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Preface

Structural design sensitivity analysis concerns the relationship between
design variables available to the engineer and structural response or state
variables that are determined by the laws of mechanics. The dependence of
structural response measures such as displacement, stress, natural fre-
quency, and buckling load on design variables such as truss member cross-
sectional area, plate thickness, and component shape is implicitly defined
through the state equations of structural mechanics. Attention is restricted in
this text to linear structural mechanics; i.e., to structures whose governing
equations (matrix, ordinary differential, or partial differential) are linear in
the state variables, once the design variable is fixed. Since design variables
appear in the coefficients of linear operators, however, the state equations
are nonlinear as functions of state and design. The mathematical challenge is
to treat the nonlinear problem of design sensitivity analysis with methods
that take advantage of mathematical properties of the linear (for fixed de-
sign) state operators.

A substantial literature on the technical aspects of structural design sensi-
tivity analysis exists. Some is devoted directly to the subject, but most is
imbedded in papers devoted to structural optimization. The premise of this
text is that a comprehensive theory of structural design sensitivity analysis
for linear elastic structures can be treated in a unified way. The objective of
the text is to provide a complete treatment of the theory and numerical
methods of structural design sensitivity analysis. The theory supports opti-
mality criteria methods of structural optimization and serves as the founda-
tion for iterative methods of structural optimization. One of the most com-
mon methods of structural design involves decisions made by the designer,
based on experience and intuition. This conventional mode of structural

xili
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design can be substantially enhanced if the designer is provided with design
sensitivity information that explains what the influence of design changes
will be, without requiring trial and error.

The advanced state of the art of finite element structural analysis provides
a reliable tool for evaluation of structural designs. In its present form, how-
ever, it is used to identify technical problems, but it gives the designer little
help in identifying ways to modify the design to avoid problems or improve
desired qualities. Using design-sensitivity information that can be generated
by methods that exploit the finite-element formulation, the designer can
carry out systematic trade-off analysis and improve the design. The numeri-
cal efficiency of finite-element-based design sensitivity analysis and the
emergence of interactive graphics technology and CAD systems are factors
that suggest the time is right for interactive computer-aided design of struc-
tures, using design sensitivity information and any of a variety of modern
optimization methods. It is encouraging to note that as of September 1983,
the MacNeal - Schwendler Corporation introduced one of the design sensi-
tivity analysis methods presented in Chapter 1 in NASTRAN finite element
code. It is hoped that this represents a trend that will be followed by other
codes.

In addition to developing design sensitivity formulas and numerical
methods, the authors have attempted to present a unified and relatively
complete mathematical theory of structural design sensitivity analysis. Re-
cent developments in functional analysis and linear operator theory provide
a foundation for rigorous mathematical analysis of the problem. In addition
to fulfilling one’s instincts to be accurate, complete, and pure of heart, the
mathematical theory provides valuable insights and some surprisingly prac-
tical results. The mathematical theory shows that positive definiteness (actu-
ally strong ellipticity) of the operators of structural mechanics for stable
elastic structures is the property that provides most of the theoretical results
and makes numerical methods work. In the case of repeated eigenvalues,
which are now known to arise systematically in optimized designs, the theory
shows that repeated eigenvalues are not generally differentiable with respect
to design, but are only directionally differentiable. Erroneous results that
have appeared in the literature under the assumption of differentiability can
now be corrected. Since such pathological problems and dangers lurk in
broad classes of optimum structures, it is hoped that the mathematical tools
presented in this text will help in constructing truly optimum structures that
do not have mathematically induced flaws.

The authors have attempted to write this text to meet the needs of both the
engineer who is interested in applications and the mathematician and theo-
retically inclined engineer who are interested in the mathematical subtleties
of the subject. To accomplish this objective, each chapter has been written to
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first present formulation, examples, method development, and illustrations,
with theoretical foundations contained in the last section of each chapter.
The intent is that the first sections of each chapter will meet the needs of the
applications-oriented engineer and will clearly define the structure of prob-
lems for the mathematician. The theoretically oriented sections presented at
the end of each chapter provide proofs of results that are cited and used in
earlier sections.

The book is organized into four chapters. The first three treat distinct types
of design variables, and the fourth presents a built-up structure formulation
that combines the other three. The first chapter treats finite-dimensional
problems, in which the state variable is a finite-dimensional vector of struc-
tural displacements and the design variable is a finite-dimensional vector of
design parameters. The structural state equations are matrix equations for
static response, vibration, and buckling of structures and matrix differential
equations for transient dynamic response of structures, with design variables
appearing in the coefficient matrices. Examples treated include trusses,
frames, and finite-element models of more complex structures. Both direct
design differentiation and adjoint variable methods of design sensitivity
analysis are presented. Computational aspects of implementing the methods
in conjunction with finite-element analysis codes are treated in some detail.
The mathematical complexity of this class of finite-dimensional problems is
minimal, with the exception of the repeated eigenvalue case, in which some
technically sophisticated issues arise.

The second chapter treats infinite-dimensional problems, in which the
state and design variables are functions (displacement field and material
distribution) and the structural state equations are boundary-value problems
of ordinary or partial differential equations. Examples treated include
beams, plates, and plane-elastic-solid structural elements. The adjoint vari-
able method of design sensitivity analysis is developed, and design deriva-
tives of eigenvalues are derived. Computational aspects of design sensitivity
analysis, using the finite-element method for solution of both state and
adjoint equations, are considered. Analytical solutions of simple examples
and numerical solutions of more complex examples are presented. Proofs of
differentiability of displacement and eigenvalues with respect to design are
given, using methods of functional analysis and operator theory.

Structural components, in which shape of the elastic body is the design, are
treated in Chapter 3. The material derivative idea of continuum mechanics
is used to predict the effect of a change in shape on functionals that define
structural response. The adjoint variable method is used to derive expres-
sions for differentials of structural response as boundary integrals that in-
volve normal perturbation of the boundary. A similar treatment of shape
design sensitivity of eigenvalues is presented. Examples that involve the
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length of a beam and the shapes of membranes, plane and spatial elastic
solids, and plates are studied. Numerical methods that are based on parame-
terization of shape and the finite-element method of structural analysis are
presented. Finally, proofs of structural response differentiability with respect
to shape are presented.

The fourth amd final chapter treats built-up structures that are composed
of the coupled finite-dimensional components treated in Chapter 1, the
distributed components with design functions treated in Chapter 2, and the
components with variable shape treated in Chapter 3. Hamilton’s principle
is used as the underlying basis of mechanics, directly yielding the variational
formulation of structural state equations. Design sensitivity analysis
methods of the first three chapters are employed to predict the effect of
design variations in the three respective design variable types. The adjoint
variable method is used to develop a unified formulation for representing
response variations in terms of variations in design. Numerical methods for
calculating design sensitivities, using the finite element of structural analysis,
are presented. Examples that involve coupled plate —beam - trusses, variable
shape and thickness components, and a spatial structure that is composed of
plane elastic sheets are studied.

A final comment on notation used in this text is in order here. The
structural engineer may be frustrated to find that conventional notation of
structural mechanics has not always been adhered to. The field of design
sensitivity analysis presents a dilemma regarding notation since it draws
from fields such as structural mechanics, differential calculus, calculus of
variations, control theory, differential operator theory, and functional anal-
ysis. Unfortunately, the literature in each of these fields assigns the same
symbol for a different meaning. For example, the symbol 4 is used to desig-
nate virtual displacement, total differential, variation, Dirac measure, and
other unrelated qualities. Since two or more of these uses will often be
required in the same equation, some notational compromise is required.
The authors have adhered to standard notation except where ambiguity
would arise, in which case the notation employed is defined. Principal nota-
tion is defined in Appendix A.4.

The authors wish to express their gratitude to the National Science Foun-
dation and NASA Langley Research Center for continuing support of the
research that made this text possible. The authors appreciate their former
students, especially J. W. Hou, H. L. Lam, H. G. Lee, H. G. Seong, R. J.
Yang, and Y. M. Yoo, and colleagues R. L. Benedict, J. Cea, B. Rousselet,
and J. P. Zolesio for their contributions. Finally, special thanks to Mrs. R. L.
Huff, C. M. Mills, S. D. Lustig, and M. T. Arganbright for patience in
drafting and refining the manuscript.
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Finite-Dimensional Structural
Systems

Development of finite element methods for structural analysis during the
1960s was preceded by a more physically based theory of matrix structural
analysis pioneered by Pipes [1], Langhaar [2], and a group of engineers
concerned with applications. A formal distinction that can be drawn between
finite element theory [3-6] and the theory of matrix structural analysis is the
viewpoint taken in modeling the structure. In the case of matrix structural
analysis, the structure is imagined to be dissected into bite-size pieces, each of
which is characterized by a set of nodal displacements and an associated
force-displacement relationship. In contrast, if a continuum viewpoint is
adopted, the displacement field associated with the structure is charac-
terized by a set of differential equations of equilibrium and applied loads. The
finite element technique is based then on piecewise polynomial approxi-
mation of the displacement field and application of variational methods for
approximating solutions of the governing boundary-value problems. The
finite element approach is employed throughout this monograph.

This chapter concentrates on a class of structures that can be described
readily by finite element matrix equations. Basic ideas of the finite element
structural analysis method are presented in Section 1.1, which includes a
discussion of variational principles upon which derivation of structural
equations is based. These basic ideas are used in the following sections to
carry out design sensitivity analysis of static response, eigenvalues, and
dynamic response of structures. Both first- and second-order design sensi-
tivity analysis techniques are developed, and examples are presented. An
important problem associated with repeated eigenvalues that arise in design
optimization is analyzed. It is shown that for this class of problems the

1



2 1. FINITE-DIMENSIONAL STRUCTURAL SYSTEMS

eigenvalue is not a differentiable function of the design, but is only
directionally differentiable. Finally, first-order information derived from
design sensitivity analysis is employed to obtain projected gradients that
allow the designer to do trade-off analysis.

1.1 FINITE-ELEMENT STRUCTURAL
EQUATIONS

The finite-element structural analysis approach is introduced in this
section, using beam, truss, and plate elements as models. Apart from more
intricate algebra associated with more complex elements, the basic approach
in deriving element equations is identical to that illustrated in this section.

1.1.1 Element Analysis

Finite-element methods of structural analysis require a knowledge of the
behavior of each element in the structure. Once each element is described, the
governing equations of the entire structure may be derived. Energy methods
are used to obtain the governing equations. In order to apply energy
theorems for analysis of a structure, the strain energy, kinetic energy, and
change in external dimensions due to bending must be described. The basic
idea is to select element displacement functions that are of the form expected
in structural deformation and that are uniquely specified when displacements
at the nodes of the element are known.

BEAM-ELEMENT STIFFNESS MATRIX

A typical planar beam element, with its displacement sign convention, is
shown in Fig. 1.1.1. This displacement coordinates gq,, q,, q,, and g5 are
components of endpoint displacement, and ¢, and g, are endpoint rotations.
The longitudinal displacement of a point x on the beam (0 < x < ) due to
longitudinal strain is approximated by

s(x) = —ql("—l_ﬁ + q4% (L.1.1)
9 a5
t  f
\
q| —q;j..x qs)—DCM

Fig. 1.1.1 Planar beam element.
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which is exact for a beam element with constant cross section and no axial
distributed load. It should be emphasized that the longitudinal displacement
s(x) is due to only longitudinal strain in the beam and not to the change in
length caused by the lateral displacement w(x).

Lateral displacement of the beam at a point x is approximated by

w(x) = %(2:& —3Ix? + P) — q—;(2x3 ~ 3Ix?)

+‘;§(x —2Ix? 4 IPx) + ?;(x - Ix?) (1.1.2)

which is exact for beam elements with constant cross section and no lateral
distributed load. The strain energy SE due to deformation of the beam is

[1-6]
ds d*w\?
=1 d d
o [re() 1 (22 o
¢ 2
=%Jh1-:<“7‘—%) dx+%JEl[%(12x 6l ——(12x 6l)
0 0

2
93 6x — a) + 26 ‘16 (6x — 21) | dx (1.1.3)
12

where h is the cross-sectional area of the beam, I the second moment of the
cross-sectional area about its centroidal axis, and E Young’s modulus of the
material. Carrying out the integrations in Eq. (1.1.3), the following quadratic
formin g =[q; q; ... g¢]" is obtained:

SE = 4qTkyq (1.1.4)

where kg is the beam element stiffness matrix,

W2 0 o0 W 0 0
121 6 O —121 6l
E a1 0 -6l 2PI
e 1.1.
k B Rz 0 0 (1.1.3)
symmetric 121 =6l
i a1 |

TRUSS-ELEMENT STIFFNESS MATRIX

If bending effects are neglected, a truss element is obtained for which only
coordinates q, and g, of Fig. 1.1.1 influence the strain energy. In this case,
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the strain energy is as given in Eq. (1.1.4), but with the truss-element stiffness
matrix

— |
oo
o O O

(1.1.6)

= 2 =R

symmetric

I_OOOOOOI

Note that only ¢q, and g, have any effect on truss-element strain energy.
While g, and g4 need to be retained in the analysis, since the truss element
does not bend, q; = g, = (g5 — ¢,)/l, and these rotation variables may be
suppressed. Note also that k; is only of rank 1.

