Further,
it follows from (3.9) that such a scaling of volume would scale the eigenvalue y by o?. Hence
instead of finding the cross-sectional areas of the links in a model with volume V', we may
find the cross-sections a of an equivalent link-spring model of volume V, and then scale
this model to satisfy the original volume constraint (3.2). Obviously, such a scaling of the
volume would yield @ = 1 and & = u/a?. Moreover, since u is an eigenvector of (3.9) it can

be normalized such that @; = 1 and obtain from (3.21)
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a=a?  i=12....n (3.22)

7 Y

Substituting for ¢ using (3.22) in the eigenvalue problem defined in (3.9)-(3.12) the following

recursion is obtained:

iz = (1— )", (3.23)
N2/3
a = (203 —al—pa ) i=34.m (3.24)
The last equation in (3.9) gives
po=2a2 — ¥ \a,. (3.25)

Thus the problem may be solved by a one parameter iterative process as follows. We
may start with an initial guess for i and obtain via (3.23) and (3.24) approximations to
a;, 1 = 2,3,...,n. Then equation (3.25) can be used to improve the initial guess for .
By repeating this process iteratively fi and a; may be determined to a required accuracy.
In particular, the bisection method could be employed with [ located within the initial
interval

72h?

0<i< 1 (3.26)

The upper bound in (3.26) corresponds to the smallest eigenvalue of a uniform cylinder of
length [ and cross-sectional area a = 1. The solution to the problem is then obtained by

scaling,

Va;
a4 = —t (3.27)
hz Q;
j=1
w=aifi. (3.28)

Solving the recursive solution using bisection method we obtain the optimal solution
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Figure 3.2: The strongest column based on the analytical solution (-), and the discrete
link-spring model of order n = 30(.)

of the strongest link-spring model. Figure 3.2 shows the strongest column obtained by the
analytical solution of the continuous system given by Tadjbakhsh and Keller (1962), and its
approximation by using a discrete link-spring system of order n = 30. It demonstrates that
in the discrete model the area of the upper link does not vanish, although it approaches

7Zero as n increases.

3.2 Discrete Model Analysis of the Strongest Column
under the Pinned-Spring-Supported Boundaries

Consider the case where one end of the system is pinned to the ground, and a spring
of stiffness k is attached to the other, as shown in Figure 3.3. We wish to determine the
cross-sectional areas a;, © = 1,2,...,n which maximize the critical load P, subject to the
volume constraint (3.2). Instead of using the free-body-diagram we now use the energy
method to determine the governing equation for buckling. The elastic energy stored in the

springs is given by

2

1 — h2k
G=g =l St bt 40, (3.29)

and the virtual work done by the applied load P is
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Figure 3.3: Link-spring system with a spring at its top and pin-ended at the bottom

W = Phi (1 —cosb;), (3.30)

j=1
which describes the product of the load P with the xz-component of the deflection at the

point of application. In order to linearize the equations Taylor series expansion,

2

cosf =1— % +0 (64, (3.31)

is applied to (3.30) and when the terms of order 6} and higher are ignored gives

Ph
W= P (3.32)
j=1

Note that the terms of order #? are not ignored as the elastic energy in U; also includes
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the same order terms. The total potential energy stored in the system is then obtained by,

subtracting the work done form the elastic energy, and is given by

2
1 s Wk Ph <~
U:Ul—W:§ZTj(9j—9j,1) +7<;9j) —7;0].. (3.33)

Jj=2

Substituting for 7 and p using (3.1) and (3.12) in (3.33) gives

2
E n n n
j=2 j=1 j=1

where

Arh3k

=7 (3.35)

Hence, the solution of the strongest link-spring model is a stationary value of

2
E n n n n
L= > aj?(ej—ej_l)2+¢<§ ej) —p> 02+ a; . (3.36)

Jj=2

with respect to variations in both #; and a;. Variation of (3.36) with respect to 6; gives

0L E

(2&12 (Qz — 91‘_1) — 2a?+1 (Qi-I—l - 91) -+ 2@52 9]' — 2/LQZ> ,i = ]_, 2, o n (337)
J=1

which can be simplified to

a’i2 (91 _61'*1) _az?+1 <0i+1 _01) +¢Zej _:u’el = 07 1= 1,2,...,71 (338)

j=1

where a1 = a,+1 = 0.
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The of n equations in (3.38) are linear in terms of 0,7 = 1,2,...,n and may be written in

matrix form to obtain the following eigenvalue problem,

_a%+¢> —a3+ ¢ ¢ ¢ s | 0,
—a3+¢ a3+ai3+¢o —aij+o - ) b 0,
¢ —ai+¢ atajto - ¢ ¢ L .
¢ ¢ ¢ At —dd o 01
|0 ¢ ¢ e —ait o ant o | On

(3.39)
where I is the identity matrix of appropriate dimensions. Adding the equations in (3.39)
gives

n

(ng —p) > 0; =0. (3.40)

J=1

One solution of (3.40) that can be obtained by inspection is

p=no, 6 =C, (3.41)

where C' # 0 is an arbitrary constant. Clearly the solution in (3.41) represents a case
where the buckling load is independent of the cross-sectional area of the links. Hence,
these cross-sectional areas may be assigned randomly as long as the volume constraint in
(3.2) is satisfied. This issue will be further demonstrated and explained in the next section.

The other solutions of equation (3.39) satisfy
> 6;=0. (3.42)

i=1

However, each solution of (3.40) that satisfies the constraint (3.42) is independent of ¢.
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Further, equation (3.42) implies that the displacement at the top of the system vanishes.
We, therefore, deduce that such solutions are eigenvalues and eigenvectors
of strongest pinned-pinned link-spring system. It thus follows that critical load for

the link-spring system under the pinned-spring-supported configuration is either

P =1k (3.43)

by virtue of (3.12), (3.35) and (3.41), or the critical load of the strongest pinned-pinned
link-spring system for the given volume and length, whichever is smaller.

The case where (3.42) holds is the configuration of the strongest pinned-pinned link-
spring system. To determine the corresponding critical load for this system, we subtract

the i'" equation in (3.38) from its succeeding equation for i = 1,2,...,n, and obtain
207,y (Oip1 — 0:) = afyy (Oig2 — Oii1) — a7 (0 — 0;1) — p (0331 — 0;) = 0, (3.44)
and this is independent of ¢. We then denote
v; =60; — 0,4, (3.45)
and obtain via (3.44)
—aF Vi + 2070 — aF Vi —pv; =0, 1=2,3,...,n. (3.46)

Variation of the Lagrange function, defined in (3.36), with respect to a; yields

oL E )
= ——a;; =0, 1 =2,3,...,0n. 3.47
90— ir 7 ai; + 1 i n (3.47)
Subtracting the i" equation of (3.47) from the first equation for i = 3,4, ..., n, to eliminate

the Lagrange multiplier 7, we obtain
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a;iv? = ayvd,  i=3,4,...,n. (3.48)

Since equations (3.47) and (3.48) define an eigenvalue problem, of which v = (v3 v - - - vp,)"

is one of its eigenvectors, we may scale v such that ayvs = 1, so that (3.48) gives

a; = v; 2, 1=3,4,...,n. (3.49)

The system of equations in (3.46) and (3.49) together with a; = a,,; = 0 and ayv3 = 1

yields the following n — 1 equations for the n unknowns, vo, vs, ..., v, and pu,
2053 — vy — iy = 0, (3.50)
—v;_31+2u;3—v;31—m:0, 1=3,4,...,n—1 (3.51)
-3 -3 _ _
v, >+ 20,7 — pv, = 0. (3.52)

The set of equation in (3.50)-(3.52) may be written in matrix form as

[ 2 =2 ] vy ® Uy
-1 2 -1 vy ? Us
=1 (3.53)
—-1 2 =1 |v? V1
i -1 2 v, Up

where I is the identity matrix of appropriate dimension. The set of equations (3.50)-(3.52)
or its equivalent form in (3.53) may be solved using a strategy similar to that employed
in Section 3.1, for the discrete model of the strongest clamped-free column. Rather than
solving (3.49)-(3.53) for the link-spring system of volume V| we may first reconstruct the

system of volume V= V/ay. The cross-sectional area of the links of this system are denoted

38



by a; with a; = 0 and a; = 1. The other parameters associated with this system are i and

i, 1 = 2,3,...,n with 09, = 1. The recursive equations defining the solution are,
by = (2— )3, (3.54)
Bian = (=073 +267° — ;) (3.55)
and
—0,3, 4+ 20,3 — fi0, = 0. (3.56)

Hence, we may use for example the bi-section method with the initial guess

0> >n°/n, (3.57)

where [1 is an iterative parameter. Then 03,7y, ..., 0, can be determined recursively from
(3.54) and (3.55). Equation (3.56) may be used to bisect the starting interval (3.57), where
it is located. This process can be repeated until i and o; are determined to a desired

accuracy. Once 9; are found, a; are determined by the equivalent of (3.49)

a; =072 i=2.3,...,n (3.58)

1.5 e e
I . .. o @ L .- .
al " L
—_— L] L]
Voos- _® .
L] ]
0.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 3.4: The strongest pinned-pinned column based on the analytical solution (-), and
the discrete link-spring model of order n = 30(.)
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Finally the solution to the problem is found by using the scaling in (3.27) and (3.28).
The strongest pinned-pinned column obtained by the analytical solution of the continuous
system given by Keller, and its approximation by using a discrete link-spring system of
order n = 30 is shown in Figure 3.4, which was obtained using the method described in
this section.

The critical load of the discrete link-spring system depends on the length of the links in
the model. The critical load of the pinned-pinned link-spring system, as a function of the
model order n, is shown in Figure 3.5 . The critical load of the discrete model converges
to that of the continuous pinned-pinned strongest column given by Keller, P = nV?E/31°,

as n increases.

3.
L ]
2.
P(n)* .
o .
H 1| -..'.°""°""ooooo-o-c--
D. |
0 5 10 15 20 25 30

Figure 3.5: The critical load of the pinned-pinned link-spring system as function of the
model order n

3.3 The Pinned-Spring-Supported System with Three
Degrees of Freedom

The eigenvalue problem associated with the pinned-spring-supported system of n links
is defined by equation (3.39). For the case when n = 3 and h = [/3, there are two links
with non-vanishing cross-sectional area, as; and ag as shown in Figure 3.6.

The critical load for this system under the pinned-pinned configuration can be obtained
from Figure 3.5. The precise value for the critical load is P(3) = 81EV?/16xl* . We

therefore expect, as concluded in Section 3.2, that if kI < P(3) there are multiple solutions
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Figure 3.6: Pinned-spring-supported system with three degrees of freedom

for the strongest pinned-spring-supported system which can carry the same largest critical
load, and when kl > P(3) there is a unique solution, a; = az = V/2h, that corresponds
to the strongest pinned-pinned column with three degrees of freedom. To confirm this
observation the direct problem of finding the critical load is solved, using 0 < ay < V/h
as an independent variable for the cases where (a) kI = P(3)/2, and (b) kIl > P(3)/2.
The results that confirm this hypothesis are shown in Figure 3.7. It follows that in case
(a) each link-spring system comprising of three links: a; = 0, 0.296 < axh/V < 0.704,
az = V/h — ay , which is pinned at the bottom and supported at its top by a spring of
constant k = 81 EV?/32x5, will buckle by the same maximal load of P(3)/2. Figure 3.7(b)
illustrates that for case (b), where kl > P(3), there is a unique solution, ay = a3 = V/2h
and this solution corresponds to the solution of the strongest pinned-pinned column. The
mechanism that creates the flat portion of the graph in Figure 3.7(a) can be explained by
Figure 3.8, where the variation of the two critical loads associated with the first and second
buckling modes as functions of as is shown. The initial part of the first buckling mode

corresponds to the solution obtained in (3.42) while the second buckling mode corresponds
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Figure 3.7: Critical load for the case n = 3 as a function of ay when: (a) k = 81EV?/327l°
and (b) k > 81EV?/167l°

to the solution in (3.41). At approximately as = 0.296V/h, the two critical loads coincide,
and for the interval 0.296V/h < ay < 0.704V/h they switch roles. The first critical load
is now corresponding to the solution (3.41) and the second critical load is that of (3.42),
since by definition the first critical load cannot be larger than the second. At approximately

ay = 0.704V/h, they again coincide and change roles, leading to the graph shown in Figure
3.8.