PROPERTIES OF BEAM- AND TRUSS-ELEMENT
STIFFNESS MATRICES

It is important to note that the beam-element stiffness matrix of Eq. (1.1.5)
depends on the length / of the beam element, the cross-sectional area h, and
the moment of inertia I of the cross-sectional area. If cross-sectional
dimensions of the beam element are taken as design variables, as is the case
when structural-element sizes are regarded as design variables, the element
stiffness matrix depends on the design variables. If geometry of the structure
is varied, then the length [ of the element depends on the design variables and
is also involved in a nonlinear way in the element stiffness matrix.

Somewhat more tedious computations will show that the element stiffness
matrix of Eq.(1.1.5) is positive semidefinite and of rank 3. The rank of the
matrix is associated with the physical observation that there are three rigid-
body degrees of freedom of the element shown in Fig.1.1.1. That is, it is
possible to move the element in the plane with three kinematic degrees of
freedom, yielding no deformation and hence no strain energy. On the other
hand, if the left end of the beam element shown in Fig. 1.1.1 were fixed (i.e.,
q, = q, = q; = 0), then the strain energy calculated by Eq. (1.1.4) would be
positive definite in the variables q,, ¢, and g,. This simple observation has a
nontrivial analog in analysis of more complex structures, As will be shown
throughout this text, positive definiteness of the system strain energy when
no rigid-body degrees of freedom exist plays a crucial role in the mathemat
ical theory of design sensitivity analysis.
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BEAM- AND TRUSS-ELEMENT MASS MATRICES

The kinetic energy of the beam element, neglecting rotatory inertia of the

beam cross section, is [1-6]

! ds\? [dw\?
-1 a5 juldd
ke =4 o (5) + (@) Jo
! Cfx =1 xR
= %f PRl —di\——) + da7
. I I
+ I:C}—z(Z)c3 —-3Ix? +P) + 4—5(2x3 — 3Ix?)
B B

q q 2
+ T}(x3 —2x? + Ix) + 72—6—(x3 - 1x2)] }dx

(1.1.7)

where p is mass density of beam material and the dot over the variable ()

denotes time derivative. Carrying out the integration,

KE = 44"my
where my is the beam-element mass matrix,

(140 0 0 70 0 0 |

156 221 0O 54 —13]

_ phl a0 13 -3P

™8 = 120 140 0 0

symmetric 156 —-221

L. 412 -

i

(1.1.8)

(1.1.9)

Since kinetic energy of the beam element is positive if any ¢; # 0, it is
expected that my is positive definite, hence nonsingular. These properties can

be verified analytically.

To obtain a truss element, bending is neglected and w(x) =
q; + (g5 — q,)x/l. Integration of Eq. (1.1.7) yields a quadratic form, as in

Eq. (1.1.8), but with the truss-element mass matrix

2 0 0 1 0 0
20010

L _ Pl 0000
T 6 200
symmetric 2 0

L 0.-

(1.1.10)
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Note that ¢, and ¢, are suppressed in the kinetic energy expression and are
not needed in truss analysis. The velocities ¢, and ¢, however, play an
important role. Since the third and sixth columns of m; are zero, the matrix is
singular, In fact, m; is only of rank 4. Note also, as in the case of strain

energy, the area h and length / may depend on design variables.

BEAM-ELEMENT GEOMETRIC STIFFNESS MATRIX

Shortening Al of the beam element due to lateral bending is [1-6]

1 2771/2
AI=I—J[1—<@—>] d
0 dx

2

! dw 2
77
) o

13

2
+ %(3x2 —Alx + P) + %2§(3x2 - 2lx)J dx

Carrying out the integration,

X

1
L f [q—z(sxz — 6lx) — (11—35(6x2 — 6lx)
0

0

Al = q'dpq
where dy, is the beam-element geometric stiffness matrix,
00 0 0 0
3 1 3
s 0 Ty
l 1
o 0 T
dg =
0 0
tri 3
Symi -
Y’ etric 5 l

PLATE-ELEMENT STIFFNESS AND MASS MATRICES

(1.1.11)

(1.1.12)

(1.1.13)

Similar arguments can be applied to plate bending elements to obtain
element stiffness and mass matrices. One of the displacement functions that is
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commonly used to calculate stiffness properties of rectangular plates in
bending is of the form

w(x, y) = N(x, y)q (1.1.14)
where the sign convention of the nodal displacement coordinates
g=1[0q; 9, --- q;,1" (1.1.15)

is illustrated in Fig. 1.1.2 and the vector shape function N(x, y) is given by

[1— & — (3 =298 —n) — (1 = O3 = 2nn?]
(1 = &l — n)p
—&1 - &*(1 -
(1= &3 = 2mn? + &1 — &)1 = 28y
~(1 = &1 — B
— &1 - &na
(3 — 288 — &n(l — n)(1 — 2n) (1.1.16)
—&1 — nn*p
(1 — &)Ena
(3 = 2821 — n) + En(t — n)(1 — 2n)
En(1 — n)*B
(1 — &EHL ~ pa |

]

NT

where
E=x/a, n=y/p (1.1.17)

The displacement coordinates q,, q,, ¢,, and q,, are components of
corner-node displacements, while q,, g3, g5, g6, and gz, 4o, 4;,, and q,, are
corner-node rotations. The displacement function represented by
Egs. (1.1.14) and (1.1.16) ensures that the boundary displacements of ad-
jacent plate elements are compatible. However, rotations of the element

w(x,y)

Fig. 1.1.2 Rectangular plate element,
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edges on a common boundary are not compatible. Consequently, discon-
tinuities in first derivatives of displacement exist across element boundaries.

Integration of specific strain energy over the plate element results in the
following plate-element stiffness matrix [7]:

Eh? [k symmetric
ko= | M (1.1.18)
F 12(1 - "2)“ﬁ ‘vkl],l kn,u 12x12

where E is Young’s modulus, v Poisson’s ratio, and the 6 x 6 submatrices k, |,
ky.1» and ky;  are presented in Tables 1.1.1-1.1.3. Similarly, the element mass
matrix of the plate bending element is given by Eq. (1.1.19) (see page 10),
where p is mass density of plate material. Note that both stiffness and mass
matrices depend on material properties and plate thickness, which may be
taken as design parameters.

STRESS IN ELEMENTS

Once element-generalized coordinates are determined, the displacement
shape functions employed in derivation of the element matrices yield
deformation throughout the element. Knowing deformation, strain can be
calculated, and stress can be computed. This is important, since one of the
principal constraints in structural design involves bounds on stress in the
structure, Following elementary beam theory, at the neutral axis of a beam
element no bending strain occurs, and axial strain is simply

e =ds/dx = (q, — q,)/! (1.1.20)

where the definition of axial deformation s is given in Eq. (1.1.1). Using the
linear stress—strain law for simple axial deformation,

¢ = E¢ (1.1.21)

where E is Young’s modulus. Direct stress on the neutral axis of the beam,
from Egs. (1.1.20) and (1.1.21), is

o, = E(q, — q,)/1 (1.1.22)

Note that direct stress depends only on material properties, dimensions, and
displacements. It does not depend explicitly on cross-sectional properties.

From elementary beam bending theory, bending stress at the extreme fiber
of the beam element [2] is

d?*w(x)
dx?

where w is lateral deflection of the element and d the half-depth of the beam.

o,(x) = Ed (1.1.23)




Table 1.1.1.
Submatrix k, | for Rectangular Plates in Bending, Based on Noncompatible Deflections

47 + 377 + 414 - )

symmetric
[y + 40+ 48 (72 + 501 - B
—[27? + 40 + 4 —vaf 5 + 1501 - W]e?
A2~ - K14 = 4) —[72+E0 - MIB [=7 + 5L+ e 407 + 77D + 414 — ay)
{2772+ 41~ w8 3r~? = &0 - 1p? 0 —[2y? + 40+ 1B 577 + 50 - 1p?
[=7* + 401 + M)]a 0 B~ 50 -l -2y + 31 + )] vop [$r* + &(1 — v)o?
Table 1.1.2

Submatrix k; , for Rectangular Plates in Bending, Based on Noncompatible Deflection

=207 +y ) + 414 - a4y  [—y 2+ 40 -v)]B [y — (1 — v)]a =22y -y ) -4 -4 [y +EL+ MW (29 + 41 - V)
"2 -4 -v1p 2 + 50 - v1p? 0 [—y72 + 41+ 4v)B ™ = &0 - 0
[—y* + 101 — w18 0 [y? + 5501 — v))o? -[2y* + 41 - V)]« 0 [3y* — f5(1 — v))e?

=22 =y —414 -4y DT+ 2P +A0-vle -207 477 + 414 - 4y) 2 -4 -vIp [r* - 41 — v«

b - 1+ 418 2 = {50 - f? 0 [-y"2+40 - W)B Hy™? + (1 — v1B? 0
-[2y* +3(1 = V)]« 0 [3? — (1 — v)]o? (=7 +4(1 = ¥)]a 0 Oy? + #5(1 — v)]e?




Table 1.1.3
Submatrix k,, ;; for Rectangular Plates in Bending, Based on Noncompatible Deflections

Ay + 77 + 414 — 4y

—2t 4 M+ A1 [T+ A — B symmetrie
[27? + 40 + 4v)]a —vaf % + %01 — v]o?
20 =y —Hld—dy) [T +40-vIF [P - +]a 40P +yTH + 414 - )
—[2y7? + 41 -8 (B2 — &0 - v]p? 0 [2y7% + 41 + 418 72 + &0 -1
[* =41 + 4o 0 By — {501 — v)]e? [2y% + (1 + 4v)]a vaf (37" + %501 — v]e?
[ 24,178 l
32278 56082
—3227a —44l0f 56002
8582 19188 —1393« 24,178 symmetric
—19188 —4208°? 29408 —32278 56042
_ pafh | —1393x —294af 2800% —3227a 44108 56002 (1.1.19)

PT176400 | 2758 8128 —812a¢ 8582 —13938 —1918x 24,178
_8128 —2108% 19618 —13938 280  294af —32278 560>
812a 1960 —2100®> 1918x —294af —420a> 3227a —44lof  560a°
8582 13938 —1918«a 2758 —8128 —812« 8582 —19188 1393x« 24,178
13938 28082 —2940f 8128 —21082 —196xf 19188 —4208> 294af 3227p
19180  2940f —420a? 8120  —196af —21002 1393x —2940f 2800 3227 |
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Using Eq.(1.1.2), the bending stress may be written explicitly as
oy(x) = Ed[q,(12x — 61)/1* — g4(12x — 61)/1
+ q4(6x — 4N)/I* + g4(6x — 21)/1%] (1.1.24)

Note that bending stress depends on displacements and on the half-depth of
the beam, which generally will be explicitly dependent on design variables.
Thus, bending stress depends both on displacements and on design variables.

Presuming that the half-depth of the beam is the same on both the positive
and negative sides of the neutral axes, stresses at the extreme fibers may be
written, using superposition, from Egs. (1.1.22) and (1.1.24) as

=041 q, (1.1.25)

where the sign depends on whether the extreme fiber is at the top or the
bottom of the beam. Using Eq.(1.1.25), the maximum stress arising in a
beam element may be calculated and a constraint placed on its magnitude for
design. Note also that in the absence of bending (i.e., in a truss element), only
the direct stress given by Eq. (1.1.22) arises.

1.1.2 Global Stiffness and Mass Matrices

The total strain and kinetic energies of a structure may be obtained by
summing the strain and kinetic energies of all elements that make up the
structure. Before a meaningful expression for total system strain and kinetic
energy may be written, it is first necessary to define a system of global
displacements of all nodes in the structure, relative to a global coordinate
system. Let z, € R" denote this global displacement vector. (Use of the symbol
z for structural displacement is selected here and throughout the text, rather
than the more conventional symbol u. This is due to the use of u as a design
variable function later in the text, a convention that is adopted from control
and optimization theory.)

TRANSFORMATION FROM LOCAL
TO GLOBAL COORDINATES

Since the individual elements of the structure have their own inherent
displacement coordinates relative to a body-fixed coordinate system, as in
Figs. 1.1.1 and 1.1.2, displacements must first be transformed from the
element’s body-fixed coordinate system to a coordinate system parallel to the
global coordinates. Let ¢' denote the vector of nodal displacement co-
ordinates of the ith element in its body-fixed system. A rotation matrix S' may
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be defined to define these local displacement coordinates in terms of global
coordinates, denoted §'; that is,

g = Si§ (1.1.26)

The transformed element displacements now coincide with components of
the global displacement vector z,. Therefore, a Boolean transformation matrix
B! may be defined, consisting of only zeros and ones, that gives the relation

§ = Bz, (1.1.27)

Note that if §' is an r-vector and z, is an n-vector (n > r), then flisanr x n
matrix that consists only of r unit components, with zeros as the remaining
entries.

GENERALIZED GLOBAL STIFFNESS MATRIX

Denoting the ith element stiffness matrix as k', strain energy in the ith
element may be written as

SE' = 14"kiq! (1.1.28)
Substituting from Egs. (1.1.26) and (1.1.27), this is
SE' = 44" S"K'S'G' = 12187 ST KISz, (1.1.29)

The strain energy of the entire structure is now obtained by summing the
strain energy over all NE elements in the structure, to obtain

N

E
SE = %ZII: y B"TSiTk"S‘f}‘:IZg

i=0
= 32K, 2, (1.1.30)

where K, is the generalized global stiffness matrix,
NE N - : Iy
K, =Y BS"kS'p (1.1.31)

i=1

REDUCED GLOBAL STIFFNESS MATRIX

If all boundary conditions associated with the structure have been imposed
so that no rigid-body degrees-of-freedom exist, then the generalized global
stiffness matrix K, is positive definite, denoted simply by K, and is called the
reduced global stiffness matrix. However, if the generalized global stiffness
matrix is assembled without consideration of boundary conditions, it will
generally not be positive definite. It is important to make this distinction, as
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will be seen later, since many formulations and computer codes use matrix
methods that employ the generalized global stiffness matrix and impose
constraint conditions during the solution process. They do not explicitly
eliminate dependent displacement coordinates, so the positive definite re-
duced global stiffness matrix K is not constructed and thus is not available
for design sensitivity calculations.

GENERALIZED GLOBAL MASS MATRIX

As in the case of strain energy, the kinetic energy of the ith element may be
written in terms of generalized velocities. Since the matrices S* and B' do not
depend on generalized coordinates,

g =S4q (1.1.32)
q=p's, (1.1.33)
Using these relationships, the kinetic energy of the ith element may be
written as
KE' = 44"mig = 1§"S"m'S'q" = 121p7S"m'S'p'z,  (1.1.34)
Summing the kinetic energy over all elements, the total kinetic energy for
the system is

NE
KE = %z"{[ > ﬁ‘TSETmiS"ﬁ‘:Iz'g

i=1
= 1:TM, 3, (1.1.35)

where M, is the generalized global mass matrix,
NE . . . :
M, =Y B'S"mS'p’ (1.1.36)
i=1

Presuming that all structural elements have mass, it is impossible to obtain a
nonzero velocity without investing a finite amount of kinetic energy.
Therefore, a global system mass matrix will always be positive definite.

REDUCED GLOBAL MASS MATRIX

If boundary conditions have been taken into account before the global
displacement vector is defined, the reduced global mass matrix will be denoted
M, as in the case of the corresponding reduced global stiffness matrix K.

Note that the global stiffness and mass matrices depend on design
variables that appear in the element stiffness and mass matrices, in the case of
member size design variables, and on geometrical design variables that
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appear in the rotation matrices S'. It is clear that the dependence of global
stiffness and mass matrices on geometric variables is much more complex

1. FINITE-DIMENSIONAL STRUCTURAL SYSTEMS

than the dependence on member size design variables.

ELEMENTARY EXAMPLE

As a simple example to illustrate use of the foregoing transformations,
consider the two-bar truss of Fig. 1.1.3. Since rotations at the ends of the
truss elements do not arise in either the strain or kinetic energy expressions,
they are simply suppressed. The transformations between body-fixed and

globally oriented element displacement coordinates are

it

F sinf cos@ 0 0
—cos 8 sing 0 01,
0 0 sin 6 cos()q
L 0 0 —cos@ sin@
Slél
[ cosf —sin@ 0O 0
—sinf —cosf O 0
0 0 cosf —sind
i 0 0 —sinf —cos @

Fig. 1.1.3 Two-bar truss.
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The transformations between globally oriented element coordinates and

global coordinates are

(= = I
S O = O
(= = R

Iooo'_jh;[_oOﬁo

SO = O
O O O O
(= R e B

=
[¥]
N

g

o O O O
(=]

S = O O

L'—-OOO,

Using these transformations and the expressions of Eqgs. (1.1.31) and
(1.1.36) for the generalized global stiffness and mass matrices [see page 16 for

Eq. (1.1.37)],

-2(P1h1 + pzhy) 0
2(pih; + pohy)

symmetric

p1hy
0
2p.h,

0

pihy
0

2p,h,

p2hy
0
0
0

2p;3h,

0
p2h,
0
0
0
2P2hz_

(1.1.38)

If the pin joints at the top of the truss are fixed, then boundary conditions
for this structure are z; =z, = z5 = z, = 0. Imposing these boundary
conditions, the strain and kinetic energies are obtained in terms of only two
displacement coordinates, z; and z,. This amounts to deleting rows and
columns corresponding to specified displacement coordinates in the genera-
lized global stiffness and mass matrices of Egs.(1.1.37) and (1.1.38). As a
result, the reduced stiffness and mass matrices are obtained as

1[ (E\h; + E,hy)cos?0  (Eh, — E,h,)sinfcos 6

K==
1| (E,hy — Eyhy)sinfcos@  (E h, + E,h,)sin?0
M = £|:Plh1 + p2h, 0 :|
3 0 pihy + pyhy

]

(1.1.39)

(1.1.40)



i

—

(E,h, + E,hy)cos? 0 (E,h, — Eyhy)sin6cos —E,h, cos? 6
(E h, + E;h;)sin* 0
E h,cos? 0

symmetric

—E,h,sinfcos@ —E h,sin*>0

—E h,sin0c¢osf —E,h,cos?8

E,h,sinfcos§ 0
E h,sin’ @ 0
E,h,cos* 0

—E;h,sin@cos@ —E,h,sin? 0

E,h,sinfcos6 |

0
0
—E,h,sinf@cos @
E,h,sin?6

(1.1.37)
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Note that while the generalized global stiffness matrix K of Eq. (1.1.37) is
singular (in fact it has rank deficiency 4), the reduced stiffness matrix K of
Eq.(1.1.39) is positive definite.

While this two-bar truss is a trivial example, it illustrates a systematic
procedure for assembling global stiffness and mass matrices. Since this
assembly process is systematic, numerous computer codes have been de-
veloped to automate the process of constructing K, and M,. Depending on
the nature of the boundary conditions in the problem, it is possible to
systematically collapse the generalized global stiffness and mass matrices to
reduced global stiffness and mass matrices K and M, as was done in this
example. In many applications, however, more complicated constraints
among generalized coordinates arise (e.g., multipoint constraints), making
the reduction process nontrivial. Numerical techniques, including systematic
reduction and application of Lagrange multipliers, are used in such problems
[4,5,7].

1.1.3 Variational Principles of Mechanics

POTENTIAL ENERGY

Structural systems considered in this chapter are conservative in nature;
that is, the work done by a system of applied forces in traversing any closed
path in displacement space must be equal to zero. Denoting by F, a vector of
force components that are consistent with the global displacement vector z,,
this condition is

LFJ dz, =0 (1.1.41)

where C is any closed path in the space of displacement-generalized
coordinates. As is well known [2], an analytical condition for a force field
F(z)) = [F,, ... F,,]" to be conservative is that

OF 302, = OF oz,  bj=1,...,n (1.1.42)

Presuming that the force field F(z,) is conservative, there exists a potential
energy function PE(z,) such that

Fz) = —0PEfoz;, i=1,...,n (1.1.43)

For a constant applied force F,, the condition of Eq. (1.1.42) is trivially
satisfied, and the potential energy may be written as

PE = —Flz, (1.1.44)
It may be verified that Eq. (1.1.43) holds in this case.
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Consider next a situation that arises in the case of buckling of structures, in
which displacement at the point of application of a constant applied load P is
given as a quadratic form in displacement z,. This is indicated in Eq. (1.1.12)
for a beam element, where

A=14D,: (1.1.45)

g27g7e

It is presumed that the global geometric stifiness matrix D, has been
transformed to symmetric form, which is always possible for a quadratic
form. The potential energy of the load P is thus

PE = —PA = —%ngDgzg (1.1.46)
where the sign convention has P and A measured positive in the same
direction.

For conservative mechanical systems, it is possible to obtain a potential
energy function associated with all applied loads. The total potential energy
of a structural system is defined as the sum of the strain energy of the
structure and the potential energy of the applied loads; that is,

TPE = SE + PE (1.1.47)

For linear structural systems, the strain energy is given by the quadratic form
of Eq.(1.1.30), and the potential energy of the applied loads is the sum of
terms arising in Eqs. (1.1.44) and (1.1.46). The total potential energy can thus
be written as
P
TPE = 3z]K, .z, — Fjz, — =z1D,z (1.1.48)

2388

THEOREM OF MINIMUM TOTAL POTENTIAL
ENERGY

Denoting by Z the vector space (see Appendix A.2) of kinematically
admissible displacements for the structural system (presuming homogeneous
boundary and interface conditions), the following theorem of minimum total
potential energy [2, 7] is true.

THEOREM 1.1.1 (minimum total potential energy) The displacement z, € Z
that occurs due to an externally applied conservative load acting on an
elastic structure minimizes the total potential energy of the structural system,
over all kinematically admissible displacements.

It is important to note that this statement of the theorem of minimum total
potential energy does not require that the displacement coordinates z,
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(i =1,...,n) be independent. However, it is presumed that they are related
by homogeneous linear equations. While this limitation is not essential in the
theory of structural mechanics, it is adequate for the purposes of this text.

LAGRANGE’S EQUATIONS OF MOTION

The second major variational principle of structural mechanics employed
here provides a variational form of the equations of motion of a dynamic
system. Presuming that the applied forces F, depend only on time [i.e.,
F, = F(t)], the Lagrangian of a dynamic system may be defined as

L = T¢,, ) — TPE(z) (1.1.49)

where T{(Z,, Z,) 1s the kinetic energy of the system, which is a quadratic form in
Z,. The Lagrangian for a linear structural system, neglecting the effect of the
last term in Eq. (1.1.48), is

= LTM,z, — 421K, z, + ZIF, (1.1.50)

In terms of the Lagrangian, the motion of a conservative structural system
with a subspace Z of kinematically admissible displacements may be
characterized by the following theorem [8].

THEOREM 1.1.2 (variational form of Lagrange’s equations) The equations of
motion of a conservative structural system, for z(t) in the space Z of
kinematically admissible displacements, may be written in the form

" d/oL oL
,-; [E(@) - gj]zsi(f) =0 (1.1.51)

gt

which is valid for all virtual displacements Z,(t) that are consistent with
constraints [i.e., Z(t)e Z].

The notation Z, as a virtual displacement is used here in place of the more
conventional dz,. This and related departures from conventional structural
mechanics notation are selected to avoid ambiguity and excessive use of the
symbol 6, which appears later as a total differential, the Dirac-é operator,
and in other mathematical contexts.

This variational form of Lagrange’s equations of motion is valid even for
dependent state variables. In case kinematic admissibility conditions have
been employed to algebraically reduce the global displacement vector z, to
independent form (of dimension m), so that M, = M and K, = K are the
reduced global mass and stiffness matrices for the system, Eq. (1.1.51) may be
written in the reduced form

d (oL oL
d(oL) oL _ -1 1.1.52
dt<8z".> o, % i=L.em (1152
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It is critical to verify that the displacement coordinates z; are independent
before Eq.(1.1.52) is employed. This form of Lagrange’s equations of motion
is invalid if the displacement coordinates are dependent.

1.1.4 Reduced Matrix Equations
of Structural Mechanics

DISPLACEMENT DUE TO STATIC LOAD

Consider the case of a linear structural system described by reduced global
stiffness and mass matrices K and M and externally applied loads F. For
such a system, kinematic constraints have been used to eliminate dependent
displacement coordinates, thus yielding an independent reduced displacement
vector z. In this case, the theorem of minimum total potential energy requires
that at the position of equilibrium, the gradient of the total potential energy
must be equal to zero. Using Eq. (1.1.48), with P = 0,

Kz=F (1.1.53)

Further, with boundary conditions and interface conditions explicitly elim-
inated, the reduced global stiffness matrix K for a structure is positive definite
and Eq. (1.1.53) is both necessary and sufficient for stable equilibrium.

BUCKLING

In buckling of structures, a potential energy term of the form given in
Eq. (1.1.46) arises, and no other externally applied forces are considered. In
such a case, the theorem of minimum total potential energy for stable
equilibrium yields the condition

Kz - PDz=0 (1.1.54)

For a positive definite reduced global stiffness matrix K, if P = 0, then the
only solution of Eq.(1.1.54) is the trivial solution z = 0; that is, the only
stable equilibrium state of the system with no externally applied load is zero
displacement. As P increases, particularly since D is generally positive
semidefinite, a point will be reached at which the matrix K — PD ceases to be
positive definite, hence it becomes singular. The smallest load P for which
this occurs is called the fundamental buckling load of the structure.

Since the coefficient matrix of z in Eq.(1.1.54) becomes singular, a
nontrivial solution exists, but it is not unique. The solution is, therefore, an
eigenvector corresponding to the eigenvalue P. In order to distinguish the
eigenvector associated with buckling from the static displacement state, the
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eigenvector is denoted as y (called a buckling mode), rather than z, yielding the
generalized eigenvalue problem

Ky = PDy (1.1.55)

The matrix K is taken to be positive definite, and D is positive semidefinite.
Thus, all eigenvalues of Eq.(1.1.55) are strictly positive.