0 0.5 1
a,h |V

Figure 3.8: Critical load for the case n = 3 and k = 81EV?/32xl° as a function of ay, —
critical load for the first buckling mode, and — critical load for second buckling mode

3.4 The Continuous Pinned-Spring Supported Column
The results of the direct problem of the previous section, where a three degrees of

freedom link-spring model was considered, naturally extends to a continuous model of the
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column which is pinned at one end and spring supported at the other end. To clarify this
first consider a non-uniform column pinned at both end and subject to an axial load P.
The eigenvalue problem associated with this column is of finding the bucking load P and

the non-trivial solution u # 0, such that

(EIu")" 4+ Pu" =0
(3.59)
uw(0)=u"(0)=u(l)=u"(l)=0

The spring-supported boundary condition may be obtained by replacing the pin at x = [

with a spring of stiffness k, then the problem transforms to

EIV")" +Qv" =0
B (3.60)

v (0) =" (0) =" (1) = (EIV") o=y + Qv (1) — kv (1) = 0

Assume that each and every non-trivial solution of (3.59) is also a solution of (3.60), i.e.

Q = Pv(x) = u(z). (3.61)

The differential equation and the fist three boundary condition in (3.60) are satisfied if
(3.61) holds. Further, the second equation in (3.61) transforms the last boundary condition
in (3.60) to

(BT ot + Qo' (1) =0, (3.62)

since v(l) = 0. Obviously the second order continuity in moment,

EIv' + Pu =0, (3.63)

also hold for the continuous column governed by (3.59). Differentiating (3.63) once with
respect to x gives the modified boundary condition in (3.62). Hence, each and every non-

trivial solution of (3.59) is also a solution of (3.60), i.e. (3.61) is true. The problem (3.60)
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has the additional solution

Q=kl,v=cx (3.64)

where ¢ is an arbitrary constant. The collapse of the support spring rather than the column
itself is the physical representation of this case.

It thus follows that if kI > P(o0) = 7V?E/3l* the strongest pinned-pinned column is
also the strongest pinned-spring supported column, i.e. they both can carry the same max-
imal load. If kI < P(o0) then each and every column that satisfies the volume constraint
and which can carry a load of P = kl without buckling, is the strongest column for such a
case.

The explanation of the process involved in determining the strongest column associated
with the solution family of (3.60), the case where the solution is not unique and k < P(00),
is given below. As a first step the strongest pinned-pinned column is reconstructed for the
given volume and length. It can been shown from the previous sections that if one column is
obtained by scaling the cross-section of another column, while keeping the length constant,

the ratio of their volumes is proportional to the square root of the ratio of their buckling

loads,
V P
V P

So the strongest pinned-pinned column can be scaled such that the buckling load is P = kl.
This scaled column will have a lesser volume V. Then the excess material V — V can be
added arbitrarily along the length of the column. The family of solutions obtained by this
arbitrary distribution of material, satisfies the volume constraint and can carry loads that
are greater than kl but less than P(o0) = nV?R/3l*. Each of these column is a strongest
column corresponding to the case when kl < P(c0). A process that is analogous to this

may be applied to the discrete model.
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3.5 The Clamped-Spring-Supported Link-Spring Sys-
tem

We now focus our attention on the problem of determining the cross-sectional area a;,

i =1,2,...,n which maximize the critical load P, subject to the volume constraint (3.2), in

the case where the discrete link-spring system is clamped at one end and spring-supported

at the other end, as shown in Figure 3.9.

E »=0

¥, =0

Figure 3.9: Link-spring system with a spring at its top

Using the work energy principle, the total energy stored in the system may be computed
by, adding the potential energy stored in the spring and subtracting the work done by the

load P. Assuming small deflections the energy stored in the system is
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2
1 & s Mk [ Ph N
U=§;Tj(91—9j—1) +7<29j> _7293‘ (3.66)

where 0y = 0.

Substituting (3.1) in (3.66) gives

2
B E n ) ) n | n )
U= ;a (0; — 0;i_1)* + ¢ (;a) M;@ , (3.67)

Hence, the solution to the problem is determined by a stationary value of the Lagrangian

n n 2 n "
L:% Za?(ei—gi—1)2+¢<20i> —MZQZ»ZJrnZai , (3.68)
=1 =1 i=1 i=1

with respect to variations in both #; and a;. Variation with respect to 6; gives

a? (0; — 0;1) — a2y (01 —0;) + 0> 0, —pb; =0, i=12....n (3.69)
j=1

where a,, 11 = 0. The set of equations represented by (3.69) can be written in matrix form

as

[+ d+o —d+re o 0 2

—az+¢ ayt+ai+¢é  —ai+¢ ¢ 0
—ul : =0.

—ar_+¢ ai_+tait+o @ 01

I ¢ —ap+¢  ay+¢ | On

Adding the equations in (3.70) gives
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2
i—no) Z 0; = a26,
i=1

(3.71)

It follows from (3.70) that if 4 = n#, or equivalently, P = [k, then a; = 0. The critical

load as a function of n, for this case is given in Figure 3.5, and the optimal configuration

is that of the pinned-spring supported system. Note that if §; = 0 then the spring 7 does

not apply moment, which implies that a; has to vanish so that the system is rendered

optimal The other conclusion that we may draw from (3.70) is that when k& — oo, we have

Z 0; = 0 which implies that y,.1 = 0. The buckling load for this case is thus that of the

clamped pinned system.

In order to determine a recursive algorithm for reconstructing the strongest link-spring

system, similar to the cases shown in the previous sections, we subtract the i equation in

(3.69) from its succeeding equation for i = 1,2,...,n — 1, and obtain

2031 (0i11—0;) — a7 5 (Oi2 —0i1) —al (0;— ;1) —p(0i1 —0;) = 0,0 = 1,2, ... ,n—

or this can be rewritten as

2 2 2 _ N
—a;_1Vi—1 + 20’7,' Vi — Qi qVip1 — MU = 07 1= 27 37 sy 1

where v; are as defined in (3.45).

Variation of the Lagrange function with respect to a; gives

oL E
da; " 4rh

——av}+n=0, 1=1,2,...,n.

Subtracting the i'" equation of (3.74) from the last equation for i = 1,2, ...

aiv =a,v:  i=1,2,...,n—1.

1 (3.72)

(3.73)

(3.74)

,n— 1, gives

(3.75)



To determine the relation between ¢ and a;, a link-spring system of volume Vo= V/a,

with a, =1, 0, =1, v;, 2 =1,2,...,n — 1 and . Starting with an initial guess of [, v,
1=1,2,...,n—1is determined by using the recursion

b1 = (2= fiin)” (3.76)

0% =207 =08 — iy,  i=n-—1n—2,...,2 (3.77)

Following this, the cross-sectional area is then obtained via

a2=0"1  i=12...,n—1 (3.78)

To modify /i until convergence in © and a occurs, equation (3.72) for ¢ = 1 which gives

(a7 — )iy — a3in+ 0> 0;=0 (3.79)
i=1

where gzg = a,%¢, can then be used as a single parameter iterative correction. Finally the

solution to the problem is found by the scaling (3.27) and

n=ai (3.80)

Figure 3.10 shows the cross-sectional area of the strongest link-spring system, with
n = 30 degrees of freedom, for several spring stiffnesses in the range 0 < kl°/EV? < 1.057.
Note that the case where kI°/EV? = 1.057 (1 = n¢) corresponds to the buckling load of
the pinned-pinned link-spring system, shown in Figure 3.5, where a; vanishes and P = kl.
This is the transition from the clamped-free configuration when k£ = 0 to the pinned-pinned
configuration when k& = P(30)/l, where P(30) is taken from Figure 3.5. For a model with
n degrees of freedom, if 0 < kl < P(n) then the optimal column is regular in the sense that

its cross-sectional area is positive including at the end points.
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k=0; —_———— k=025EV7I;

................... k=05EVF: =mememem k=075EV/D:
------ k=1.057EV?*/P;

Figure 3.10: Cross-sectional area of the strongest clamped-spring-supported link-spring

system, n = 30
3.6 The Clamped-Spring-Supported System with Two
Degrees of Freedom
The two-degree of freedom link-spring system, shown in Figure 3.11, gives an insight to

various aspects of the general problem studied in the previous section. For such a system,

(3.70) reduces to the following equations:

a%@l - a%((‘)g - 91) + (/5(91 + 92) - u@l - O, (381)

and

a3 (0, — 01) + ¢(01 + 02) — pby = 0. (3.82)

The optimality condition in (3.75) for the two degrees of freedom gives the solution

alﬁf = a2 (62 - 81)2 y (383)
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Figure 3.11: Two degree-of-freedom link-spring system
and the volume constraint reduces to
v

a+ap =+ (3.84)

When the constants h and ¢ are known, the known parameters in a1, as, 6 and p can
be evaluated from equations (3.81)-(3.84). The value of #; can be chosen arbitrarily for
this evaluation. If ¢ is chosen as zeros, ¢; = 0, then equations (3.81) - (3.84) yield 0y = 0,
as = V/h — ay, where p and a; have arbitrary values. This is a trivial solution, since both
0, and 0, vanish, implying that the system has not buckled, which is of no interest. If we
choose #; # 0, in order to discard this solution, then an auxiliary non-trivial solution of

(3.81)-(3.84) can be obtained by inspection

V
a; =0, 0, =05, p=2¢, and ay = > (3.85)

whose importance is discussed here. In order to determine other solutions, we first eliminate

p from equations (3.81) and (3.82) and obtain after simplification
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(a3 — @) (63 — 67) = albs0,. (3.86)

Then the simultaneous equations (3.83) and (3.84) are solved for a; and ay and obtain

V (07 — 0105 + 63)

T R (202 — 20,60, 1 62) (387)
and
Vo3
= 3.88
2= (202 — 26,05 + 63) (3.88)
Substituting for a; and ay using (3.87) and (3.88) in (3.86) gives
(v%ﬁ — Gh2 (202 — 20,0, + 03)2> (02 — 62) = V2 (62 — 20,0, + 62)° 0,0, (3.89)
Dividing (3.89) by (6, — #1) we obtain
(v29§ — Gh? (202 — 20,0, + 93)2> (0, +65) = V2 (6 — 0,)° 0,6, (3.90)

The equation given in (3.90) is valid only if 6, # 6,. Hence, the solutions obtained via
(3.90) prevents the other auxiliary solution given in (3.85), where #; = 6. Without loss
of generality, §; = 1 may be substituted in (3.90) and the following polynomial form is

obtained

5
D ety =0 (3.91)

=0

where c5 = ¢h?, ¢y = —30h?> + V2, ¢35 = 4ph? — 3V?, ¢y = 3V?2, ¢, = —4¢ph? — 2V? and
co = 4¢h? — V2. The five different values of 6, may be obtained by evaluating the roots of
the polynomial in (3.91). Then by (3.87), (3.84) and (3.78)
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V(1 — 205+ 6032)

p— . 2
M2 20, £ 03) (3:92)
\%
a9 = E — aq, (393)
and

2 _
M:a§+¢—a29 ¢ (3.94)

2

prr
E}

Figure 3.12: Various solution of P obtained by solving equations (3.81) through (3.84) as
a function of k

The eigenvalue problem associated with the auxiliary system with vanishing a; is of

the form
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(V/h)?>+¢ —(V/h)*+ ¢ 01 L 10 01 _ 0 (3.95)

—(V/h)?*+ ¢ (V/h)*+ ¢ ) 01 05 0

The eigenvalues of the problem given in (3.95) are u = 2¢ and u = 2V?/h% Hence the

critical load for this case is

2%h k < EV?/4ArhS
p_ (3.96)

EV?/2zh* k> EV?/Arh?