DYNAMIC RESPONSE

Consider next the case of dynamic response of a structure with no
boundary or interface conditions; that is, with independent generalized
coordinates. Lagrange’s equations [Eq. (1.1.52)] apply in this case and may
be written in matrix form, using Eq. (1.1.50) with F = F,, M = M, and
K =K, as

Mi+Kz—F=0 (1.1.56)

Initial conditions of motion for such a system consist of specifying the
position and velocity of the system at some initial time, say t = 0; that is,

2(0) = 2°

1.1.57
#0) = £° ( )

NATURAL VIBRATION

Natural vibration of a structure is defined as harmonic motion of the
structural system, with no applied load. A natural frequency w is sought such
that the solution z(¢t) of Eq. (1.1.56), with F = 0, is harmonic; that is,

2(t) = ysin (ot + ) (1.1.58)

where y is a constant vector defining a mode shape of vibration. Substituting
z(t) of Eq.(1.1.58) into Eq. (1.1.56), with F = 0,

[~w?My + Ky] sin (ot + a) =0 (1.1.59)

which must hold for all time ¢. Therefore, the generalized eigenvalue problem
is
Ky = {My (1.1.60)

where { = w?. Equation (1.1.60) is an eigenvalue problem for natural
frequency o and associated mode shape y, just as Eq.(1.1.55) was an
eigenvalue problem for buckling load P and mode shape y. In both cases, the
reduced global stiffness matrix K is positive definite, and both D and M are at
least positive semidefinite. These mathematical properties of the matrices
arising in structural equations play a key role in both theoretical properties
of solutions and computational methods for constructing solutions.
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1.1.6 Variational Equations
of Structural Mechanics

VARIATIONAL EQUILIBRIUM EQUATION

It is not necessary to eliminate explicitly the dependent displacement
coordinates in order to obtain the governing equations of a structural
system. Let Z be the vector space of kinematically admissible displacements.
Consider first a structure with externally applied load F, and potential
energy given by Eq. (1.1.44). The theorem of minimum total potential energy
is still valid for displacement in the vector space Z. Let z, be the equilibrium
position that minimizes TPE of Eq.(1.1.47) over the vector space Z.
Consider an arbitrary virtual displacement Z € Z, and evaluate the total
potential energy at an arbitrary point neighboring z,; that is, for & small and
z, fixed,

TPE(z, + £2,) = H(e) (1.1.61)

Since the total potential energy has a minimum at z,, the function H(e)
defined by Eq. (1.1.61) has a minimum at ¢ = 0 for any z, € Z. It is therefore
required that the derivative of H with respect to ¢ be zero at ¢ = 0. Using the
expression of Eq.(1.1.48) for the total potential energy, with the last term
deleted,

ZgTngg ~Z'F, =0 forall z,eZ (1.1.62)
This is called the variational equation of equilibrium of the structure.

In order to take advantage of the mathematical form of this problem,
define the energy bilinear form

alz,, z) = 7K, z, (1.1.63)

and the load linear form defined by the load F, as
lz,) = Z;F, (1.1.64)
Using this notation, the variational equation of Eq. (1.1.62) can be written as .
a(z,, 2, =1z) forall z, eZ (1.1.69)

Under the hypothesis that the strain energy quadratic form is positive
definite on the vector space Z of kinematically admissible displacements, the
following theorem is true.

THEOREM 1.1.3 (theorem of virtual work) Assume that
a(zg, z,) > 0 forall z,eZ, 2z #0 (1.1.66)
Then Eq. (1.1.65) has a unique solution z, € Z.
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Proor This theorem follows directly from the Lax—Milgram theorem of
functional analysis [9] and the positive definite property of a(z,,z,). An
alternative proof uses the fact that a(z,, z,) is convex on Z and the result from
optimization theory [10] that Eq. (1.1.65) is necessary and sufficient for z, to
be the minimum point. W

The unique solution of Eq. (1.1.65), which is guaranteed by Theorem 1.1.3,
is exactly the solution that would be obtained by first eliminating dependent
displacement coordinates, constructing the reduced global stiffness matrix,
and solving Eq.(1.1.53). The latter procedure is executed numerically in
finite element computer codes. The variational form of the structural
equations of Eq.(1.1.65) will be shown to have substantial theoretical
advantage in design sensitivity analysis.

REDUCTION OF VARIATIONAL EQUILIBRIUM
EQUATION TO MATRIX FORM

Equation (1.1.65) can be used to generate a matrix equation for construct-
ing a numerical solution. Let ¢ € Z < R"(i = 1, ..., m; m < n) be a basis of
the vector space Z of kinematically admissible displacements (i.e., a linearly
independent set of vectors that span Z). Then the solution of Eq. (1.1.65) may
be written as

z,= ) ;¢ = (1.1.67)
i=1
where @ = [¢! .-+ ¢™] and the coefficients ¢; are uniquely determined.
Substituting this representation for z into Eq.(1.1.65) and evaluating
Eq.(1.1.65) atz, = ¢/ (j = 1,. .., m) gives the equations

m

.; ad', P, =Up),  j=1,....m (1.1.68)
Defining ’
K = [a(¢, ¢))nsm = [¢" K ] xm = DK, @
F = [(¢Nnxs = [¢7Flux, = O'F, (1.1.69)
¢ = [C]mxs
Eq.(1.1.68) may be written in matrix form as
Ke=F (1.1.70)

This equation has a unique solution c since K is positive definite (due to the
assumption of positive definiteness of the energy bilinear form on Z). It is
also clear that the matrices K and F depend on the choice of basis of the
space Z of kinematically admissible displacements. Different choices of bases
yield different matrices, but the resulting solution is unique.
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It is an interesting exercise to show that the foregoing argument can be
reversed to construct a proof of Theorem 1.1.3.

VARIATIONAL EQUATION OF BUCKLING

Consider now the problem of buckling of a structure, in which the
potential energy is given by Eq. (1.1.46). Just as in the preceding discussion,
the total potential energy must be minimized over the space Z of kinemat-
ically admissible displacements. Using the total potential energy expression
of Eq. (1.1.48) with F, = 0 and Eq. (1.1.61), the derivative with respect to ¢
must be equal to zero, yielding the variational equation of buckling

V1K, y, = PyiD,y, forall j,eZ (1.1.71)
where the solution is denoted by the vector y, . Defining the bilinear form d as
d(y,, ¥) = 71 Dy ¥, (1.1.72)

Eq. (1.1.71) may be written in the more compact form
a(y,, ¥) = Pd(y,, 3,) forall y,eZ (1.1.73)

This is the variational form of the eigenvalue problem for buckling of the
structure.

REDUCTION OF THE VARIATIONAL EQUATION
OF BUCKLING TO MATRIX FORM

Just as in the case of equilibrium of the structure, the variational equation
of Eq.(1.1.73) can be reduced to a matrix equation, using a basis for the
space Z of kinematically admissible displacements. This yields a generalized

eigenvalue problem
Kc = PDc (1.1.74)

where components of the vector ¢ are coefficients of Eq. (1.1.67). Expanding
the eigenvector y, in terms of the basis ¢’ and the matrix D, gives

D = [d(@, $Nmxm = (¢ Dy ¢'lxm = O'D,® (1.1.75)

As will normally be the case, the matrix D, is positive definite on thg vector
space Z of kinematically admissible displacements, so the matrices D and K
are positive definite, yielding important theoretical and computational
properties.

VARIATIONAL EQUATION OF VIBRATION

Consider now the variational form of the Lagrange equations of motion in
Eq.(1.1.51), with the Lagrangian defined by Eq.(1.1.50). In vector form,
Eq.(1.1.51)is

FOIME() + K,z,(0) — F0]1 =0 forall Z()eZ (1.1.76)
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This equation must hold for all values of time ¢.

If harmonic motion with F_ = 0 is of interest, a solution of Eq. (1.1.76) of
the form given in Eq. (1.1.58) is sought. Substituting into Eq. (1.1.76) (with j,
in place of z,) gives

[—0?7iM,y, + 71 K,y ]sin(wt+ @) =0  forall jeZ )

which must hold for all time ¢. Thus, it is required that
a(y,, o) = Ldly,, 7) forall j,eZ (1.1.78)

where { = w?. The bilinear form a(-, ) is as given in Eq.(1.1.63), and the
bilinear form d(-, -) is defined as

d(yg, 7)) = i M.y, (1.1.79)

Since the generalized mass matrix M, is positive definite and the strain
energy bilinear form a(-, :) is normally positive definite on Z, attractive
mathematical properties are associated with the variational equation given
by Eq.(1.1.78).

REDUCTION OF THE VARIATIONAL EQUATION
OF VIBRATION TO MATRIX FORM

Just as in the foregoing analysis of the buckling eigenvalue problem, a
matrix equation of the form of Eq. (1.1.74) may be obtained for the vibration
problem. Thus, vibration and buckling problems have very similar form and
similar mathematical properties.

While it is clear that one can always reduce the finite-dimensional
structural analysis problem to matrix equation form, it will be shown in
Section 1.2.4 that the variational form given here is better suited for
structural design sensitivity analysis.

1.2 STATIC RESPONSE DESIGN SENSITIVITY

1.2.1 Statement of the Problem

As explained in Section 1.1, when member size and geometric variables are
taken as design variables, the generalized global stifiness matrix and load
vector are functions of the design variables; that is,

K, = K,(b)
F, = Fyb)

where the vector b= [b,,...,b]" is the vector of member-size design
variables and variables that locate selected nodes in the structure. It is

(1.2.1)
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presumed here that kinematic admissibility conditions (boundary conditions
and interface conditions) are not explicit functions of design. The case in
which kinematic admissibility conditions are functions of design is included
in the shape design sensitivity formulation of Chapter 3.

Since the generalized global stiffness matrix and load vector are design
dependent, the bilinear and linear forms of Egs. (1.1.63) and (1.1.64) are also
design dependent. They are denoted here as

ay(z,, 7)) = 21K (b)z,
I(Z,) = Z,F(b)

Recall that there exists a unique solution z_ of Eq. (1.1.65), or equivalently of
Eq.(1.1.70). Since these equations depend explicitly on design, it is clear that
the solution z_ is design dependent; that is,

z, = z,(b) (1.2.3)

In most structural design problems, some cost function is to be minimized
(or an objective function is to be maximized), subject to constraints on stress,
displacement, and design variables. Consider now a general function that
may represent any of these performance measures for a structure, written in
the form

(1.2.2)

Y = Y(b, z,(b) (1.2.4)

The dependence of this function on design arises in two ways: (1) explicit
design dependence; and (2) implicit dependence through the solution z, of the
state equations. The objective of design sensitivity analysis is to determine the
total dependence of such functions on design (i.e., to find di/db). In this
connection, two questions should be asked: (1) Given that the function  is
differentiable in its arguments, is the total dependence of y on design
differentiable? (2) If the solution z, of the state equations is differentiable with
respect to design, how can the derivative of ¥ with respect to design be
calculated?

1.2.2 Design Sensitivity Analysis
with Reduced Global Stiffness Matrix

Consider first the structural formulation in which dependent state vari-
ables have been removed through direct elimination with boundary con-
ditions and a set of structural equations of the form of Eq.(1.1.53) arise, in
the form

K(b)z = F(b) (1.2.5)

where K(b) is the reduced global stiffness matrix and F(b) the reduced load.
Recall that the reduced global stiffness matrix K(b) is positive definite, hence
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nonsingular. Assume that all entries in K(b) and F(b) are s times continuously
differentiable with respect to design. The implicit function theorem [11] thus
guarantees that the solution z = z(b) of Eq.(1.2.5) is also s times con-
tinuously differentiable. Thus, the foregoing question concerning differentia-
bility of z with respect to design is answered. The problem of computing total
derivatives of the function ¥ of Eq.(1.2.4) with respect to design remains to
be solved.

DIRECT DIFFERENTIATION METHOD

Using the chain rule of differentiation and the matrix calculus notation of
Appendix A.3, the total derivative of ¢ with respect to b may be calculated as
dy oy oY dz

E_%_ng_b (1.2.6)

Differentiating both sides of Eq. (1.2.5) with respect to b,

dz 0 .. . OF(b)

K(b)% = —%(K(b)z) = (1.2.7)
where the tilde (7) indicates a variable that is to be held constant for the
process of partial differentiation. Since the matrix K{b) is nonsingular,
Eq. (1.2.7) may be solved for dz/db as

dz _ ., [OFb) & .
This result may now be substituted into Eq. (1.2.6) to obtain
W _0 O s
ab =35 T K05 F0) — (Kb))] (1.2.9)

The usefulness of Eq. (1.2.9) is dubious, since in realistic applications direct
computation of K~!(b) is impractical. Two alternatives may be used to
overcome this difficulty. First, Eq. (1.2.7) may be numerically solved for dz/db
and substituted into Eq. (1.2.6) to obtain the desired result. This is known as
the direct differentiation method, which has been used extensively in structural
optimization. Computational aspects of this approach are discussed in
Section 1.2.4.

ADJOINT VARIABLE METHOD

An alternative approach is to define as adjoint variable 1 as

A= |:—3L¢—K‘1(b):|T = K"(b)% (1.2.10)

0z
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where symmetry of the matrix K has been used. Rather than evaluating 4
directly from Eq. (1.2.10), which involves K ~!(b), both sides of Eq. (1.2.10)
may be multiplied by the matrix K(b) to obtain the following adjoint equation
inA:

K(b)A = oyT/oz (1.2.11)

Equation (1.2.11) may be solved for A and the result substituted, using
Eq. (1.2.10), into Eq. (1.2.9) to obtain

dy oY | OF(b) 0 -

&Y _ ¥ hinlh AN 12.12

b= T [ b~ o K0 (1212
A somewhat more convenient form for derivative calculation is

dy oY 0 51 5T ~

= 4 - 1.2.