Figure 3.13: Areas of the links of the strongest two degree-of-freedom system as a function
of non-dimensional &
For 0 < k < P(2)/l, where P(2) = 8EV?/xl* is shown in Figure 3.5, the polynomial

(3.91) has three real roots. The corresponding values of p together with the one associated
with the auxiliary solutions (3.96), as a function of k , are shown in Figure 3.12. The
graph denoted by (a) in this figure corresponds to the system that minimizes the buckling
load. Graph (b) corresponds to the buckling load (3.96), associated with the case where
a; = 0. Graph (c) corresponds to the critical load P of the strongest system. Graph (d)
corresponds to the system which minimizes the buckling load of the second mode, and graph

(e) corresponds to the system that maximizes the buckling load associated with this mode
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of failure. For k > P(2)/I there is one real solution to the polynomial (3.91), corresponding
to graph (a) and the auxiliary solution P = 8 EV?/7l* associated with (3.96). Figure 3.13
shows the areas of the two links that compose the strongest system as a function of k.
The discrete link-spring model representing the strongest column subject to various
boundary conditions, including that of spring support at the top, may be determined by
a recursive process involving a one parameter iterative loop. Since the cases where one
side of the column was either pinned or clamped and the other side was spring supported,
were analyzed, it was possible to reconstruct optimal columns as a transition from the
unstable pinned-free to the pinned-pinned; and from the clamped-free to the pinned-pinned

configurations.
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Chapter 4
Optimal Eigenvalues of Constrained
Affine Sum

The problem of finding the optimal eigenvalues of a constrained affine sum was intro-
duced in Chapter 1 with an example of a vibrating mass-spring system with two degrees
of freedom. The optimization procedure that is developed in this chapter can be used in
any mathematical problem that can be framed as an affine sum, where it is necessary to
determine optimal eigenvalues. To illustrate the problem let us consider a simple example
of a 2 x 2 constrained affine sum.

Example 1: We wish to find the coefficient a; and ay of the affine sum that would

maximize the smallest eigenvalue of

A = Oé]_Al + C(2A2, (41)
subject to the constraint
cla=1, (4.2)
where
C = (Cl CQ)T s (43)
and
o = (al a2)T . (44)
2 1 5 =2 1
Given: A; = , Ay L c=
1 3 -2 4 1
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For this case equations (4.1) and (4.2) are transformed into

2000 + by a1 — 2009

a1 — 20[2 30&1 -+ 4042

and

a1 + g = 1 (46)

respectively. Eliminating ay from (4.5) using (4.6) we obtain

—3061 +5 30(1 —2
A= . (4.7)

30&1—2 —041+4

The eigenvalues of A in (4.7) can be obtained by solving the characteristic polynomial
equation, which is defined by
|A — M| =0, (4.8)

which for the present case is

—3a1 +5—A 3o — 2
Fhai) = ~0. (4.9)
3041 -2 -1 + 4— A\

The characteristic equation obtained by symbolically evaluating the determinant is

fOvar) = (=3a; +5—=X) (—a1 +4—X) — 3y —2)° = 0. (4.10)

The extreme or optimal eigenvalue A, which is are the roots of (4.10), must be stationary
or invariant with respect to «;.

Variation of (4.10) with respect to «; gives
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df M) = [(-3=XN) (a1 +4—])
+ (=301 +5—A) (=1 —X) (4.11)
—6 (3a1 — 2)%] day = 0.

where \' = o Since \ is extremum it is invariant with respect to aq, which implies
g

N =0, (4.12)

and hence (4.11) reduces to
df (A, 1) = [4X — 5 — 1204 |da; = 0, (4.13)

which yields
4N —5

- . 4.14
a 12 (4.14)

Substituting for a; from (4.14) in (4.10) gives

32 409
o= — =0. 4.1
3)\ 3/\+ o 0 (4.15)

Solving equation (4.15) for lambda, we obtain the extremum As to be

16 V6

- 4.1
A1 E + 50 (4.16)
and
16 V6
Ny = — — 4.1
275 90 (4.17)

Following the evaluation of the extreme eigenvalues, the corresponding eigenvector a that
renders these eigenvalues extremum can be evaluated by substituting (4.16) and (4.17) in

equations (4.14) and (4.6). The parameters oy and ay that render the eigenvalues of A to

o7



be extreme are

a7 = 0.6908 and ap = 0.3092 (4.18)

and

ap = 0.6092 and ay = 0.3908 (4.19)

To verify that the eigenvalues obtained are indeed extremum we determine A for all possible

combinations of a; and ay and obtain the graph shown in Figure 4.1.

35
|
3 T ——_= %
s 4 a,=0.61 \
A 0 A =3.078 N
2 \.\
1.5 \\

0 01 02 03 04 05 06 07 08 09 1

A 3
: \\ a, =0.69

4 A, =3.322

|
0 01 02 03 04 05 06 07 08 09 1

&,

Figure 4.1: Variation of eigenvalues A\; and )\, as a function of ay

Hence, we may infer that for any eigenvalue problem that is of the type (A — AI) = 0,
where A is a symmetric affine sum, either the smallest eigenvalue may be maximized or
the largest one minimized. Obviously, as the size of the matrix A increases, the number of

unknown parameters also increases, making the method described above impractical. The
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development of a method that can be used for such multi-variable optimizations problems

is developed in this chapter.

4.1 Problem Definition and Solution of the Affine Sum

Suppose that n symmetric matrices Ax € R™*™ and a vector ¢ € R™ are given. We
consider the problem of finding the n coefficients a; of the vector o= ( oy ay - a, )*

which render stationary or extremum eigenvalues of,
(A—-AN)x=0,x#0, (4.20)
where A is an affine sum defined by,
A= Z i Ax. (4.21)
k=1
The constraint on « for the optimization problem is
cla=1 (4.22)

We recall from the Courant-Fischer minimax theorem that the smallest eigenvalue of a

symmetric matrix A, is the solution of the minimization problem
A = minx” Ax (4.23)

subject to the constraint

x'x=1. (4.24)

Hence the vector a that provides a maximum smallest eigenvalue is the solution, a and x
of

max minx’ Ax, (4.25)
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subject to the constraints (4.22) and (4.24). Similarly, the dual problem of finding the

vector a that minimizes the largest eigenvalue )\, is obtained by solving

moién max x’ AX, (4.26)

subject to (4.22) and (4.24).
This optimization problem may be addressed using fundamental principles of optimization,

by defining the Lagrange function as

L=x"TAx — pc’a — éxTx (4.27)

where p and ¢ are Lagrange multipliers. For the solution to be extreme the Lagrange

function must be stationary or invariant with respect to x and «. Variation with respect

to x gives
Z—i =2Ax — 2(x =0, (4.28)
where,
T
oL _ (oL oL = oL\ (4.29)
ox Oxy;  0Oxsy Oy

Variation of (4.27) with respect to a gives

oL

=xTApx —pcy, =0, k=1,2,...,n (4.30)
80%

The system of equations in (4.22), (4.24), (4.28) and (4.30) makeup a total of 2n + 2
equations, which have to be solved simultaneously to obtain, n unknowns elements of
vector x, n unknowns elements of vector ¢, and the two Lagrange multipliers p and &. To
decouple x from the equations (4.30) may be rewritten as

TA
XX k=12,....n (4.31)

Ck
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and defining

A A
B="f1 _ 2k k=12 . n—1 (4.32)
Ck+1 Ck;
and
B, = IL,. (4.33)

The Lagrange multiplier p in (4.31) is not of any interest and can be eliminated by, sub-

tracting equation (4.31) for k from equation (4.31) for k£ + 1. This yields

xTA i x xTApx

, k=1,2...,n—1 (4.34)
Ck+1 Ck
which simplifies to
A A
XT(ﬂ__k))g k=1,2,...,n—1 (4.35)
Ck+1 Ck

Using (4.32) and (4.33), in equations (4.35) and (4.24) respectively, we obtain

x"B;x=0, k=12....n—1 (4.36)

and

x'B,x = 1. (4.37)

It is evident that equation (4.36) and (4.37) are independent of e and ¢ and thus can be
used to solve for the n unknown elements of the vector x. Following the evaluation of x,
the unknown in ¢ and vector ¢ can be determined via the set of linear equations

Aix Ayx - Ax —x « 0

= (4.38)
c1 Cy 0 Cp 0 & 1
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4.2 The Set of Quadratic Equations

Equations (4.36) and (4.37) represent a set of equations that are quadratic with respect
to the n unknown elements of the vector x. If n is small, then this set of quadratic equations
can be solved analytically. An insight of the problem can be obtained by considering an
expository example involving the case when n = 2. Let B; be an arbitrary symmetric

matrix of dimension 2 x 2 and of the form

by b
B, = | = " (4.39)
b12 b22

and By is the identity matrix of the same dimension, i.e

B, = . (4.40)

We wish to find the vector x that satisfies the set of quadratic equations in (4.36) and

x = @;) (4.41)

For this case equations (4.36) and (4.37) reduces to

(4.37), where

P(x) = b} + 2b1pw12y + baowy = 0 (4.42)

and

Qx)=al+13—-1=0 (4.43)

The problem now is of determining all possible x; and z, that satisfies (4.42) and (4.43). To
solve this problem analytically, i.e. in closed form, the eliminant can be used to eliminate
either x1 or x5 from these equations. Without the loss of generality, x5 can be eliminated.

The process of using the eliminant starts by multiplying (4.42) and (4.43) with x5 and z3.
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Then the four equations that are obtained as a result of this multiplication can be written

in matrix form as

b22

0
0
1

201511 by} 0 |
baz 20121 bul’%
1 0 z3-1
0 zf-1 0

X2

(4.44)

The necessary and sufficient condition ensuring that (4.42) and (4.43) have common roots

is that

or equivalently

— ((bgg — b11)2 + 41)%2) ]+ 2 (bzz (bag — b11) + 25%2) xf — by, =0

baz
0
0
1

201911 byt
bas 201214

1 0
0 2?2-1

0
blll'%
2 —1

0

(4.45)

(4.46)

Equation (4.46) is a fourth order polynomial in z; and hence has four roots. For each

root of (4.46) we then obtain the corresponding x5 using either (4.42) or (4.43). Further

explanation of the procedure of using the eliminant to solve the set of quadratic equations

can be obtained from the following example.

Example 2: Let the symmetric matrix By be

Equations (4.42) and (4.43) for this case are

P(x) = 227 + 21129 = 0
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and

Qx)=a1+25-1=0 (4.49)

respectively. The process of using the eliminant to eliminate x5 is commenced by multi-
plying (4.48) and (4.49) with x5 and 2%, and writing these four equations in matrix form

as
0 2z, 227 0 T3
0 0 2 213 s

=0. (4.50)
0 1 0 3 —1 72

1 0 z2—-1 0 Ty

Since we wish to find x; and x that satisfy both (4.48) and (4.49), x5 # 0. This implies

that the determinant of the matrix in (4.50) has to be zero, i.e.
—8x1 +42? = 0. (4.51)

Equation (4.51) is a fourth order polynomial in x; and its roots are

V2 V2

r1=0o0r z; = 5 or 1 = ——. (4.52)

Solutions of x5 that corresponds to x; given in (4.52) are obtained by finding the common

solutions of (4.48) and (4.49), and they are

(=== ()= (1) (4.59

[t is interesting to note that if x5 that corresponds to z; in (4.52), is determined only using
(4.48), then solutions ; = x5 = 4+/2/2 is obtained. However, this solution does not satisfy
equation (4.48) and hence are spurious.

It is clear that the eliminant can be used to solve the set of quadratic equations as long

as the number of equations and the number of unknowns are small. However, as the size
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of the matrix increases the process of evaluating the determinant becomes laborious and
hence impractical. To demonstrate the complexity involved in solving the set of quadratic

equation in closed form we consider an example with 3 x 3 matrices.