=3 [ATF(b) — ATK(b)Z] (1.2.13)

This approach is called the adjoint variable method of design sensitivity
analysis. Computational aspects of this approach are discussed in Section
124

1.2.3 Design Sensitivity Analysis
with Generalized Global Stiffness Matrix

If the reduced global stiffness matrix K(b) and reduced applied force vector
F(b) are readily available, either one of the foregoing methods yields a
complete solution of the design sensitivity analysis problem. However, for
nontrivial kinematic admissibility conditions (boundary conditions), parti-
cularly multipoint constraints involving linear combinations of several state
variables, the matrices K(b) and F(b) are not explicitly generated. Thus,
computation of the partial derivatives with respect to design on the right-
hand side of Eq. (1.2.7) or in Eq. (1.2.13) is nontrivial. It is therefore desirable
to develop a formulation for design sensitivity analysis that works directly
with the singular generalized global stifiness matrix.

DIFFERENTIABILITY OF GLOBAL DISPLACEMENT

Consider an explicit form for the vector space Z of kinematically
admissible displacements given by

Z = {z,eR": Gz, =0} (1.2.14)

where G is an (n — m) x n matrix that defines boundary conditions and does
not depend on design. With a basis ¢' (i=1,...,m) of Z, which is
independent of design, the solution z, of the structural variational equation of
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Eq. (1.1.62) may be represented in the form of Eq. (1.1.67), where the vector ¢
of coefficients is determined by Eq. (1.1.70), written in the form

K(b)e = F(b) (1.2.15)

Note that the dependence of K and F on design b is explicitly defined in terms
of K (b) and F,(b) in Eq. (1.1.69). Therefore, K(b) and F(b) are differentiable
with respect to design, and K(b) is nonsingular in a neighbourhood of the
nominal design. The derivative of ¢ with respect to design can thus be
obtained by either of the foregoing methods. Once dec/db is determined,
Eq. (1.1.67) may be used to obtain

dz,/db = @ dc/db (1.2.16)

since ® does not depend on b. Thus, the question of differentiability is
resolved. Computation of the required derivatives may be carried out using
the variational formulation of Eq. (1.1.62), written here using the notation of
Eq.(1.2.2) as

ay(zy, Z,) = 1(Z,) forall z, eZ (1.2.17)

DIRECTIONAL DERIVATIVES

In order to take advantage of the variational equation of Eq. (1.2.17), it is
helpful to introduce directional derivative notation that will be used
throughout theé remainder of the text. Consider a nominal design b and
neighboring designs described by arbitrary design variations éb and a small
parameter T > 0 as

b=b+1db (1.2.18)

Similar to the first variation of the calculus of variations, the following
directional derivative notation is employed (see Appendix A.3):

d d
z=5b.0b) = Zozfb+Tob) = E%g &b
e sy 8 _
adb(zg’ ZB) = a;ab+n§b(zg(b), zg)
t=0
0 R
= K (b)2) 3b (1.2.19)

_ d _
l:ib(zg) = Elbhab(zg)

t=0

= %(z‘gr F (b)) b
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where the prime (') denotes differential (or variation) of a function of b in the
direction 6b. If the result is linear in &b, then the function whose differential
has been taken is differentiable. Otherwise, it is only directionally differenti-
able (in the sense of Gateaux, Appendix A.3). With this notation, the prime
may be employed with explicit inclusion of the argument db to emphasize
dependence on design variation.

Note that since the matrix G in Eq. (1.2.14), which defines the vector space
Z of kinematically admissible displacements, does not depend on design, the
arbitrary vector Z, € Z in Eq.(1.2.17) need not depend on design. Taking the
total variation of both sides of Eq.(1.2.17) and using the chain rule of
differentiation,

ayz,, 7)) = —ylz,, ) + lz,)  forall z,eZ  (1.2.20)

g
where the arguments of all variations are b and &b.
Note that for z(b)€ Z, Gz(b) = 0. Taking the variation of both sides of
this equation,

Gz(b, 8b) = Gz, = 0 (1.2.21)

Thus, z; is in the space Z of kinematically admissible displacements for any
design variation éb. Equation (1.2.20) thus has a unique solution for z.

DIRECT DIFFERENTIATION METHOD

By taking db as a unit vector in the ith design coordinate direction, Eq.
(1.2.20) may be solved for dz,/0b;. Repeating this process withi=1,2,..., k
yields all the partial derivatives of z, with respect to b. Specifically,
Eq. (1.2.20) may be written in terms of the ith component of b,

0z 0 _ . 0 _ .
ARG = — gy GKD2) + 3-GRB) i=Lok

(1.2.22)

This may be interpreted as solving the original structural equation with an
artificial applied load that is the coefficient of z] on the right side of
Eq.(1.2.22).

ADJOINT VARIABLE METHOD

Consider the last term (0y//0z,)(dz,/db) of Eq. (1.2.6), which is to be written
without evaluation of the matrix dz,/db. The “recipe” for the adjoint
variable method is to regard the coefficient dy//0z, of dz /db as the transpose
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of a load vector, called the adjoint load dy"/dz,. The adjoint variable ) e Z
associated with this load is-to be found; that is,

ot _ o,

g 6zg az forall /. eZ (1.2.23)

aydy, 3 ) =
g

Note that this is just the structural equation for a displacement 4, due to an
applied load vector (6y/0z,)". Therefore, it may be readily solved.

Evaluating Eq.(1.2.23) at [, = z, (recall that z; € Z) and using the
notation introduced in the first line of Eq. (1.2.19),

oy, _ O dz,
5 - . =% =2 3b = ay(},, ) (1.2.24)
Similarly, evaluating Eq. (1.2.20) at z, = 4,

apl(zgs Ag) = — a2y, 20 + Lip(Ay) (1.2.25)

Noting that the energy bilinear form a,(-, +) is symmetric, Egs. (1.2.24) and
(1.2.25) yield

oY dz, , ,
az T —£0b = —ay(z,, 7)) + 13(3) (1.2.26)
Writing the total differential of the function ¥ of Eq. (1.2.4),
dys _ oy oy dz,
EE‘S” [% + — 7y db ob (1.2.27)

Substituting for the second term on the right of Eq.(1.2.27), using the
expression from Eq.(1.2.26) and employing the second and third lines of
Eq.(1.2.19), gives

db b &b 6b

for any design variation b. Since Eq. (1.2.28) holds for all design variations
ob,

d ob = [é//- 6 gK (b)z,) 8 ()TF (b))] ob (1.2.28)

@y o 0 - .-

b= —[)_gKg(b)zg — AJF(b)] (1.2.29)
It is interesting to note that even though the generalized global stifiness

matrix K is singular, the load vectors that are used in the direct differen-

tiation approach of Eq.(1.2.22) are of the same form that arise in com-

putation with the reduced global stiffness matrix in Eq. (1.2.7). Similarly, in
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the adjoint variable method, the single load vector that is employed in
adjoint computation in Eq.(1.2.23) is of exactly the same form as in the
matrix adjoint equation of Eq.(1.2.11), using the reduced global stiffness
matrix. Computational considerations associated with this observation will
be discussed in Section 1.2.4.

1.2.4 Computational Considerations

In most problems of structural design, numerous loading conditions must
be accounted for in the design process. Therefore, instead of the single load
discussed in the preceding sections, a family of loads arises that is denoted
as F/ (j = 1,...,NL). The same structural stiffness matrix is applicable for
all load conditions, but the structural equations yield different displacement
vectors zJ (j=1, ..., NL) associated with different applied force vectors.

Further, in realistic design problems there are numerous performance
constraints that must be accounted for in the design process. Even though
there may be a multitude of constraints under consideration, the designer
normally evaluates constraints at a trial design and wishes to obtain design
sensitivity information for only those constraints that are violated or are
nearly active. For the discussion here, designate the active constraints under
consideration by the designer as y; (i = 1,...,NC). It is further presumed
that some contraint is active for each load condition. Otherwise, load
conditions having no influence on any active constraint may be suppressed
for purposes of design sensitivity analysis. Computations required for design
sensitivity analysis by the direct differentiation approach and the adjoint
variable approach may now be summarized, for both the matrix and
variational analysis methods of Sections 1.2.2 and 1.2.3.

DIRECT DIFFERENTIATION METHOD

Consider first the direct analysis method of Section 1.2.2. To calculate the
total derivative of each constraint y* using the direct differentiation ap-
proach, Eq. (1.2.7) must be solved for each load condition, yielding the
following system of equations:

OFi(b)
b’
Since each of the equations in Eq. (1.2.30) represents k equations for dz//db,

(i=1,...,k), there are k x NL equations to be solved. Their solution is
quite efficient since the reduced global stiffness matrix K has been factored

dzi .
K(b)£ = —a—i)(K(b)Ef) + j=1,...,NL  (1.2.30)
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previously in structural analysis. With all state derivatives with respect to
design calculated in Eq.(1.2.30), design sensitivities may now be directly
calculated from Eq. (1.2.6).

ADJOINT VARIABLE METHOD

Consider next the adjoint variable method in which Eq. (1.2.11) must be
solved for each constraint under consideration; that is,

K(b)A = oyljoz, i=1,...,NC (1.2.31)

where it is presumed that each constraint y(z’) involves only the displace-
ment 2 corresponding to the ith load. Thus, there are exactly NC equations
to be solved for the vectors A’ (i = 1,..., NC). Once this computation is
complete, design sensitivities of each of the constraints are calculated directly
from Eq. (1.2.13), requiring only a moderate amount of computation. Note
that the coefficient matrix in Eq. (1.2.31) is the reduced global stiffness matrix,
which was factored during structural analysis. Therefore, the amount of
computational effort required to solve Eq.(1.2.31) is also moderate.

COMPARISON OF THE DIRECT DIFFERENTIATION
AND ADJOINT VARIABLE METHODS

In determining which of the two approaches discussed above is to be
employed, only the number of equations to be solved by the two approaches
and the number of vectors to be stored and operated on in design sensitivity
analysis need be compared. If k x NL < NC, then the direct differentiation
method of Eq. (1.2.30) is preferred. On the other hand, if K x NL > NC,
then the adjoint variable method of Eq.(1.2.31) is preferred. Since in
structural optimization the number of active constraints NC must be no
greater than the number of design variables k, the adjoint variable approach
will be most efficient, even for a single loading condition. With multiple
loading conditions, NC is normally much smaller than k x NL, leading to
the conclusion that in most structural optimization applications the adjoint
variable method will be more efficient. However, there may be applications in
preliminary design in which the designer is considering a small number of
design variables and trade-offs involve a large number of constraints. In such
cases, the direct design differentiation approach of Eq. (1.2.30) is preferred.

Precisely the same counting process is applicable to the variational
analysis approach of Eq. (1.2.17). In this approach, exactly k x NL equations
are solved in Eq. (1.2.22) for derivatives of the state variables with respect to
design, for each loading condition. Similarly, using the adjoint variable
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technique exactly NC adjoint equations of Eq. (1.2.23) are solved for adjoint
variables associated with each of the active constraints. Thus, precisely the
same criteria are involved in determining which of the two approaches is best
suited for the design problem under consideration.

COMPUTATION OF DESIGN DERIVATIVES

A comparison of the practicality of the reduced matrix equation and
variational equation design sensitivity analysis approaches of Sections 1.2.2
and 1.2.3, respectively, is also possible. Since most structural analysis
computer codes numerically construct or completely avoid the reduced
global stiffness matrix K(b), an explicit form of K(b) is not generally available.
Therefore, computations of the derivatives of K(b) with respect to design
required in Eq.(1.2.9) for the direct differentiation approach and in
Eq. (1.2.13) for the adjoint variable approach lead to some difficulty. While
transformations may be written that reduce the generalized global stiffness
matrix K, to a reduced global stiffness matrix K and inserted in the
appropriate equations, the transformations differ from one computer code to
another. Therefore, implementation of design sensitivity analysis using the
reduced global stiffness matrix becomes code dependent and may be numeri-
cally inefficient.

If the variational equation formulation is employed, then the derivatives of
the generallzed global stiffness matrix K (b) with respect to design that are
required in Eq.(1.2.22) for the direct differentiation approach and in
Eq.(1.2.29) for the adjoint variable approach can be calculated without
difficulty. In fact, using Eq. (1.1.31) the derivative required in Eq. (1.2.29) may
be written as the sum of derivatives of element matrices as

oNE. o oo N
O = 5] SIS RS epe,

[ y AT ST (b)ki(b)Si(b) "':l (1.2.32)

where A’ and z' are components of the global adjoint and generalized
coordinate vectors associated with the ith element. The practicality of this
computation follows from two observations. First, for each element, the
element stiffness matrix ki(b) and geometric matrix S'(b) will depend on only a
small number of design variables that are associated with the given element
and its nodes. Thus, only a few terms in the sum of Eq.(1.2.32) will be
different from zero. Second, evaluation of design derivatives of the element
bilinear forms in Eq. (1.2.32) require calculation of only a moderate number
of terms.
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A similar argument may be associated with computation of design
derivatives in Eq.(1.2.22) for the direct differentiation approach, with the
following exception: The entire set of k vectors dz,/db; is now required for
complete design sensitivity analysis. However, the summation form of the
generalized global stiffness matrix of Eq. (1.2.32), with 2 replaced by z, can
be employed to somewhat reduce the computational burden in evaluating
the right-hand side of Eq.(1.2.22). These are important practical con-
siderations in adapting large-scale matrix structural analysis codes for
computation of derivatives that are required in design sensitivity analysis.
The directness with which these computations are performed with the
variational analysis approach favors it for both generality and numerical
effectiveness.

Another practical consideration that should not be overlooked involves
calculating design derivatives of element matrices that are implicitly gener-
ated [3, 4]. Many modern finite element formulations carry out numerical
integration to evaluate element stiffness and mass matrices, rather than using
closed form expressions in terms of design variables, such as those presented
in Section 1.1.1. For implicitly generated element matrices, the design
differentiation can be carried through the sequence of calculations used to
generate the element matrices, thus leading to implicit design derivative
routines.

An alternative approach is simply to perturb one design variable at a time
and use finite differences to approximate element matrix derivatives. For
example,

k' Ki(b + te’) — Ki(b)
b, ~ T

where ¢/ has a one in the jth position and zeros elsewhere and 7 is a small
perturbation in b;.

Computational methods of design sensitivity analysis with implicitly
generated elements have not yet been fully investigated and justifiably
require future work owing to increasing use of implicit elements.

1.2.5 Second-Order Design Sensitivity Analysis

As shown in Sections 1.2.2 and 1.2.3, if the applied load vector and system
stiffness matrix has s continuous derivatives with respect to design, then the
state z has s continuous derivatives with respect to design. Presuming that a
function ¢ also has s continuous derivatives, calculation of up to s partial
derivatives of ¢ with respect to the design variables can be considered.
Consider the specific case s = 2, that is, second-order design sensitivity.
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DIRECT DIFFERENTIATION METHOD
WITH REDUCED GLOBAL STIFFNESS MATRIX

Consider first the case of the structural formulation with a reduced global
stiffness matrix (i.e., kinematic constraints have been explicitly eliminated
and all components of the displacement vector z are independent). The chain
rule of differentiation may then be used to obtain two derivatives of i with
respect to components of the design variable,

d*y _d | oY d
db, db, ~ db, [% T % d—bi]

% oMY dz ot dz
= Gb,0b, * @b, 0zdb, * 3z 0b, db,
dz" 0%y dz oy d*z
db, 62 db, * 3z db, db,

The notation used here needs some explanation. The derivative of i with
respect to b; on the left side of Eq. (1.2.33) is in reality a partial derivative of y
with respect to b;, accounting for dependence of { on b directly and on z(b).
Terms on the right side of Eq. (1.2.33) include partial derivatives of y with
respect to its explicit dependence on b;.

Since both first- and second-order derivatives of z with respect to design
arise in Eq. (1.2.33), consider calculating them by using the structural
equation

(1.2.33)

K(b)z = F(b) (1.2.34)
Using the direct design differentiation approach, differentiate Eq. (1.2.34)
with respect to b; to obtain
oF 0§
ob, 0b;
Since the reduced global stiffness matrix K(b) is nonsingular, Eq. (1.2.35) may
be solved numerically to obtain the first derivative of z with respect to design.
Differentiating Eq. (1.2.35) with respect to b;,

d*z  O°F o

db;db; ~ 0b, 0b;  3b, b,

¢ dz é dz
-~ 5b_i|:K(b) Ei);] - 6—bj|:K(b) d_b,:| (1.2.36)

Again, note that the coefficient matrix of the second derivatives of state with
respect to design is nonsingular, so the second derivatives may be computed
numerically.

K(b)% = (K(b)3) (1.2.35)

K(b)

(K(b)2)



1.2. STATIC RESPONSE DESIGN SENSITIVITY 37

Consider next solving Egs. (1.2.35) and (1.2.36) for both the first and
second derivatives of the state vector z and substituting them into Eq. (1.2.33)
to obtain second derivatives of . While this approach is conceptually
simple, it leads to a massive amount of computation. If k is the dimension of
the design variable, then 1 + 3k/2 + k?/2 equations must be solved, all
having the same coefficient matrix. As will be seen in the following paragraph,
considerably better results are achieved with the adjoint variable approach
for second-order design sensitivity analysis.

ADJOINT VARIABLE METHOD
WITH REDUCED GLOBAL STIFFNESS MATRIX

From Eq. (1.2.13), the derivative of  with respect to b, may be written as

@ oy T61((b) T
db ﬁb - 3, Zab (1.2.37)

It is important to note that in order for Eq. (1.2.37) to be valid, z must be the
solution of Eq. (1.2.34) and A the solution of
T
K(b)A = —"'Z— (1.2.38)
This follows from Eq. (1.2.11). Thus, both z and 4 in Eq.(1.2.37) depend on
design. Therefore, in calculation of second derivatives of ¥ with respect to
design, dependence of both z and A on design must be accounted for. By chain
rule calculation, the second derivative of i with respect to design is

Py _ Py o[ Ke), 51 OF
db db  3b,2b _ @b|” ob, ab ab,

oy oK(b)|d:  [OFT aK(b)
[aba =, ]db+[ab,. z ]d_b 1-239)

In order to evaluate the second derivatives in Eq. (1.2.39), dz/db and d2/db
must be accounted for. Differentiating both sides of Eq. (1.2.38) with respect
to design and premultiplying by K ~!(b),

i % 0 . 0% dz
=K (b)[(3 =~ 35 K®)) +?%] (1.2.40)

This result may be inserted into Eq. (1.2.39) and an adjoint variable y* can be
defined as the solution of

Kbyt = F _ 2K®)

v 12.41
b, 0b, - (1.2.41)
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Substituting the result of Eq.(1.2.41) into Eq. (1.2.39) and using Eq. (1.2.40)
[the same procedure used in obtaining Eq. (1.2.12)],

&y @ 510K (b) + 510F
db;db ~ 3b,0b 3b|" 0, b,
2 2 2
+ yn[ %y aab(K(bV)] [ Py ;10K (b) N y,.Ta_z/Z/}g

0z db ob, 0z 0ob, 0z* |db
(1.2.42)

The preceding sequence of computations may now be repeated, defining a
new adjoint variable #' as the solution of

o*y _ OK(b) LY 624/

0z Ob; (’3b 277

Kby = (12.43)

Using Eqs. (1.2.35) and (1.2.43) to replace the last term in Eq.(1.2.42) by
directly computable expressions gives the desired result

Py Ry R
= - ) K T
db;db, ~ 3b,0b, ~ ob, b, ~ O+ gp g (V)
VT OF o
i — 27K wOF 0 ks
g, "l KO+~ g LK)

(1.2.44)

where only the jth component of the second derivative of ¥ is included.

Equation (1.2.44) provides an explicit formula for all second derivatives of
Y with respect to design, requiring solution of a total of only 2k + 2
equations, which normally is considerably less than the 1 + 3k/2 + k%/2
equation solutions required in the direct differentiation approach of
Eq.(1.2.33).

A HYBRID DIRECT
DIFFERENTIATION-ADJOINT VARIABLE METHOD

Haftka [12] introduced a refinement that combines the direct differen-
tiation and adjoint methods to realize a computational advantage of a factor
of two. From Eq. (1.2.36),

>z _.[ &°F 52 ) 5
a5, ° [ab,.ab 36, 06, N 0F) = (Kw) db) ab( (b)—)]
(1.2.45)
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Recall from Eq. (1.2.38) that

GV
—_ -1-7
A=K e
or
AT = %‘éK“ (1.2.46)

Now substitute the second derivatives of z from Egs. (1.2.45) and (1.2.46) into
Eq. (1.2.33) to obtain
d*y oty oty dz o dz  dZ" 0% d:

db,db, ~ b,0b; * ob,ozdb; * dz0b,db;  db, 02 db,

PF & 8 d
T — > —_— — — —
4 [ab,. a6, ~ ab,ab, "0 = (K(b) b, ) b, (K(b) db,.>:|
(12.47)

If the direct differentiation method is employed to solve Eq. (1.2.35) for
dz/db; (i = 1,..., k), all terms on the right side of Eq. (1.2.47) can be evaluated.
Note that z, k vectors dz/db,, and 1 are now needed, for a total of k + 3
solutions, or about half the 2k + 2 solutions in the pure adjoint variable
method.

COMPUTATIONAL CONSIDERATION

The practicality of computations involved in Eqgs. (1.2.44) and (1.2.47)
should be evaluated. Consider here only the case of member size design
variables (fixed geometry). The last four terms on the right side of Eq. (1.2.44)
are identical in form to terms arising in Eq. (1.2.13) for the first-order design
sensitivity result. Of course, the first term on the right side of Eq.(1.2.44)
must be calculated directly. The second term may be calculated, using the
summation form for the reduced global stiffness matrix of Eq. (1.2.5), as

62 . o NE TolT l_razkl(b)
36, a5, K02 = LB b,

Note that most terms in the sum of derivatives of element stiffness matrices
in Eq.(1.2.48) will be equal to zero. The third term on the right side of
Eq.(1.2.44) involves second derivatives of the load vector with respect to
design. If the load vector is constant, all these derivatives are zero. If the load
vector depends on design, then expressions for second derivatives of com-
ponents of the load vector must be calculated. Similar observations follow
for evaluation of terms in Eq. (1.2.47).

U Sipl, (1.2.48)
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ANALYSIS WITH GENERALIZED
GLOBAL STIFFNESS MATRIX

The foregoing analysis requires explicit computation of the reduced global
stiffness matrix and its first and second derivatives with respect to design. In
applications involving nontrivial kinematic admissibility conditions, difficul-
ties may arise in such computations.

The second derivatives of i with respect to design may be written, as in
Eq.(1.2.33), as

Sy o Py Y dyy g ddy, | Py d
db,db, ~ 3z, dbydb, T 3z, b, db; "+ b, 322 db, ~ Ob; 0z, db, * 0b, b
(1.2.49)

where total derivative notation on the left is used to emphasize the inclusion
of design dependence of z, that appears in the performance measure. In order
to treat the first term on the right side of Eq.(1.2.49), consider the ith
component of Eq.(1.2.22) and differentiate both sides with respect to b; to
obtain the identity

d’z, 0? 0
-.T -’ ~ -
K5 ab, = "7, ab, EXOZ) — 5 < K (b)_>
9

0°F,
_T g f P
< K(b) ) Zﬂab,.ab, orall z eZ
(1.2.50)

Observe that Eq. (1.2.23) may be evaluated at 1, = d*z,/db, db; and Eq.
(1.2.50) at z, = A, to obtain an expression for the first term on the right side of
Eq. (1.2.49). Making substitutions into Eq. (1.2.49) gives

" b,

dzlp a2 5
Toydb, ~ ~ b, 36,3 K020 (ATng) )

? F, oy dz
A,TK T it 4
~ b, ( «b) )+ % b, ab, + 2z, ob, db,
dz; 0%y dz, oy dz,

db, dz2 db, * @b, 0z, db, | 3, ob,
Note that the forms of the second derivatives calculated in Egs. (1.2.51) and
(1.2.47) are identical. It is important to note, however, that Eq.(1.2.51) is
valid for even a singular global stiffness matrix K (b), whereas the derivation
of Eq.(1.2.47) relied heavily on the existence of an inverse of the reduced
global stiffness matrix K(b). Computational considerations associated with
constructing terms in Eq.(1.2.51) are identical to those associated with

(1.2.51)
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constructing terms in Eq.(1.2.47). However, Eq.(1.2.51) has the desirable
property that design derivatives of only the generalized global stiffness matrix
must be computed, and not those of the reduced global stiffness matrix.

1.2.6 Examples

BEAM

Consider a clamped—clamped beam of unit length that is subjected to
externally applied load f{x) and self-weight yh(x), where 7 is weight density of
the beam material. Assume that all dimensions of the cross section vary with
the same ratio (i.e., all are geometrically similar). Thus, the moment of inertia
of the cross-sectional area is I(x) = ah?(x), where « is a positive constant that
depends on the shape of the cross section. If a stepped beam, is considered, as
shown in Fig. 1.2.1,

h(x) = b;, i-Dn<x<in (1.2.52)
where the beam has been subdivided into n sections, each with a constant

cross-sectional area b;. The areas b, (i = 1,2,...,n) and Young’s modulus
E = b, ,, may be viewed as design variables.

b, b2 by b, by
Fig. 1.2.1 Stepped beam.

Consider compliance as a response functional, given as

1
Y = J (f + yh)wx) dx
0

n

= Z ' (f + yb)w(x) dx (1.2.53)

i=1vi—~1/n
Using the shape function of Eq. (1.1.2) for each element, for the ith element,
w(x) = N¢' = NS'fz, (1.2.54)

where N, S, and B are the shape function, rotation matrix, and Boolean
matrix, respectively. For the beam problem, §* can be identity matrix and
from Eq.(1.2.53)

In

(f + yb)NB dx) z,

= Fb)'z, (1.2.55)

v-(£ ]

i=1vi-1/n
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For the structural equation

Kz, =7,F, forall z,eZ (1.2.56)
where elements of Z satisfy clamped boundary conditions. Using the adjoint
variable method of Section 1.2.3, Eq. (1.2.23) gives

K Ay =21 F, forall 1,eZ (1.2.57)

Note that the generalized load on the right side of Eq. (1.2.57) is precisely the
same as the generalized load for the original beam problem of Eq. (1.2.56). In
this special case, 4 is the displacement of an adjoint beam, which is identical
to the original beam, and 4, = z,.