Example 3:
Given
2 -1 0 2 0 0 1
Bi=| -1 2 -1|B2=|0 0 —-1| Bs= 1 (4.54)
0o -1 2 0 -1 2 1

We wish to find the vector x that satisfies the set of quadratic equations defined in (4.36)

and (4.37), where the vector x is of the form

X = ( 1 X9 I3 )T' (455)

The set of quadratic equations in (4.36) and (4.37) for the current example reduces to

x'B1x = 227 — 27179 + 275 — 2w913 + 225 = 0 (4.56)
T _ 9.2 2 _

X Box = 22 — 2w9w3 + 225 =0 (4.57)

x"Bgx =2 + 23+ 13 =1 (4.58)

To solve for x from (4.56), (4.57) and (4.58), we begin by eliminating x3 from (4.56) and
(4.57) with the aid of the eliminant. Multiplying (4.56) and (4.57) with z3 and 23 and

rearranging the equations in matrix form we obtain

2 —2xy 277 — 21179 + 203 0 T3
0 2 —219 202 — w119 + 222 x3
! ? “l=o. (4.59)
2 —2xy 223 0 3
0 2 —2x5 212 T3
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The non-trivial solution of x5 is then obtained if the determinant of the matrix in (4.59) is

7€ero, 1.e.
2 2wy 21% — 2x119 + 203 0
0 2 —2$2 2$% — 21‘1332 + 2$§
=0, (4.60)
2 =2z, 222 0
or equivalently
—2m1 w5 + x5 + 2222 = 0. (4.61)

Similarly, to eliminate x3 from (4.56) and (4.58) with the aid of the eliminant, we multiply
(4.56) and (4.58) with x3 and z2 and obtain

2 21y 213 — 2m179 + 203 0 T3

0 2 —2x 223 — 21179 + 203 T3
’ LT “l=0 (62

1 0 i +ai—1 0 3

I 0 1 0 ¥4+ 13— 1 1\ s

The non-trivial solution of x5 is then obtained if the determinant of the matrix in (4.59) is

zero, i.e.
2 —2x9 21? — 22179 + 2x§ 0
0 2 —29 222 — 22119 + 203
=0, (4.63)
1 0 3423 -1 0
0 1 0 2422 —1
which is equivalent to
T3+ 2005 — 25 — 2mwy +1 =0 (4.64)

Similarly, eliminating 3 from (4.57) and (4.58), and neglecting the trivial solution of x3 = 0
we obtain

275 + 2222 — 375 +1=0. (4.65)
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Equations (4.61), (4.64) and (4.65) are three independent polynomials in z; and xs. They

are second order in terms of x; and fourth order in terms of x5. To find x; and x5 that

satisfy (4.61), (4.64) and (4.65), we begin by eliminating z; from these equations.

To use the eliminant in eliminating x; from (4.61) and (4.64), we multiply (4.61) and (4.64)

with z; and 22 and write the resultant equations in matrix form as

i 3 =213 T3 0 ] x!
0 2 —2z3 Ty 3
205 —2my wy— w3+ 1 0 x?

| 0 223 —25 -3+l |\ @

Since we wish to find the non-trivial solution of x1,

3 -2z T 0
0 a3 -2 i L
202 —2zy wi—a2+1 0 o
0 23 —219 ry—r3+1

or equivalently

925% — 1813 + 1525 — 625 + 25 = 0.

The roots of the 12" order polynomial in z, are

1
Iy =0, ié\/ 18 4 i6v/3.

(4.66)

(4.67)

(4.68)

(4.69)

Similarly, with the aid of the eliminant, z; is eliminated from (4.61) and (4.65), and the

non-trivial solution is obtained by solving
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3 =23 Ty 0
0 a3 -2 x5
’ ’ ’ — 0, (4.70)
r3 0 228 —3x3+1 0
0 a3 0 25 — 3z + 1
or equivalently
922% — 18210 + 1525 — 625 + 25 = 0. (4.71)
The roots of the 12" order polynomial in 5 are
1 .
Ty =0, ié\/ 18 4+ i6v/3. (4.72)

Finally, x; is eliminated from (4.64) and (4.65) with the aid of the eliminant, and the

non-trivial solution is obtained by solving

203 —2x3 w3 —ai+1 0
0 223 —2u3 xy — x5+ 1
? ? 2 =0, (4.73)
3 0 225 -—3z3+1 0
0 3 0 275 — 313 + 1
or equivalently
922% — 30xs° + 3925 — 2245 + 525 = 0. (4.74)
Solving equation (4.74) for x5 we obtain
1 , 1 ,
Ty =0, j:a\/18 +i6V/3 + 6\/42 + i6V/11. (4.75)

Since, solutions of x5 must satisfy all the three equations given in (4.61), (4.64) and (4.65),
1
Ty = ié 42 +i6v/11 is a set of spurious solutions. Further, if zo = 0, then (4.61) is

trivially satisfied and (4.64) is not satisfied. Thus, only possible solution of x5 that satisfies
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all the three equations in (4.61), (4.64) and (4.65) is

1
Ty = :I:E\/ 18 + i6/3. (4.76)

Once x4 is determined, z; can be evaluated by finding the common solution of (4.61), (4.64)
and (4.65). Then z3 can be determined by finding the common solutions of (4.56), (4.57)
and (4.58). Hence, the common solutions of xy, xo and x3 obtained by solving the set of

quadratic equations are

. (3/2)
L (1841i6V/3) 1 _ 1 .
= Griod) Ty = :I:E\/18 +i6V3, x5 = :I:g\/gx/—zx/é (4.77)

and

. (3/2)
(18 — i6v/3) 1 1
T =+ L Lo = +£-1/18 — i6V/3, 23 = £=v/31/iV/3. 4.78
LT 36(3—i6v3) T 6 T3 (4.78)

In general, the eliminant allows one to eliminate one variable from two equations in-
volving polynomials of multiple variables. Hence, if the matrices By are of size n x n and
one needs to solve the n quadratic equations in (4.36) and (4.37), the eliminant can first be
employed on every possible pair of equation to obtain C§ possible number of polynomials,
where CF is the binomial coefficient. These polynomials are functions of n — 1 variables
T1,%2,...,Typ_1. In a similar manner, the eliminant can then be used to eliminate the
variable x,_1, and then x, 5 and so on and so forth till polynomials involving as single
variable x; is obtained. These one variable polynomial can be solved, using well established
numerical techniques, for their common solutions. Once x; is known, the set of polynomials
which involves two variables, x; and 9, can be solved for their common solutions of x,.
Continuing in this manner, equations (4.36) and (4.37) can be solved for all of its unknown
variable.

Even though the eliminant aids in solving the set of quadratic equations by eliminating

one variable after another, it becomes too laborious as the number of unknowns increase.
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The process also involves the step of symbolically evaluating the determinant of matrices,
umpteen number of times, which may even be impossible to compute if the matrix size
increases. Further, finding solutions that are common to each and every pair of equations
also becomes difficult with an increase in the unknown variables. Hence, albeit the eliminant
promises to give closed form solutions, it is not of any practical use. A numerical method
that circumvents the problems involved with the eliminant is developed in the next section

of this chapter.

4.3 Numerical Solution

The development of a new numerical method to solve the problem of determining
extremum eigenvalues of a constrained affine sum is shown in this section. The algorithm
developed here primarily focuses on maximizing the smallest eigenvalue of the matrix A
subject to the constraint (4.22). The dual problem of minimizing the largest problem could
also be solved by making minor modifications to the algorithm.

The solution of the constrained optimization problem associated with the affine sum
can be obtained by solving the set of equation in (4.36) (4.37) and (4.38). As explained in
the previous section, the greatest challenge is to determine the vector x by solving the set
of quadratic equations in (4.36) and (4.37). Obviously, if the vector x can be determined
using some numerical method, then the vector e and the eigenvalue £ can be determined by
solving the linear equations in (4.38). The most popular and well suited numerical method
to solve the non-linear equation in (4.36) and (4.37) is the Newton’s method, also known as
the Newton-Raphson method. However, the Newton’s method is plagued by the problem
of finding a suitable initial guess that would converge to the solution. For the problem in
hand, every eigenvector x of the matrix A satisfies the set of quadratic equations in (4.36)
and (4.37), and thus is one of the solutions. Since, we are interested only in the eigenvector
associated with the smallest or the largest eigenvalue, a tactful way of finding a suitable
initial guess is developed, such that the solution would converge to the desired eigenvector.

The input data for the algorithm are n symmetric matrices Ay, k = 1,2,...,n and
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the vector ¢ € R. The goal is to determine the solution vector a, that maximizes the
smallest eigenvalue of the matrix A which is of the form shown in (4.21). The matrices
Ay, k=1,2,...,n are evaluated using the input data via equations (4.32) and (4.33). To
solve the problem we start with an initial guess a!?), the vector of unknown parameters,
where the superscript in parenthesis indicates the iteration index. Then matrix A© is
then determined via (4.21). The smallest eigenvalues A of the matrix A®, and its
corresponding eigenvector x(¥ is then be evaluated using pertinent numerical methods.
One iteration of the Newton’s method is performed on equations (4.36) and (4.37), to
determine the vector 69 that corrects the guess of x(*). The Jacobian matrix required for

the Newton’s method is given by

[ (9X(0)TB1X(O) 3X(0)T]31X(0) (9X(0)TB1X(O) T

63:50) 8$§0) - o)

IxO Byx®  9x(0"B,x©) ox0" B,x©®

3O — R oz oz (4.79)

ox0"'B,x®  9x©"B,x© ox0"'B,x©

81:50) 8$§0) 8x'20) dnxn
Since the matrices By, K = 1,2,...,n are symmetric
9x0" B, x(© o

When (4.80) is applied to the expression of the Jacobian matrix defined in (4.79), we obtain

X(O)TBl
"B
X
JO =2 ’ (4.81)
X(O)TBn
The error in the initial guess of the vector x(*) is then obtained by one iteration of the
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Newton’s method, i.e. via

5O = — (I e, (4.82)

where e,, is the n-th unit vector of dimension n which is defined as

enzlo 0 1]T. (4.83)

Input A eR" ce R g

l

A=Y @A, B, = A Ac
k=1 Con G
>
Y
Solve for (A - l) x =0, Xt
' e
Until s =-(1Y'e, where  e,=(0 - 0 1f

||a:[”'] - a["]| <g

L 4
|x[r+n — &0 L0

Figure 4.2: Flowchart of the modified Newton’s algorithm for eigenvalue optimization

The new corrected vector x is then obtained as

xM = x© 1 50, (4.84)
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The improved parameter vector e is then determined via (4.38), i.e.,

Ax® Ax® o AxD —x®) o 0
= (4.85)
o) o - e 0 5(1) 1

from which the new improved matrix A can be computed. This process of the mod-
ified Newton’s method is iterated |a(*1)—a|()< ¢, where ¢ is a predefined convergence
tolerance. A flowchart explanation of the modified Newton’s algorithm the maximizes the
smallest eigenvalue is shown in Figure 4.2.

As stated before the dual problem of determining the vector o that minimizes the
largest eigenvalue of an affine sum matrix can be solved by making minor modifications
to the proposed algorithm. Instead of choosing the eigenvector x that corresponds to the
smallest eigenvalue, the eigenvector x that corresponds to the largest eigenvalue is chosen.
Now this vector x is the initial guess for one iteration of the Newton’s method. The rest
of the algorithm that deals with steps involved in evaluating a and £ remain unchanged.
An example that utilizes the modified Newton’s method is now shown.

Example 4:

Given:

The four input matrices of the affine sum are

1 -1 0 0 3 2 0 0| )
12 1 0 9 3 _9 ¢
A.l = 9 A-2 —
0 -1 2 -1 0 -2 4 -9
0 0 -1 2 0 0 -2 3
I J I | (4.86)
5 -2 0 0 3 2 0 0
9 3 -3 0 9 4 -3 0
A3 - 3 A4 -
0 -3 6 -2 0 -3 4 -3
0 0 -2 3 0 0 -3 4| |
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and the vector for the constraint is

c=[111 1]~

Using (4.32) and (4.33) the matrices By are computed to be

2 -1 0
-1 1 -1
B1 —
0 -1 2
0O 0 -1
-2 0 0
0 1 0
B3 —
0 0 =2
0 0 -1

0100
0010

o

0 01

With an initial guess of a®) for the modified Newton’s method as

T
a(°’={1 11 1} :

the matrix A(® is computed using (4.21) to be

12

-8
12

(4.87)

(4.88)

(4.89)

(4.90)

The eigenvalues and eigenvectors of the matrix A, are evaluated by solving (A — A\I)x = 0

using pertinent numerical methods .

The eigenvalue optimization problem when solved
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using the modified Newton’s method converges in seven iterations. The solution that

maximizes the first eigenvalue of the affine sum matrix A is

a= | 23 L (4.91)
4 4 4 4
and the value of the maximum smallest eigenvalue is
1
AlmaX = 5 (492)

0.5

MR

0.5

0.5

0.4999

0.4999

0.4999
0 10 20 30 40 50 60 70 80 90 100

Number of perturbations to «

Figure 4.3: Variation of eigenvalue as a function of number of perturbations
To verify that the solution obtained using the numerical technique is indeed extremum,
small perturbation are made to the optimal solution of a. These perturbations are made

such that the constraint on a given in (4.22) is satisfied and then the eigenvalue A of the
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perturbed system is computed. The variation of A as function of the number of perturba-
tions is shown in Figure 4.3. It is clear from Figure 4.3 that the eigenvalue is maximum
for the first case, i.e. for the case for which a is not perturbed, thus providing verification

for the algorithm developed here.

4.4 Optimization of Vibratory Systems
The optimization procedure and the numerical method developed in the previous sec-
tions of this chapter can be applied to determine vibratory systems with extreme eigenval-

ues. Consider the n degrees of freedom mass-spring system shown in Figure 4.4.

Figure 4.4: Mass-spring system with n degrees of freedom supported at one end

The objective of the optimization problem is to determine the distribution of masses,
maq, Mo, ..., My, of the system, such that the mass-spring system has extremum natural
frequencies (eigenvalues). A constant total mass of the system, i.e. my = 1, is the constraint

for optimization. This total mass constraint can we expressed as

c’'m=1, (4.93)

T

wherec=(1 1 ... 1), andm=(m; my --- m, ). The eigenvalue problem

that is associated with the vibrating mass-spring system is of the form

(K — M)z = 0, (4.94)
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where the matrix K is tridiagonal and for the current spring mass arrangement is

ki + ke —ky
—ky ko4 ks —ks
K= ) (4.95)

_kn—l kn—l—’_kn _kn

- - nXn

and the matrix M is diagonal of the form

M = . (4.96)

my,
- - nxn

The optimization procedure and the numerical technique described in Section 4.2 and
Section 4.3 was for eigenvalue problems of the type in (4.20). In order to apply the op-
timization principles and numerical techniques for the vibrating mass-spring system, the
generalized eigenvalue problem in (4.94) has to converted to the standard form of (4.20).

To begin this process, we define

z = E 'x, (4.97)

where

E-— o . (4.98)

= - nxn
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Pre-multiplying equation (4.94) by E~T we obtain

(E'K - pE""M)z=0. (4.99)

Replacing z in (4.99) with x obtained from (4.97), (4.99) takes the form

(E"K - pET"M)E 'x =0, (4.100)

equivalently

(ET"KE™' — yE""ME ') x =0, (4.101)

where the matrix E7! is lower triangular and is of the form

1
11

E'= : (4.102)
1 1 |

- - nxn

Since E~! is lower triangular, its transpose i.e. E~T is an upper triangular matrix. This

knowledge reduces the first product term in (4.101) to

ka1
ks

|
=
Il

E 'KE™! (4.103)

- = nxn

and the second product term to
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E'ME'=M= |

My

Mp

my

my

nxn

(4.104)

With the definitions of K and M equation (4.101) can be equivalently written as a gener-

alized eigenvalue problem of the form

(K—,uM)x:O.

Dividing (4.105) with p and pre-multiplying with K~/ we obtain

(AFK - FM) x = 0.

where

and

—
3

r=K'12=

Introducing x, such that

=~

Ek
[}
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nxn

(4.105)

(4.106)

(4.107)

(4.108)



x =I'x (4.109)

in equation (4.106) we obtain the eigenvalue problem

I'MI — M) % =0 (4.110)
( )

since

'Kl = K '/?2KK~'/2 =1 (4.111)

Equation (4.110) is an eigenvalue problem of the form (4.20) and the matrix A is an affine

sum similar to that given in (4.21), where

L 7 columns L ]
V1 I 7 VE1
A, = Vks ©ot |drows Vs (4.112)
1 1 ... 1 1

and

The matrix with ones, i.e. the one that is independent of the stiffness k;, has ones in the
first ¢ rows and ¢ columns. The rest of the matrix has zeros in all other elements. The

matrix B; is computed using the definition in (4.32) and for the present case it is
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[ 1 1 i+1 columns [ 1 ]
Vi i T Vi
1 1 1
B, = Vs 1 1+ 1 rows Vs
. 1 - 1 .
) ' (4.114)

The matrix independent of the stiffness parameter k is a zeros matrix, with ones on
the 74 1"* row and column. The matrix B,, is the identity matrix of dimension n x n, same
as the definition in (4.33). Now that the eigenvalue problem associated with the vibrating
mass-spring system has been transformed to the form given in (4.20), the optimization
procedure developed in the previous two sections could be used.

It is very important to know that if the smallest eigenvalue A of (4.110) is maximized,
the largest eigenvalue p of (4.94) is minimized. This is due to the fact that A\ is the
reciprocal of p according to (4.107). Hence, if we wish to find the mass configuration that
would maximize first natural frequency of the spring mass system, we have to minimize
the largest natural frequency of the equivalent system in (4.110). The dual problem of
minimizing the largest natural frequency of the spring mass system deals with maximizing
the smallest eigenvalue of (4.110).

The numerical procedure described in Section 4.3 can be used to determine the mass
distribution that would maximize the smallest natural frequency or minimize the largest
natural frequency of the system shown in Figure 4.4. To illustrate the results of the
numerical procedure let us consider a n degree of freedom mass spring system, where the

stiffness of each spring is

1
ki=—, i=12..n (4.115)
n
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and the total mass of the system is

Mt = »_m; = 1. (4.116)
=1

The solution of the problem is obtained by solving the set of equations in (4.36), (4.37)
and (4.38). Following the numerical procedure described in Section 4.3 and the flowchart
given in Figure 4.2 the optimization problem could be solved. The problem is solved for
the cases where the number of degrees of freedom are n = 4 and n = 50 and the results for

these cases are shown in Figure 4.5 (a) and (b) respectively.

0.35

0.3F }
m,
0.25f 4

(a)

0.025

0.02f i
m, /

0.015r

0'0]0 5 10 15 20 25 30 35 40 45 50

j

(b)

Figure 4.5: Mass distribution of mass spring system fixed at one end that minimizes the
largest natural frequency (a) for n = 4 (b) for n = 50
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The mass distribution as a progression for the spring mass system shown in Figure 4.4,
with spring stiffnesses k; = 1/n and minimum largest natural frequency, can be obtained
from Figure 4.5 (a) and (b). This series if given as the mass vector m is

T
3my dmyp dmyp 2my

dn —3 4n—3 4n —3 4n—3

The minimum largest eigenvalue of the vibrating mass-spring system shown in Figure 4.4

with n degrees of freedom is

= : (4.118)

and the natural frequency wy,(min) corresponding to this eigenvalue is

4dn — 3
—

The mass distribution for the system shown in Figure 4.4 that has a maximum smallest

eigenvalue is determined to be

T
m:[mT 0 --- 0 ()] , (4.120)

1
== 4.121
H n ( )

and the natural frequency wi(mqq) 18

1
Wi(maz) = VI = \/; (4.122)

The method described above is valid only for a mass-spring system shown in Figure 4.4.

The transformation procedure described in this section cannot be used to transform the
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governing generalized eigenvalue problem in (4.94) to the form in (4.20), for all mass spring
configurations. The procedure to find the mass distribution of the mass-spring system with

extreme eigenvalues for any configuration is described in the next section of this chapter.

4.5 Optimization of Vibratory System with Arbitrary
Spring Orientations

The generalized eigenvalue problem in (4.94) is the one that governs the vibration of

mass spring systems with any configuration. For all these systems, the stiffness matrix

K is symmetric and the mass matrix M is diagonal. However, to aid the process of

determining the mass distribution that would yield extreme eigenvalues, the generalized

eigenvalue problem in (4.94) has to be transformed to the standard form in (4.20). The

transformation process is started by pre-multiplying (4.94) with K~1/2 to obtain

(K™K — uK™'*M) z = 0. (4.123)

Introducing the vector x such that

z =K %k, (4.124)
in (4.123) we obtain
(I-pK "MK ') x = 0. (4.125)
or equivalently
(K™'/*MK™'? — A\I)x = 0, (4.126)

since K™Y/2KK~1/2 =1, and )\ is same as that defined in (4.107). The eigenvalue problem

in (4.126) can be framed as an affine sum in mass m; by defining
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A, =K VMK 2, (4.127)

and

A=) mA, (4.128)
=1

where M; is a n x n matrix with zeros everywhere with the exception of M;(i,i) = 1.
The optimization explained in Sections 4.2 and 4.3 may be used to determine the mass
distribution that would yield extremum eigenvalues. The matrices B;, ¢ = 1,2,...,n can
be evaluated from their definitions in (4.32) and (4.33) and the solution of the problem
is obtained by solving the set of equations in (4.36), (4.37) and (4.38). The numerical
procedure described in Section 4.3 may be used to obtain the optimal solution.

Further explanation of the procedure for obtaining extremum eigenvalues can be ob-
tained with the help of the following example. Consider a n degree of freedom mass spring
system as shown in Figure 4.6. In this case the mass spring system has n + 1 springs, n
masses and the first and the last spring are supported by walls.

For the sake of simplicity let us assume that the stiffness of each spring is

k; = , =1,2,..., 1 4.129
1 7 n+ ( )
and the total mass of the system is
k] k? k."- k” k.»ﬁl

Figure 4.6: n degrees of freedom mass spring system supported at both ends
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mr=>Y =c'm= (4.130)

wherec=(1 1 ... 1) andm=(m; my --- m, )’ The stiffness matrix K for

the mass spring system shown in Figure 4.6 is tridiagonal and of the form

ky + ko —ks
—ky kot ks —k3
, (4.131)

_kn—l kn—l + kn _kn

- kn kn + knJrl

- nxXn

and the mass matrix M is

M = | . (4.132)

my,
- - nxn

Using the numerical procedure described in Section 4.3 along with the flowchart given in
Figure 4.2, the problem of determining the mass distribution that would yield extreme
eigenvalue is solved. The solution for the case when then number of degrees of freedom
n =4 and n = 50, is shown in Figures # (a) and (b) respectively. The mass vector m that
would render the largest eigenvalue to be minimum is

3mr 2mr 2mr 3mr

- . 4.1
Ml 20n-1) -1 n—1 2(2n—1) (4.133)

The minimum largest eigenvalue is

4n — 2

S 4.134
n+1" (4.134)
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and the natural frequency w corresponding to this eigenvalue is

[4n — 2
wn(mm) = n+ 1 . (4135)

The mass vector m for the mass spring system that has maximum smallest eigenvalue is

mr mr
m = [ P —_— . 4136
{ 5 0 0 } ( )

The maximum smallest eigenvalue is

0.35

0.3
m,

0.25

0.2

0.022
0.02]
m, 0.018
0.016]
0'0]40 5 10 135 20 235 30 35 40 45 50

i

(b)

Figure 4.7: Mass distribution of mass spring system fixed at both ends that minimizes the
greatest eigenvalue (a) for n =4 (b) for n = 50
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2

= 4.137
b= (4.137)
and the natural frequency w corresponding to this eigenvalue is
2
maz) = . 4.138
W1(maz) o (4.138)

The optimization procedure to determine extremum eigenvalues of a linear affine sum
with a linear constraint was developed. A numerical technique based on Nuewton’s method,
that not only aids in solving the set of quadratic equations but also makes sure that
the solution corresponds with the smallest or largest eigenvector was developed. As an
application to the mathematical problem described, optimal vibrating spring mass-systems

were obtained.
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Chapter 5
Optimal Columns as an Affine Sum

The procedure of obtaining extremum eigenvalues of a symmetric matrix that can be
expressed as a linear affine sum of matrices has been described in Chapter 4. The vibratory
system considered there was expressed as a linear sum of matrices and the constraint of
total mass was also a linear functions of the mass m;. The problem of determining the shape
of the strongest column has a constraint that is linear with respect to the cross-sectional
area. However, the coefficients of the affine i.e. moment of inertia, varies as a square
of the cross-sectional area. Hence, the procedure of finding the extremum eigenvalues of
a linear affine sum cannot directly be used for the case of determining optimal columns.
An extension to the affine sum problem that could be used to determine the shape of the

strongest column is given in this chapter.

5.1 Affine Sum for Column Buckling Using Finite Dif-
ferences on the Second-Order Differential Equa-
tion

The second order non-dimensional differential equation that governs buckling of columns
with circular cross-section was derived in Section 2.2 and is given in (2.21). This second
order differential equation can be converted into a set of algebraic equations by apply-
ing appropriate finite difference schemes. If the non-dimensional length of the column is

divided into n equal sections, then the length of each one of these sections is

1
h=— 1
n, (5.1)

and the cross-sectional area is a;.
The central finite difference expansion of the second derivative is
dQUZ‘ Uij—1 — 2'LLZ + Uit

== ® . i=0,1,....n (5.2)
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Replacing the second derivative in (2.21) using (5.2) we obtain

o Wim1 — 2U; + Uity
7 h2

+Au; =0, i=0,1,...,n (5.3)

or equivalently

Ui—1 — 2U; + Ujq1

2 +a;? u; =0, i=0,1,...,n (5.4)

The terms wuy and wu,,; in (5.4) can be obtained using appropriate boundary conditions.