The sensitivity formula is, from Eq.(1.2.29),

w_W,

~T _ ~T ~
ab. ~ ab; [ o Fu(b) — 2K (b)Z,]

n

i/n 0 o
= J 2ywdx — Y 2Bk,
i—1/n ab: i=1

ifn ifn
= f 2‘))W dx - f 2Eab; qTN;l-x xx i dx

i~ 1/n i~ 1/n
ifjn

= J [2yw — 2Eab(w,,)*] dx (1.2.58)
i—1/n

fori=1,2,...,n, where, from Eq. (1.1.3),

N} EabiN,, dx (1.2.59)
Also, o
dlill:l =— abfﬂ [27K (b)z,]
=3 " abtaININ g dx
S iz
=- Z ’ abi(w,,)* dx (1.2.60)
Hence, T

Y = Z (f”" [2yw — 2Eaby(w,)*] dx)ab
i i-1/n

-(i " b, dx)«sE (1.2.61)

i=1vi—1/n
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THREE-BAR TRUSS

Consider next a simple three-bar truss with multipoint boundary con-
ditions, as shown in Fig. 1.2.2. Design variables for the structure are the
cross-sectional areas b; of the truss members. The generalized global stiffness

matrix is

byc’s  bycs? 0 o0 —bsc*’s  —bjyes?
bycs* by + bys> 0 —b, —byes*?  —bysB
0 o b o b 0
E 4 c
Kb =7
0 ~b, 0 b 0 0
b
—byc?s  —bycs? -%S 0 b—zf + byc®s byes?
—bses?  —bys? 0 0 bscs® bys?

(1.2.62)

where ¢ = cos § and s = sin 6. In this problem, the space Z of kinematically
admissible displacements is

Z={z,€R® z;=12,=0, z5cos0 + zgsina = 0}  (1.2.63)
and K (b) is positive definite on Z, even though it is not positive definite on
all of R®.

Fig. 1.2.2 Three-bar truss.



44 1. FINITE-DIMENSIONAL STRUCTURAL SYSTEMS

If 6 = 45° and « = 30°, then with z = [z, z, z5]" the reduced stiffness
matrix in this elementary example is

by by (/3 - b,
K(b) = NG b, 2/2b, + b, (/3 — )b,
(/3 - 1b; (/3= Dby 2/2b, + (4 —2./3)b,
(1.2.64)

If f, = f, =1 and I = 1, then the solution of the reduced stiffness matrix
formulation of Eq.(1.2.5) is

- T
2|3 2\/ 2/2 ( 1-4/3 (1.2.65)
Eb, Eb3 Eb2

Il = z,, then the adjoint equation of (Eq. 1.2.11) is
K(Mb)A=0dy"0z=[1 0 0]' (1.2.66)

with solution

A= [i +4= 2/3 2‘[ 1= \ﬁ]T (1.2.67)

Eb, " " Eb, | Eb, Eb, Eb,

The reduced stiffness matrix design sensitivity formula of Eq. (1.2.13) gives,
using z and A from Egs. (1.2.65) and (1.2.67),

dy 8 oo [2/3-4 2./2
- =7 K(b)z)—[O B ER (1.2.68)

This can be verified by taking the derivative of z, in Eq. (1.2.65) with respect
to design parameter b.

If the generalized global formulation is employed, the solution z, of Eq.
(1.2.17) must be found, which is

- 2 — — T
U Lk VERRE VRS Gl VR RaVE (1.2.69)
B Eb, Eb_,, Eb, Eb,
For y = z,, the adjoint equation of Eq. (1.2.23) is
LK b, =[1 0 0 0 0 04, forall 1,eZ (1.2.70)
with solution
i - 2f 2/2 1 0 0 1 J3 3-3T
g~ Eb Ebz Eb3 Eb, Eb, Eb,
(1.2.71)
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Then the design sensitivity formula of Eq. (1.2.29) gives
W _ _ —(ATK (b)z,) = Zﬁ = 4 _2\/25 (1.2.72)
db Eb3 Eb}

which is identical to the result obtained in Eq. (1.2.68).
For second-order design sensitivity, solving Eq.(1.2.22) for dz/db,
(i=1,2 3)gives

dz,
0 T
dbl =[0 0 0 0 0]
dzy, _[2/3-4 00 0 V3-1 J3-3F (12.73)
db Eb2 Eb2 Eb2 -
A _[_2/2 0000 0|
db, Eb?
For y = z,, from Eq. (1.2.51),
d*y d [spp . d2, ] _8-4/3
d_bg- —_za_b— j.gKg(b)ab_z_ —Tb;"‘- (1.2.74)
and
d*y 8 [srp i | _ 42
o —2551LK(b) b | = 25 (1.2.75)

The remaining second derivatives are zero. Hence, the Hessian of y is a
diagonal matrix. These results can be verified by taking the derivative of
dy/db of Eq. (1.2.72) with respect to the design parameter b.

TEN-MEMBER CANTILEVER TRUSS

In order to illustrate the foregoing method, a ten-member cantilever truss
shown in Fig. 1.2.3 is considered. Young’s modulus of elasticity of the truss is
E = 1.0 x 107 psi and weight density is y = 0.1 1b/in.,

This problem has been used in the literature [9] to compare various
techniques of optimal design. The problem is to choose the cross-sectional
area of each member of the truss to minimize its weight, subject to stress,
displacement, and member-size constraints. The cost function in the present
case is a linear function of the design variables,

Yo = i)’i’ibi (1.2.76)
i=1
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[*— 360 in,—»re— 360 in. ——¥
® 1 ® 2 O
N
6 360 in.
Ve 5
8 10 l
3 4
N N
100 Kip 100 Kip

Fig. 1.2.3 Ten-member cantilever truss.

where y;, £;, and b, are the weight density, length, and cross-sectional area of
the ith member, respectively. Stress and displacement constraints for the
problem are expressed as

¥, =loJe®=10<0, i=12...,m 1.2.77)
Viem =2/ =10<0, j=12...,n (1.2.78)

where o, and o7 are the calculated and allowable stresses for the ith member
and z; and z} the calculated and allowable jth nodal displacements.
Allowable stresses and displacements are given as ¢® = 2.5 x 10 psi and
zj = 2.0 in,, respectively.

For the cost function, direct calculation of design derivatives yield

)
20— ] 1.2.79
dbi ‘))l 13 ( )
and no adjoint problem needs to be defined. For stress constraints,
Eq.(1.1.22) gives

_EA;
i I s

c i=12....,m (1.2.80)

where Al is the change in /;, which must be expressed in terms of the nodal
displacements z. The adjoint equation of Eq. (1.2.11) is then

T T
Kl=%=£6ml'l , i=12..m (1.2.81)

which is just the structural equation for a displacement A due to a general-
ized load vector dy!/dz. Therefore, the solution 1Y may be found, where
superscript (i) denotes association of A4 with the constraint ;. The reduced
stiffness matrix design sensitivity formula of Eq. (1.2.13) gives

dy, 0

=5 =~ K] (1.2.82)
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For displacement constraints ¥, ,, the adjoint equation is

m=a—‘/’gzﬂ=sgn(zj)[0 . 0 21—1 0 ... O]T (1.2.83)
where
+1, if ;>0
sgn(zj)={_1’ itz <0

Note that the adjoint load of Eq.(1.2.83) is a point load of magnitude +1/z}
in the jth nodal displacement direction. As before, the solution AY*™ of
Eq. (1.2.83) may be found. Then the sensitivity formula of Eq. (1.2.13) gives

d¢j+m — _i
db ob

[A9*+mTK(b)Z] (1.2.84)

Using these sensitivity formulas, design derivatives of some constraints are
calculated and given in Table 1.2.1 for the initial design given in the second
column of Table 1.2.1. The vectors dy/T/db and dyT/db are design derivatives
of the normalized stresses in members 5 and 7, respectively, and dy1/db is the
derivative of the normalized displacement in the y direction at node 2.
Define ¢! and 7 as the constraint function values for the initial design b
and modified design b + b, respectively. Let Ay; be the difference between
Y} and y?, and let ¥ = (dy,/db) 8b; be the difference predicted by design
sensitivity calculations. The ratio of y; and Ay, times 100 is used as a
measure of accuracy of the derivative (i.e., 100%, means that the predicted
change is exactly the same as the actual change). Notice that this accuracy
measure will not give correct information when Ay, is very small compared

Table 1.2.1

Design Derivatives of Constraints for Ten-Member
Cantilever Truss

Number Design  dyl/db  dyl/db dyY/db

1 28.6 0.0082 —0.0009 —0.0093
2 0.2 -0.0696 —0.0284 0.0109
3 23.6 ~0.0104 0.0012 -0.0062
4 154 -0.0006 —0.0003 —0.0076
5 02 -2.3520 -0.9601 0.1402
6 0.2 —0.0696 -0.0284 0.0109
7 3.0 —0.8369 —0.4398 —0.0177
8 21.0 0.0231 —0.0026 -0.0128
9 218 —-0.0009 —0.0004 —0.0108
10 0.2 —0.1968 —0.0803 0.0308
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Table 1.2.2
Comparison of Sensitivity Calculation

Constraint v ¥ Ay, =y v (Wi /A; > 100)%,
% 1.6038 1.4798 -0.1240 -0.1302 105.0
¥,  0.6094 0.5325 -0.7688 x 10~! —0.8072x 10~* 1050

/8 04722 x 10”7 —0.265x 1072 —0.4987 x 10~' —0.5236 x 10~* 105.0

to ¥! and y?, because the difference Ay; may not have meaning in this case.
Numerical results with a 59 design change, b = 0.05b, are given in Table
1.2.2.

As a second numerical example, consider the same ten-member cantilever
truss, but with the multipoint boundary conditions shown in Fig. 1.2.4. In
this problem, the space Z of kinematically admissible displacements is

Z={z;eR'%:zy=2,,=0,z;,cos0 + zj,sina =0} (1.2.85)

where a = 30°, The same constraints given Egs.(1.2.77) and (1.2.78) are
considered in this problem. For stress constraints of Eq.(1.2.77), the adjoint
equation of Eq. (1.2.23) is

A
T =17 = 1
JTK 62323 e o,

E aw"i,g forall J,eZ  (1.2.86)

with solution A% (i =1,2,...,m). The design sensitivity formula of Eq.
(1.2.29) becomes

ddll a THT ~
b = st Klb)Z,] (1.2.87)
je—— 360 in.—®t*— 360 in. —»2
4 10 J 6
Qe Qs Q.
d 360 in.
12 8
Vl‘ A /) 14 l ;

5/
a -

Fig. 1.2.4 Ten-member cantilever truss with multipoint boundary condition.
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For displacement constraints ;. ,, the adjoint equation is

alpj+ m3
oz, "

=sgn(z)[0 ... 0 1/z2 0 ... 0}i, forall j eZ
(1.2.88)

with solution A9*™ (j =1,2,...,n). The design sensitivity formula of
Eq.(1.2.29) becomes

MK, 3, =

d'llj+m
db
Comparison of design sensitivities between the actual changes and the
predictions by the sensitivity formulas of constraint values, with 5% overall
changes of design variables, is presented in Table 1.2.3.

i
= = K b)) (1.2.89)

Table 1.2.3
Comparison of Sensitivity Calculation (Multipoint Boundary Condition)

Constraint W ¥ Ay, =y - W v Wi /Ay, x 100)%;
¥, 11.1476  10.6936  —0.5848 -0.6140 105.0
¥, —-04176 —0.4488 —0.3124 x 107! -0.3296 x 10~! 105.6
Vs 1.1134 20127  —0.1006 —0.1057 105.0

1.3 EIGENVALUE DESIGN SENSITIVITY

As shown in Section 1.1, the natural frequency of vibration and buckling
load of a structure are eigenvalues of a generalized eigenvalue problem, hence
they depend on design. It is the purpose of this section to obtain design
derivatives of such eigenvalues and to explore an important exceptional case
in which repeated eigenvalues occur as solutions of optimal design problems.
Due to singularity of the characteristic matrix associated with an eigenvalue,
some technical complexities arise in eigenvalue and eigenvector design
sensitivity analysis that do not appear in design sensitivity of response of a
structure to static load presented in Section 1.2.

1.3.1 First-Order Eigenvalue Design Sensitivity
with Reduced Global Stiffness
and Mass Matrices
Consider first the eigenvalue formulation for natural frequency or buckling

[for buckling problems, M (b) is the geometric stiffness matrix] described by
the eigenvalue problem

K(b)y = (M(bly (1.3.1)
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where the eigenvector y is normalized by the condition
y'Mb)y =1 (1.3.2)

It is presumed here that the reduced global stiffness and mass (geometric
stiffness) matrices are positive definite and differentiable with respect to
design. Under these hypotheses, the following theorem is true.

THeorem 1.3.1  If the symmetric, positive definite matrices K(b) and M(b)
in Eq. (1.3.1) are continuously differentiable with respect to design and if an
eigenvalue { is simple (not repeated), then the eigenvalue and associated
eigenvector of Egs. (1.3.1) and (1.3.2) are continuously differentiable with
respect to design.