The n equations in (5.4) can be written in matrix form as

[ 2 -1 | [ a52 ] Ug
-1 2 -1 ay® Uy
-1 2 -1 a,’?, Up—1
I -1 2 | I a,’ | U,
) b ’ M )T

(5.5)
The problem of determining the optimal shape of the column involves determining the un-
known vector of areasa = [ qy a; --- a, ) ,andtheeigenvectoru= [y, wu; --- wu, |*

that maximizes smallest eigenvalue A, subject to the volume constraint (3.2) which is equiv-

alent to

V=cla=1 (5.6)

wherec=[p b ... h 7. Itis evident from equation (5.5) that the unknown parame-
ters a; have an index of —2, whereas the volume constraint in (5.6) is a linear function of

a;. To transform the generalized eigenvalue problem in (5.5) into the standard eigenvalue
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problem of form (A — AI)x = 0 we pre-multiply (5.5) with K~/2 and obtain

(K™?K — A\K™/*M) u = 0. (5.7)

Introducing the vector x such that

u=K 1, (5.8)
in (5.7) we obtain
<I<—1/21\4I<—1/2 —MI) =0, (5.9)
| S ——
A

where A and g hold the same relationship as in (4.107) and since K-/2KK~Y2 = 1. The

matrix A is an affine sum of the form

A=) A, (5.10)
=0
where
A =K '2MK Y2 i=0,1,...,n (5.11)

All the elements of the matrix M; is zero with the exception of M;(i,i) = 1. To de-
termine the maximum smallest eigenvalue we use the Courant-Fischer characterization of

eigenvalues for a symmetric eigenvalue problem and obtain

T
x' Ax
= min 5.12
po=min =z (5.12)
Since the objective is to maximize the smallest eigenvalue,
- xTAx
[maz = Max min ———. (5.13)
a x xI'x
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The minimax problem in (5.13) may be recast as

Lmaez = Max minx’ Ax (5.14)
a X

subject to the constraint

x'x =C (5.15)

and the constraint on volume given in (5.6), where C' # 0 is an arbitrary constant. To solve
this optimization problem the Lagrange function that is made up of the objective function

and constraints, is defined as

L=x"Ax — ux"x + ncla. (5.16)

where p and 7 are Lagrange multipliers. Substituting for A in (5.16) using (5.11) we obtain

L=x" <Z a;2K_1/2MiK_1/2> X — pux'x +nh(ag+ay+ -+ ay). (5.17)

1=0

Since we wish to find extreme eigenvalues, the Lagrangian defined in (5.17) has to be
stationary or invariant with respect to both z; and a;. Variation of (5.17) with respect to

x reduces to the eigenvalue problem defined in (5.9) and variation with respect to a; gives

oL
(9ai

= —2a;%xTAx+n=0, i=0,1,...,n (5.18)

The Lagrange multiplier 7 in (5.18) is not of any interest and this 1 can be eliminated by

subtracting (5.18) for ¢ = 0 from (5.18) for i = 1,2,...,n to obtain

oL _ L
E)ai 8@0

= aa3xTA0X — azngAiX, i=1,2,....n (5.19)

92



In order to make the indices of the areas positive we rewrite (5.19) as

agxTAx — aixTA1x, i=1,2,....n (5.20)

The solution of the strongest column is then obtained by simultaneously solving the
set of equations in (5.9), (5.15), (5.20) and (5.6) for the 2n + 3 unknowns in x, a and
. Since the equations in (5.9), (5.15), (5.20) and (5.6) are non-linear it is not feasible to
solve these equations in closed form. A numerical technique that not only aids in solving
equations but also converges to the smallest eigenvalue is developed in the next section of

this chapter.

5.2 Numerical Method to Solve the Affine Sum Prob-
lem Associated with the Strongest Column

The buckling load of a column is defined as the smallest load that would keep the
column in a non-trivial equilibrium and this load is a function of the smallest eigenvalue
A of (5.5). If we wish to find the maximum buckling of the column, we have to maximize
the smallest eigenvalue A of the system in (5.5). Since, A = u~! we will have to minimize
the largest eigenvalue u of the eigenvalue problem defined in (5.9). We will now develop a
strategy for numerically solving the set of equation in (5.9), (5.15), (5.20) and (5.6) that
would minimize the largest eigenvalue of the symmetric matrix A in (5.9).

The input data for the numerical algorithm are the n + 1 symmetric matrices A;,
i =0,1,...,n that can be obtained from (5.11). To solve the problem we start with an
initial guess of the vector a(®, the vector of unknown parameters, where the superscript in
parenthesis denotes the iteration index. The matrix A is then computed using (5.10). The
eigenvalue problem in (5.9) is solved using pertinent numerical techniques and the largest

) and its corresponding eigenvector x(© are computed. Once x(© is known,

eigenvalue
equations (5.6) and (5.20) can be used to find the new improved vector a®. Since (5.20)
consists of a set of non-linear equations, we use the Newton-Raphson method to solve the

problem. The vector f that arises from the set of equations in (5.6) and (5.20) is given by
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agx? Ax — a3xT Agx
agx? Aox — a3x? Agx
f= : . (5.21)

agxt A, x — axT Agx

h(a;+as+---+a,) =V
- - n+1x1

Since we wish to find the unknown vector a, the elements of the Jacobian matrix required

for the Newton’s method are

of(i, 1)
J(i,7) = - 5.22
() = g (522)
which expands to
3a3xTAjx  —3a?xT Agx
3azx’ Ayx —3azxT Agx
J= : : (5.23)
3a3xT A, x —3a2xT Agx
h h e h h
- - n+lxn+1
It thus follows that the vector () (error in the estimate of a) is given by
5© = — (JO) £ (5.24)
and the better estimate of the vector a is obtained by
al) = a® 4 §0), (5.25)

The new and improved a is then used to determine the improved x and p using (5.9)

and (5.15). This process is iterated until ||[a®*!) — al®|| < ¢, where ¢ is a predetermined
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convergence tolerance. A flowchart explains the numerical technique described above is
shown in Figure 5.1.

The numerical technique described here can be used to determine the shape of the
strongest columns with clamped-free and pinned-pinned boundary conditions. The finite
difference scheme was applied to the second order differential equation of columns, which
was in terms of moments. Due to this, only the K matrix in the equation (5.9) will change
along with changes in the boundary conditions. The solution of the optimal column using
the numerical method for the clamped-free and pinned-pinned case is given in the next

section.

Input KeR"" M, e R"",a"”

A

Ai — K_UZMiK_U 2i

A 4

I
»A=>a’A,
i=1
A J
Until Solve for (A - ;.Jiﬂxi)z =0, z"
‘a“”:‘ —a{":" <eg
v
5('1'] — —(Jlﬂ)_]f[”
A 4 _
af_x-]} _ 5[1J+af1}
“

Figure 5.1: Flowchart of the numerical technique to determine the shape of the strongest
column
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5.3 Solution of the Strongest Columns

The process of converting the generalized eigenvalue problem, obtained using finite
difference expansion of the second order governing differential equation, to an affine sum
in terms of the unknown areas is shown in Section 5.1. The optimization procedure and
the numerical technique to determine the shape of the strongest column is described in
the previous two sections. A detailed solution of the shape of the strongest column for the

clamped-free and pinned-pinned cases is shown in this section.

5.3.1 Strongest Clamped-Free Column

The finite difference expansion of the second order, non-dimensional, governing differ-
ential equation for column buckling is given in (5.4). The terms ug and u,41 in (5.4) have
to be replaced using the appropriate boundary conditions given in (2.26) and (2.29). From
(2.26) we obtain

u, =0, (5.26)

which implies that the last equation in (5.5) disappears. The other boundary condition in

(2.29) when expanded using a central finite difference scheme gives

Uy — U1
— =0 5.27
=, (5.27)
from which we obtain
U—_1 = Uqp. (528)

Applying (5.28) to the first equation in (5.4) we obtain

—2’&0 —+ 2U1

3 + ag* Mg = 0. (5.29)
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Equations (5.26) and (5.28) transforms the n + 1 equations in (5.5) in to the following n

equations
R | -a62/2 ] U
-1 2 -1 a;’? u
= .\ —0
-1 2 -1 a,’, Up—2
L -1 2] i a;i | Up—1
) b ’ M )T

(5.30)
The numerical technique described in Section 5.3 can be used to determine the shape of
the strongest clamped-free column. Using the flowchart given in Figure 5.1, the shape of

the strongest column shown in Figure 5.2 is obtained for n = 50 degrees of freedom.

15
1
al
v
0.5
0

0 0.1 0.2 03 04 05 06 07 08 09 1
5

Figure 5.2: The strongest clamped-free column based on the analytical solution (-), and
the finite difference approximation of order n = 50(.)

Using a model order of n = 50 for the finite difference approximation of the second order

differential equation, the eigenvalue obtained is

A = 3.166 (%)2 (5.31)
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1, /(V\? v\’
and the exact value is A\ = §7r2 (7) ~ 3.2898 <7> . The bucking load corresponding

to this eigenvalue in (5.31) is

EV?
l4

P =0.2519 (5.32)

EV?
"

whereas the exact value of the buckling load is P = 0.2618

5.3.2 Strongest Pinned-Pinned Column
The boundary conditions required for the second order differential equation in (2.21)
for the case of the pinned-pinned column are given in (2.36) and (2.37). The equivalent

finite difference expansions of the boundary conditions in (2.36) and (2.37) are

up =0, (5.33)

and

Uy =0, (5.34)

respectively. When equations (5.33) and (5.34) are used to eliminate vy and u, in (5.5),
the first and the last equation in (5.5) disappears. The set of equations that represent (5.5)

for the case of the pinned-pinned column is
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2 1 1 [ a2 ] -
-1 2 -1 ay? Uy
-1 2 -1 a,’?, Up_o
L -1 2 ] i a,?, Up—1
) b4 M ’ e

(5.35)
The solution of the strongest column is obtained by determining the 2n — 1 unknowns in
a,u and \. The flowchart given in Figure 5.1 is used to evaluate the shape of the strongest

column and the solution of which is shown in Figure 5.3.

1.5

0 01 02 03 04 05 06 07 08 09 1
I

Figure 5.3: The strongest pinned-pinned column based on the analytical solution (-), and
the finite difference approximation of order n = 50(.)

Using the model order of n = 50 for the finite difference approximation of the second order

differential equation, the eigenvalue obtained is

V\ 2
A=13ﬂ7(7) (5.36)

4, (VY V\?
and the exact value is A\ = §7T2 (7) ~ 13.1595 (7) . The buckling load corresponding

to this eigenvalue in (5.36) is
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EV?

P = 10518~

(5.37)

EV?

whereas the exact value of the buckling load is P = 1.04719 i

The process of using the finite difference expansion to convert the governing second
order non-dimensional differential equation of column bucking to determine the strongest
column has been explained with examples. The error in the solution of the discrete model
may be attributed to the inaccuracy of the finite difference approximation. Using a higher
order of discretization, or a better finite difference scheme may yield results that are more
accurate. However, it should be noted that regardless of the discretization size or finite
difference scheme, the solution may approach but will never exactly match with that of the

analytical solution.

5.4 Strongest Column with Minimum Area Constraint

Strongest column for the clamped-free and pinned-pinned boundary conditions have
been constructed using the method of affine sum in Section 5.3 and the discrete link-spring
model in Sections 3.1 and 3.2. It is obvious from the shapes of the optimal columns that
the cross-sectional area approaches zero, at the free end for the clamped-free column and
at both the ends for the pinned-pinned column, as the model order is increased. Questions
regarding physical feasibility arises, when applying loads or placing supports at the ends of
these optimal columns with zero cross-sectional areas. Hence, it is necessary to construct
optimal columns that have a constraint on their minimum cross-sectional area.

The problem of determining the shape of the strongest column with a minimum area
constraint is an inequality constrained optimization problem. The inequality constraint on

the cross-sectional area is

aiZﬁa i:1727"'7n <538>

where 3 is the least area that the column could possibly have anywhere along its length.
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The Lagrange function associated with this optimization problem with both equality and

inequality constraints is

L= Z xTAix — px'x +nh (a1 +ag + -+ ay) + Z WV, (5.39)

i=1

where A; is defined in (5.11) and p, n and 1; are Lagrange multipliers. The Lagrange
function in (5.39) must be stationary with respect to a, x, 1; and the feasible solutions
must satisfy the volume constraint in (5.6) and the minimum area constraint in (5.38).
Variation of the Lagrange function with respect to x gives the eigenvalue problem in (5.9)

and variation with respect to a; yields

oL —2
v FXTAZ-X +nh+; =0 (5.40)
which can be rewritten as
—9 ;
—x"Ax + % +1n=0. (5.41)

The Lagrange multiplier 1 in (5.41) is not of any significance or interest and can be elimi-
nated by subtracting (5.41) for ¢ = 1 from (5.41) for i = 2,3,...,n to obtain

2

2
EXTAiX — $XTA1X — wl + wl = 0, 1= 2, 3, o (542)
i 1

The inequality constraint in (5.38) can be written as

Yi(a;—pB)=0  i=1,2,....,n - (5.43)

This constrained optimization problem has a total of 3n + 1 unknown parameters in x,
a, Y;,i =1,2,...,n and u. The n 4+ 1 unknowns in x and p can be evaluated by solving
the eigenvalue problem in (5.9) along with the constraint (5.15), using pertinent numerical

methods. The remaining 2n unknowns in a and v;,7 = 1,2,...,n can be determined by
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solving the 2n — 1 equations in (5.42) and (5.43) along with the volume constraint in (5.6).

The numerical technique described in Section 5.2 can be modified to solve this inequal-
ity constrained optimization problem. The matrices A;, ¢ = 1,2,...,n that are defined in
(5.11) are inputs to the numerical method. To begin with, a starting guess of the vector of

areas a(o)

is made and the matrix A is computed using (5.10). Following this, the largest
eigenvalue p(©) and its eigenvector x(©) are evaluated by solving (5.9) using pertinent nu-
merical techniques. Following the determination of x(*), equations (5.42), (5.43) and (5.6)
are used to find the improved vector a”). The correction to improve the initial guess of a(®,
is obtained from one iteration of the Newton-Raphson method. Even though a majority
of the algorithm is similar to the one described in Section 5.2, the number of unknown
parameters this case are higher. Thus the vector f and the Jacobian matrix J are different

from its counterparts in Section 5.2. The vector f that is made up of the equation in (5.42),

(5.43) and (5.6) is given by

[ oxTA,x 2xTAx

3 3 - ¢2 + 1/11
as aj
2xTAsx  2xTAqx
3 2 - 3 - - ¢3 + 1/)1

as ay

2xTA,x 2xTAx

f = CL% a;i, —¢n+¢1 (5.44>
ha+as+---+a,) —1
(0 (al —ﬂ)
L wn (an _ﬁ> 4 2nx1

and the Jacobian matrix is of the form
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[ oh  Oh Oh - Oh ]
J=1 : S z (5.45)
8f2n ann af?n af2n
| Oday da, Oy M | snxon
The Jacobian matrix obtained by evaluating the derivatives in (5.45) is
FoxT A C6xTA -
6x : 1X 6x : 92X 0 0 ) 1 0 0
aq a2
0 0 : 0 0
T _exT
6x Zklx 0 0 6x 4Anx 1 0 0 1
a; a,
J_ h h h 0 0 (5.46)
(G a —
(& as — 3
- 1/}71 n = B - 2nx2n

The vector 6 that gives the error in the initial guess of al®) and ) is then obtained by

(5.24) and the improved a is then obtained via

A —a® 50 19, (5.47)
and the improved 1 is obtained via

o =0 460 =12, (5.48)

A flowchart that represents the algorithm of the numerical technique explained above
is shown in Figure 5.4. Using this numerical algorithm, the shape of the strongest columns

with minimum area constraint are determined, for the clamped-free and pinned-pinned
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Input KeR"" M, eR"" a"

v

A =K l-"2MI'K l.-"2i

v

n
> A= a’A,
i=1

v

Until Solve for (A — ! :'I)z =0, z")

(X

G+ i)

”a al<e

Figure 5.4: Flowchart of the numerical technique to determine the shape of the strongest
column with minimum area constraint

boundary conditions. For the case of the clamped-free column, the K matrix required as
an input for the numerical technique is obtained from (5.30). The problem is solved for
three cases where the minimum non-dimensional areas are (a) avl > 0.4, (b)av > 0.6 and
(C)V > 0.8. The results for these three cases is shown along with the strongest column
without any minimum area constraint in Figure 5.5.

It can be inferred from Figure 5.5 that as the value of the minimum non-dimensional
area av increases, a larger length of the column tends to have cross-sectional area equal

to this minimum value. Further, points along the length of the column that have cross-

sectional area greater than the required minimum area, have areas that are smaller than
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0 0.1 0.2 0.3 0.4 05 06 07 0.8 0.9 1
S

Figure 5.5: Strongest clamped-free column with minimum area constraint obtained using
n=>50,—-—al/V>04, ——al/V >0.6 and — - —al/V > 0.8

that of the optimal column without any minimum area constraint. This phenomenon seems
logical because material is added to parts of the column where the area is less than that of
the minimum required, but in order to satisfy the volume constraint this added material is
removed from rest of the column. To verify that the shape of the column obtained is indeed
the strongest, the column is given small random perturbations and the buckling load the
perturbed column is determined. These perturbations are made such that the perturbed
column does not violate both the minimum area and the volume constraint. The results of
the perturbation analysis is shown in Figure 5.6. Clearly it is evident from Figure 5.6 that

the unperturbed column i.e case one, has the maximum lowest eigenvalue.

33941 ¢
3.3941 |
3.3941}
33941 ¢

33941 ¢

0 20 30 40 50 60 70 80 90 100
Number of perturbations

Figure 5.6: Variation of the smallest eigenvalue of the strongest column with the number
of perturbations given to its optimal shape
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A similar analysis can be performed on the pinned-pinned column as well. The shape
of the strongest column with minimum area as an inequality constraint can be determined
using the algorithm given in Figure 5.4. The problem is solved for three cases where the
constraint on the non-dimensional areas are (a) avl > 04, (b)av > 0.6 and (c)avl > 0.8 and

the shapes of the strongest columns obtained are shown in Figure 5.7.

=
=

Figure 5.7: Strongest pinned-pinned column with minimum area constraint obtained using
n=>50,—--—al/V>04, — —al/V >0.6 and — - —al/V > 0.8

Perturbation analysis similar to the one performed on the clamped-free optimal column
is also preformed on the strongest pinned-pinned column, to verify that the column is indeed
the strongest. Results of this perturbation analysis is shown in Figure 5.8. As in the case of
the clamped-free column, it is evident that even for the pinned-pinned column that column
without any perturbations i.e case one, has the maximum smallest eigenvalue (see Figure
5.8).

5.5 Affine Sum for Column Buckling Using Finite Dif-

ferences Expansion of the Fourth-Order Differen-
tial Equation

Solutions of the strongest column as an affine sum using finite difference expansion
of the second-order non-dimensional differential equation has been shown in Sections 5.1,
5.2, and 5.3. This second order differential equations is in terms of the moments along the

length of the column. It is not possible to express all classical boundary conditions involving
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Figure 5.8: Variation of the smallest eigenvalue of the strongest column with the number
of perturbations given to its optimal shape

column buckling as a self-adjoint system using this second-order differential equation. The
fourth order differential equation associated with column buckling is given in (2.7) and the
boundary conditions for various classical boundaries is given in Section 2.1. This fourth-
order differential equation is in terms of displacements and thus enables us to express
all classical boundaries as a self-adjoint system. The procedure of determining optimal
columns using the fourth-order differential equation in (2.7) is given in this section. The
fourth-order differential equation in (2.7) is in terms of the moment of inertia I and can
be written in terms of the cross-sectional area a, for columns with circular cross-sections,

using (2.12) as

d? d*y d?y
where
P
A\ = 5 (5.50)

The finite difference expansion of the first term in equation (5.49) is
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(a? {,>// 1 al Wico —2(al 4 a}) yior + (0, +4al +a,) ys (5.51)

—2 (af + a12+1) Yir1 + a7 Vit

and the expansion of the second term is same as in equation (5.2). The terms yo, y_1, ¥n
and y,,1 can be obtained from the boundary conditions. The boundary conditions for a
pinned-pinned column are given in (2.11). From (2.11a) and (2.11c) we have yy = 0 and

yn = 0 respectively, and the finite difference expansion of equation (2.11b) gives

Y-1— 2y + 1
o ~0 (5.52)
from which we obtain y_; = —y;. Similarly, the finite difference expansion of (2.11d) gives
Yn—1 — 2yn + Yn+1
s -0 (5.53)
from which we obtain y,.1 = —y,_1. The set of equations in (5.51) can be written in the
form of an affine sum of symmetric matrices as
n—1
K=> oK, (5.54)
i=1
where
4 =2
-2 1
K, = , (5.55)
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K, = , (5.56)

1 -2
-2 4
and
it column
l
K; = 1 -2 1 (5.57)
_9 4 _9 — " row
1 -2 1

The second term of (5.49) which can be expanded using finite difference expansion shown

in (5.2), can be written in matrix form as

M = (5.58)

The finite difference expansion of the differential equation in (5.49) can be expressed as a

generalized eigenvalue problem of the form

(K— M)y = 0. (5.59)

To convert this generalized eigenvalue problem to the standard form of (A — AI) = 0, we
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pre-multiply equation (5.59) with M~'/2 and obtain

(M™'’K — AM~"*M) y = 0. (5.60)
Then introducing the vector
x = M2y (5.61)
in (5.60) we obtain
(M—I/QKM—V%—AI> x = 0. (5.62)
A

where the matrix A can be written in the form of an affine sum as

n—1
A=>"a M*l/QI&-M*/ﬁ. (5.63)
i=1 A,

The Lagrange function associated with the optimization problem is then defined as

L=x"Ax — Xx"x +nc’a (5.64)

where \ and p are Lagrange multipliers. At the optimal solution, the Lagrange function is
stationary or invariant with respect to both x and a. Variation of the Lagrange function
with respect to x gives the eigenvalue problem in equation (5.62) and variation with respect

to a; gives

oL
(9ai

=2axTAx+n=0 i=12....n—-1 (5.65)

The Lagrange multiplier 7 is not of any interest and can be eliminated by subtracting
the first equation of (5.65) i.e. for i@ = 1, from the rest of the equation i.e. for i =

2,3,...,n—1 and obtain

110



o
]
i
B
P2

solve for (A - /'L(;:fojx =0,

(&

&9 = _(J(lz':l)-lfln:i)

Until

G+l 1) (='+1}_'=') (i)
-] <2 EREY e

B = g0 1 g

F 3

(5.66)

Figure 5.9: Flowchart of the numerical technique to determine the shape of the strongest

column as an affine sum using the fourth order differential equation

The n — 2 equations in (5.66) and the constraint on x, i.e. x’

x = 1 can be used to

evaluate the n — 1 unknowns in the eigenvector x. Since the set of equations in (5.66) are

nonlinear, Newton’s method may be used to evaluate x and the initial guess required for

the iterative process may be obtained by solving the eigenvalue problem in (5.62). The

unknown areas a; and the eigenvalue A can be evaluated by solving the set of equations in

(5.62) and the volume constraint in (3.2). To make the numerical technique of the Newton’s
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method stable, x and a are evaluated using two separate Newton’s algorithms as shown in
the flowchart given in Figure 5.9. The Jacobian matrix that is required to evaluate x is

given by

2aoxT Ay — 2a;xT A,
2a3XTA3 — 2(11XTA1
J, = : (5.67)

2a,n_1XTAn_1 - 2a1xTA1

2x!
- - n—1xn—-1

and the Jacobian matrix required for the evaluation of a is

201 A1x 2a0A0x -+ 2a,-1A,_1X —X
Jo = (5.68)
h h e h 0

nxn

The solution of the strongest column obtained using the affine sum of the fourth-order
differential equation, along with that of the continuous model solution is given in Figure

5.10.

D | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

¢

Figure 5.10: Optimal column obtained using affine sum of the fourth-order differential
equation with n = 50 (.) and the continuous model (-)
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5.6 Optimal Pinned-Pinned Column on Elastic Foun-
dation

The solution of the strongest column using the affine sum expansion of the fourth order
differential equation may be extended to determine the shape of the optimal pinned-pinned

column on an elastic foundation.

|

x.ﬂ.

33

jfffff

(a) (k)

Figure 5.11: (a) Column on elastic foundation in its deformed configuration (b) Free body
diagram of one section of the column

Consider a column of length [ resting on an elastic foundation of stiffness k& = k(z),
with a variable cross-sectional area a = a(x), which is deformed under the applied load
P, as shown in Figure 5.11(a). The minimum static load P that the column can carry
to maintain the statically bent shape as shown in Figure 5.11(a) is known as the critical
buckling load of the column. A free-body diagram of the upper side of the column is shown
in Figure 5.11(b). Since the column is in static equilibrium, from the free-body diagram of

the column it can also be inferred that the shear force at any section of the column is
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V=— /l ky(z)dx (5.69)

Differentiating equation (5.69) once with respect to x we obtain

av

— = ky. 5.70
o = ky (5.70)
In order to derive the eigenvalue problem associated with column buckling we draw, in

view of (5.69), a free-body diagram for the small element of length dz, as shown in Figure

5.12, and upon summing the moments obtain

e et e LT T
i

Figure 5.12: Free-body diagram of a small section of the column on elastic foundation

dM dP d d
M4 (M+ 5 de )+ (P + de ) Ldw+ (V + —de dx =0, (5.71)
dx dx dx dx
which simplifies to
dM dy dy dP 9 av .,
- Z7 d —dz® = 72
dxdm+dedx+dxd:r(dm) +V :E‘I—dx = =0 (5.72)

Dividing (5.72) by dx and setting dx — 0 we obtain

dM dy
—+P=4+V=0. 5.73
dx + dx + ( )
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av
Differentiating (5.73) once with respect to x and substituting for M using (2.5) and for —

dz
using (5.70) we obtain the following fourth-order governing differential equation
d? d?y d*y

Since the governing differential equation was derived by summing the moments for a small
section of the column, the differential equation is independent of boundary conditions. In
other words the differential equation in (5.74) can be used to determine the critical buckling
load of columns on elastic foundation with any boundary conditions not just the clamped-
free configuration shown in Figure 5.11. For the special case of a column with circular

cross-section, the differential equation in (5.74) can be written in terms of area as

d? o, d%y >y k

where the definition of A is the same as in (5.50) and
E

f=ab=_— (5.76)

Finite differences is used to transform the differential eigenvalue problem in (5.75) to
an algebraic eigenvalue problem. The finite difference expansion of the fourth derivative
given in (5.51) and that for the second derivative given in (5.2) is applied to the differential
equation given in (5.75). The third term in (5.75) would yield a diagonal matrix which is

of the form

(5.77)

R

The algebraic eigenvalue problem for the case of buckling of columns on elastic foundation
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is of the form

(K+D—AM)y = 0. (5.78)

To convert this generalized eigenvalue problem to the standard form of (A — AI) = 0, we

pre-multiply equation (5.59) with M~'/2 and obtain

(M_1/2K + M—1/2D _ )\M_I/QM) y — 0 (579)

Following this, using the definition of x given in (5.61) we obtain

(Ml/QKM1/2 —|—M1/2DM1/2,—)\I> x =0, (5.80)
A B

where the matrix A can be written in the form of an affine sum that is identical to (5.63). To
determine the shape of the strongest column on an elastic foundation with pinned-pinned
boundary conditions, the optimization procedure given in Section 5.5 may be used. Since,
the matrix B in (5.80) is independent of the cross-sectional area, variation of the Lagrange
function with respect to a; is same as in (5.65). Variation of the Lagrange function with
respect to x yields the eigenvalue problem given in (5.80). The numerical method that
is to be employed to obtain the strongest column on elastic foundation is similar to the
one described in Section 5.5, but with a few minor modifications. The flowchart that
encompasses these minor modifications is given in Figure 5.13. The Jacobian matrices
required for the modified Newton’s method are given in (5.67) and (5.68).

The solution of the strongest column on an elastic foundation using the affine sum of

the fourth-order differential equation for a foundation stiffness o 73 and = 0 is shown

k
in Figure 5.14. The value of the stiffness ol 73 is the limiting value of the stiffness for
which the solution of is unimodal. This limiting value for the elastic foundation stiffness

— = 73 is identical to the case of a uniform circular column of same length and volume on

E
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Figure 5.13: Flowchart of the numerical technique to determine the shape of the strongest
column on an elastic foundation as an affine sum using the fourth order differential equation

k .
a uniform elastic foundation. For elastic foundation stiffness T > 7% a bimodal analysis,
which is out of the scope of this research, is to be performed to obtain the shape of the
optimal column. The variation of the non-dimensional buckling load as function of the

non-dimensional stiffness is shown in Figure 5.15.

The procedure for obtaining optimal eigenvalues of an affine sum was extended to solve

the more complicated problem of determining the shape of the strongest columns. The
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Figure 5.14: Optimal pinned-pinned column on elastic
k
d==0(--
and - (--)

k .
foundation of stiffness — = 7% ()

0 5 10 15 20 25 30
£
E

Figure 5.15: The buckling load of a pinned-pinned column on an elastic foundation as a
function of the stiffness
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shape of the strongest column with a minimum area constraint, was obtained by applying
finite difference expansion to the second-order governing differential equation. The shape
of the strongest pinned-pinned column on an elastic foundation, with uniform stiffness, was
obtained by applying finite differences to the fourth-order governing differential equation.

It was observed that the solution becomes bimodal beyond a certain foundation stiffness.
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Chapter 6
Concluding Remarks and Future
Work

Vibration and buckling analysis of real structures are represented by mathematical
models that are classified as differential eigenvalue problems, as natural frequencies and
buckling loads are essentially the eigenvalues of the system. FEigenvalue problems are of
immense interest and play a pivotal role not only in many fields of engineering but also
in pure and applied mathematics. Eigenvalue problems have numerous applications in the
mechanical engineering field ranging from the fundamental design application of calculating
principle stresses to more complicated applications such as stability analysis and vibration
and control. Due to the dependence of structural stability on the buckling load, it is
important for engineers to design structures such that buckling load is higher. Several
structures such as rods and beams are used to mount or support machines that apply
periodic loads. If the frequency of the applied periodic load is close to the natural frequency
of the structure, resonance is induced in the structure which eventually leads to failure. This
warrants the need for engineers to design support structures whose fundamental natural
frequency is greater that the frequency of excitation. Optimization of these structures
becomes important either when the amount of material that could be used to build these
structures is limited or when the weight of the structure is a limiting factor.

Optimization of structural properties to obtain extremum eigenvalues using the dif-
ferential eigenvalue problem is tedious because it involves the application of complicated
principles of calculus of variations. The problem in the continuous domain can be brought
to a discrete domain by using discrete models such as finite element and finite differences
that approximate the real structures. This circumvents the complicated variational analysis
of the continuous system and involves optimization of algebraic equations in the discrete

domain. This dissertation focused on determining optimal structural properties that yield
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extreme eigenvalues based on unimodal optimization in discrete domain

The initial portion of the dissertation (chapter 2) provided an extensive literature
review on buckling analysis of optimal columns in the continuous domain. Following the
work of Keller (1960) and Tadjbakhsh and Keller (1962), an in depth variational analysis
was performed for the non-dimensional second order differential equation and unimodal
solutions of the strongest column were obtained for various classical boundary conditions.
To obtain solutions for non-classical boundaries such as spring supports a discrete link-

spring model was developed in Chapter 3 and the conclusions are

e The algebraic equations required for the optimization were derived using both New-

ton’s method and the concept of minimization of potential energy.

e A recursive solution for the strongest clamped-free column was obtained by appro-

priate scaling of the volume constraint.

e The solution of the strongest clamped-free and pinned-pinned columns agrees with

that of the continuous model solution obtained by Tadjbakhsh and Keller (1962).

e [t was shown that the pinned-spring supported column has infinite optimal solutions

if the support spring at the top of the column fails.

e For the case where the support spring does not fail, a recursive solution of the optimal
pinned-pinned column that agrees with that of the continuous model solution of Keller

(1960), was obtained.

e The method to obtain the shape of the strongest pinned-spring supported column
for the case where the support spring fails was arrived at considering the continuous

model of the column.

e The clamped-spring supported column was analyzed to obtain the transition of the
shape of the optimal column from clamped-free to the pinned-pinned configurations

by increasing the support spring stiffness.
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e Analysis of the two degrees of freedom clamped-spring supported column yields the
shape of the strongest column as solutions of a polynomial expression. The true and
various auxiliary solutions were analyzed and variation of the eigenvalues with respect

to the support spring stiffness was obtained.

Optimization procedures to determine extremum eigenvalues of generic algebraic eigen-
value problem that can be expressed as a linear affine, sum were developed in Chapter 4.
Beginning with simple numerical examples, graphical method to determine optimal pa-
rameters that produce extreme eigenvalues is described. The conclusions of the analysis of

higher order systems are:

e The optimization procedure involved the setting up the Lagrange function using the
Courant-Fischer minimax theorem for symmetric matrices. The optimal solution is

then arrived at by solving a set of quadratic equations.

e Numerical and parametric examples that yield the set of quadratic equations were
solving with the aid of the eliminant. It was inferred from the examples that ob-
taining closed solutions using the eliminant becomes very tedious or sometimes even

impossible as the size of the matrices increases.

e A modified Newton-Raphson’s method that circumvents the eliminant was developed.
This new numerical algorithm not only aids in solving the set of quadratic equations

but also provides a means to converge either to the smallest or largest eigenvalue.

e Numerical examples were solved to obtain extremum eigenvalues, using the modified
Newton’s method. Perturbation analysis was performed on the solution to validate

the same.

e The optimization technique and the numerical algorithm was then extended to deter-
mine the optimal mass distribution in vibrating spring-mass system with arbitrary

soring arrangements.
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e Solutions for optimal mass distribution in vibrating spring-mass system was obtained

for various spring arrangements.

The Lagrange problem of determining the shape of the strongest column against buck-
ling can also be setup as an affine sum in squares of the unknown areas. However, since
the volume constraint which is a function of the linear sum of the unknown areas, this
problem is more complicated that that of the vibrating spring-mass system. The details of
the optimization procedure using finite difference schemes on the second order and fourth

order governing differential equations can be summarized as follows:

e The generalized algebraic eigenvalue problem associated with column buckling was
setup using finite difference expansion of both the second-order non-dimensional dif-
ferential equation which is in terms of moments and the fourth-order differential

equation in terms of displacements.

e Numerical techniques based on modifying the Newton-Raphson’s method was devel-

oped to solve the set of nonlinear optimality equations.

e Shapes of the strongest pinned-pinned and clamped-free columns were obtained and
these shapes agrees with the continuous model solutions given by Keller (1960) and

Tadjbakhsh and Keller (1962).

e As an extension of the affine sum model based the second-order differential equation,
the optimization problem was solved with minimum area constraint. The shapes
of the optimal pinned-pinned and clamped-free column with various minimum area

constraint was solved.

e The governing differential associated with buckling of column on an elastic foundation
was derived. For a given elastic foundation stiffness the optimization problem was
formulated as an affine sum using finite difference expansion of the fourth order

differential equations.
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e The strongest pinned-pinned column on elastic foundation was obtained, and the
variation of buckling load as a function of foundation stiffness was analyzed until the

point beyond which the solution does not remains unimodal.

The fundamental problem of determining physical parameters that yield extremum
eigenvalue has been studied in detail in this dissertation. The Lagrange problem of finding
the shape of the strongest column was solved using the link-spring model, the affine sum
expansion of the second and fourth order differential equations. The affine sum method
was extended to find the shape of the strongest column on elastic foundation. As an
offshoot of the affine sum optimization, a method to obtain optimal spring-mass systems
was developed.

As future research challenges, fundamental problems such as determining the shape
of rods and beams that have maximum fundamental natural frequency can be addressed.
Since the optimization procedure of affine sums is based on fundamental principles of
calculus, the procedure can extended to other discrete models such as the finite element
model in the future. The domain of the finite element model enables one to easily extend the
optimization principles to higher dimensional structures such as plates and frames. The
discrete model optimization principles developed may also have applications in optimal

control.
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