ProoF For a direct proof, see section I1.6 of Kato [13]. A more general
theorem, which specializes to the results stated here, is proved in Section
1.3.6 of this text. |l

Premultiplying Eq. (1.3.1) by the transpose of an arbitrary vector y, one
obtains the identity

J'K(b)y = (y"M(b)y  forall yeR™ (1.3.3)
Consider now a perturbation b of the nominal design b of the form
b=b+1b (1.3.9)

Substituting b, into Eq. (1.3.3) and differentiating both sides with respect to t,
one obtains the identity

(%[PTK(IJ)?] b + yTK(b)y

0
= {V"M(b)y + C%U’TM ()71 6b + (J*™M(b)y  forall ye R™
(1.3.5)
where, as in Eq. (1.2.19),
b _d _dy
y = y(b,db) = dty(b + 7.0b) b Sb
(1.3.6)
P _d _dL
{' = {(b,éb) = dzC(b + 1 6b) b Sb
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Since Eq. (1.3.5) must hold for an arbitrary vector y, substitute y = y in
Eq. (1.3.5), using Eq. (1.3.2), to obtain
0. . 0 _. . ,
0= {%[yTK(b)y] - %[yTM(b)y]} 3b + yT[K(b)y - [M(®)]
(1.3.7)

Note that the last term of Eq. (1.3.7) is zero since y is an eigenvector of Eq.
(1.3.1). Thus, Eq. (1.3.7) reduces to the desired result,

d

B = 2RO ~ o [TMO)] 138

It is interesting to note that this vector of derivatives of the eigenvalue with

respect to design may be calculated without the solution of an adjoint
equation or a derivative of the eigenvector. Thus, once the eigenvalue
problem has been solved for a simple (nonrepeated) eigenvalue, the eigen-
value derivatives are directly calculated using Eq. (1.3.8). In this sense,
differentiation of eigenvalues is simpler than differentiation of structural
performance functions that involve response to a static load. This statement
is false if multiple (repeated) eigenvalues are encountered.

1.3.2 First-Order Eigenvalue Design Sensitivity
with Generalized Global Stiffness
and Mass Matrices

Consider the variational form of the eigenvalue problem of Egs. (1.1.73)
and (1.1.78), written in the form

09> §) = TTK By, = LTMb)y, = Udy(y,,5)  forall §,eZ (1.39)

Recall that the energy bilinear forms a,(-, -) and d,(-, ) are positive definite
on the space Z = R" of kinematically admissible displacements; that is,

ab(yg7yg) > 0’
db(ygayg) > Oa

In order to obtain the simplest possible derivation of eigenvalue design
sensitivity in this setting, a basis ¢' (i = 1, ..., m) of Z may be introduced. It
is presumed here that kinematic constraints do not depend explicitly on
design, so the vectors ¢' are independent of design. Recall that the dimension
of the space Z = R" of kinematically admissible displacements is m < n. Any
vector y, € Z may be written as a linear combination of the ¢/, that is,

forall y,eZ, y,#0 (1.3.10)

m

Vo= 2 ¢¢' =B (1.3.11)

i=1
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where @ = [¢' ¢ --- ¢™] and the coefficients c; are to be determined.
Substituting this expression for y into Eq. (1.3.9) and evaluating Eq. (1.3.9)
with y, = ¢/ (j = 1,..., m) gives the following system of equations for the
coefficients c;:

Zab(¢i,¢j)c.-=C'_ild,,(#,tbj)ci, j=L...om (1312

i=1
In matrix form, these equations may be written as
K(b)c = (M(b)c
K(b)e = L1(B (1309
c"™™(b)c =1

where
K (b) = d)TKg(b)(D

. (1.3.14)
M(b) = "M, (b)®

Note that since the matrix ® does not depend on design, the matrices K(b)
and M(b) are differentiable with respect to design if K (b) and M,(b) are.
Using the conditions of Eq. (1.3.10), the matrices K(b) and M(b) may be
shown to be positive definite. Thus, the result of Section 1.3.1 applies [Eq.
(1.3.8)] to obtain the derivative of the eigenvalue with respect to design as
ac o

X 0 . ~
2 = a5l KB — { [EMEB)] (1.3.15)

In order to use this result, first note that the second equation of Eq. (1.3.13)
and Eq. (1.3.11) yield

1 = c"™M(b)c = TO™M(b)YPc = yI M (b)y, = dy(y,, )  (1.3.16)

Furthermore, substituting for the matrices K(b) and M(b) from Eq. (1.3.14)
into Eq. (1.3.15) gives

df 0 4.1 . [
b= %[c O'K (D] — ¢ 53[0 ®' M, (b)dc]
With Eq. (1.3.11), the desired result is obtained as

a_
db
Note that the form of Eq. (1.3.17) is identical to that obtained with the

reduced global stiffness matrix in Eq. (1.3.8). Computational advantages
associated with Eq. (1.3.17), however, are considerable. The generalized

0 )
%[5': K (b)y] — C%[?IMg(b)}"’g] (1.3.17)
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global stiffness and mass matrices can be used for calculating design
sensitivity of a simple eigenvalue, without resorting to matrix manipulations
that transform the generalized global matrices to reduced form.

1.3.3 First-Order Design Sensitivity
of Eigenvectors Corresponding
to Simple Eigenvalues

As in the static response case, since ® in Eq. (1.3.11) does not depend on b,
¥V, = (dy,/db) 6b = ®©(dc/db) 6b. Thus, eigenvectors y, corresponding to
simple eigenvalues are differentiable with respect to design. In this section,
only the case that the bilinear form d(-, -) is independent of design will be
considered. In order to obtain the directional derivative y; of the eigenvector
¥, corresponding to the smallest simple eigenvalue of Eq. (1.3.9), take the
total variation of both sides of Eq. (1.3.9) and use the chain rule of
differentiation to obtain

ab(y;7j)g) - Cd(y;a.}—"g) = _a:Sb(yg7)_)g) + C,d(yg’}_)g)

= —a5(Ve, Vo) + (Vo V)d(y,.5,)  forall j,eZ
(1.3.18)

where Eq. (1.3.17), written in terms of energy bilinear forms, has been used to
evaluate the directional derivative of the eigenvalue.

The bilinear form on the left side of Eq. (1.3.18) need no longer be positive
definite on Z, since it is a difference of positive definite forms. Therefore, it is
not clear that a unique solution of Eq. (1.3.18) exists. However, note that Eq.
(1.3.18) is trivially satisfied for y, =y, A subspace W of Z that is
d-orthogonal to y, may be defined and Z may be written as the direct sum
of Wand y,; that is,

Z=W o {y}
where {y,} is the one-dimensional subspace of Z spanned by y, and
W={veZ:dy,) = 0} (1.3.19)

The notation @ means that since d(., -)is positive definite on Z, every vector
w € Z can be written uniquely in the form

w =0+ ay, veW, aeR!

Since Eq. (1.3.18) is valid for all j, € Z, every element of Z can be written
uniquely as the sum of elements from W and {y,}, and Eq. (1.3.18) is trivially
satisfied for y, = y,, Eq. (1.3.18) reduces to

a (V. ¥p) — Cd(y,, ¥) = —aslyg. )  forall yjeWw  (1.3.20)
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It now remains to show that the bilinear form on the left side of Eq. (1.3.20) is
positive definite on W.

Using the Rayleigh quotient representation of eigenvalues of Eq. (1.3.9), it
is well known [14] that the second eigenvalue of the problem minimizes the
Rayleigh quotient over all vectors v € W. Since the second eigenvalue is
strictly larger than the smallest simple eigenvalue ¢,

C<ab(v,v) forall veW, v+#£0
d(v,v)
or
a,(v,v) — {d(v,v) > 0 forall veW, v#0 (1.3.21)

This shows that the bilinear form on the left side of Eq. (1.3.20) is positive
definite on W. Thus, Eq. (1.3.20) has a unique solution y, € W for the
directional derivative of the eigenvector y, corresponding to the smallest
simple eigenvalue. This argument can be extended to any simple eigenvalue,
replacing W by the subspace of Z that is d-orthogonal to all eigenvectors
corresponding to eigenvalues smaller than {.

Letting 6b be a vector with a one in the jth position and zeros elsewhere, y,
becomes dy,/db;, and Eq. (1.3.20) becomes

] d 0 g _
LK, b) — (M,] d—iﬂ = - UIK )5 forall jew
J J
(1.3.22)

Several numerical techniques exist for solving Eq. (1.3.20) for y; or Eq.
(1.3.22) for dy,/db;. Nelson [15] presented a direct computational technique
that uses the reduced global stiffness matrix and is effective for computations
in which the reduced system matrices are known. Potential exists for direct
application of numerical techniques such as subspace iteration [16] to
construct a solution of Eq. (1.3.20), in conjunction with solution of the basic
eigenvalue problem.

1.3.4 Second-Order Design Sensitivity
of a Simple Eigenvalue

The ith component of the gradient of the smallest eigenvalue { with respect
to design may be written from Eq. (1.3.17) as

a; ¢

0
T, = a5, Us Keb3i] = L5 EMb)%] (13.23)
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Differentiating with respect to b; gives
d¥ 0*
db;db; 6b 0b;

62
BTK9]) ~ {5, DEMO)
{ IR 05 = L2 BIM05,1} 2 M0,

a 5T ~T dyg
6b [ K (b)] db -2 b, [ M b)] (1.3.24)
In order to evaluate the second derivative of 7 in Eq. (1.3.24), dy,/db; and
dy,/db; must be calculated. This may be done by solving Eq. (1.3.22). Once
Eq. (1.3.22) is solved, the result may be substituted into Eq. (1.3.24) to obtain
the second design derivative of { with respect to design components b, and b;.
Note that computation of all second design derivatives of { requires
solution of Eq. (1.3.23)forj = 1,.. ., k. These results may be substituted into
Eq. (1.3.24) and the partial derivatives with respectto b, (i = 1,..., k) may be
calculated. Thus, all k2/2 + k/2 distinct derivatives of { are obtained with
respect to design. In doing so, k sets of equations in Eq. (1.3.22) must be dealt
with and numerical computation performed to evaluate the right side of Eq.
(1.3.24). While this is a substantial amount of computation, availability of
second design derivative of eigenvalues with respect to design can be of value
in iterative design optimization.

1.3.5 Systematic Occurrence
of Repeated Eigenvalues
in Structural Optimization

In carrying out vibration and buckling analysis of structures, it is well
known that computational difficulties can arise if repeated eigenvalues
(natural frequencies or buckling loads) arise. Occurrence of repeated eigen-
values has often been dismissed on practical grounds, since it is felt that a
precisely repeated eigenvalue is an extremely unlikely accident.

While repeated eigenvalues may indeed be unlikely in randomly specified
structures, they become far more likely in optimized structures. Thompson
and Hunt [17] have devoted considerable attention to designs that are
constructed with simultaneous buckling failure modes (i.e., repeated eigen-
values). More recently, Olhoff and Rasmussen [18] showed that a repeated
buckling load may occur in an optimized clamped-clamped column. Their
result corrected an erroneous solution published much earlier [19].
Subsequent to the Olhoff-Rasmussen finding, Masur and Mroz [20] gave an
elegant treatment of optimality criteria for structures in which repeated
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eigenvalues occur. They showed that a singular (nondifferentiable) optimi-
zation problem arises. Prager and Prager [21] demonstrated that singular
behavior associated with repeated eigenvalues may arise for even a very
simple finite-dimensional column model of the distributed parameter column
of Olhoff and Rasmussen [18]. Simple vibration and buckling problems are
introduced here to show how repeated eigenvalues arise in structural
optimization.

VIBRATION EXAMPLE

Consider first the spring—mass system shown in Fig. 1.3.1. The eigenvalue
equation for small-amplitude vibration of the rigid body is derived simply as

4+, b, 2 17 _
K(b)}’—[ b, 4b1+b2]y—C[1 5 y=({My (1.3.25)

where { = 2w?m/3, m is mass of the bar, and I = m/?/12 is moment of inertia
of the bar. Horizontal motion of the bar is ignored and the spring constants
are regarded as design variables. Note that they do not appear in the mass

matrix M.
2Lyl Lty LLLls

>

=b| 2

L m |
Y !
et ——f

Fig. 1.3.1 Spring-mass system with two degrees of freedom.

VA
o

The optimal design objective is to find design parameters b, and b, to
minimize weight of the spring supports, which is presumed to be of the form

'I/o = clbl + 02b2 (1.3.26)

where ¢, and ¢, are known constants. The minimization is to be carried out,
subject to constraints that the eigenvalues are not lower than {, > 0 and the
spring constants are nonnegative. These constraints are given in inequality
constraint form as

‘/’1=Co"61$0
¢2=C0—C250
Y3 =-b<0

l/’4=_bz$0
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Since the eigenvalues of Eq. (1.3.25) are {, = (4b, + 2b,)/3 and {, = 4b,,
these constraints become

Y, =0, —(@4b, +2b,)/3 <0
Y, =0, —4b; <0
‘/’3=_b250
Yo=-b,<0

Equations (1.3.26) and (1.3.27) define a linear programming problem. The
feasible set is shown graphically in Fig. 1.3.2. Note that the slope of the line
connecting points A and B in Fig. 1.3.2 is —2. The level lines of the cost
function of Eq. (1.3.26) are straight, with slope equal to —c,/c,. The cost
function decreases as level lines of cost move to the lower left. Thus, it is clear
that point A (repeated eigenvalue) is optimum if ¢,/c, > 2 and point B
(simple eigenvalue) is optimum if ¢, /c, < 2.

(1.3.27)

3§°= 4b| + sz

cost function if c/c, > 2

feasible designs

‘b.

;o 3;o \\ cost function if c./c2< 2
2 = N

Fig. 1.3.2 Feasible region in design space for systems with two degrees of freedom.

COLUMN BUCKLING EXAMPLE

Next consider the column shown in Fig. 1.3.3, with elastically clamped
ends. The column has five rigid segments of length I and six elastic hinges, the
hinges at the ends of the column having bending stiffness b2. That is, the
rotation of the end sections of the column by an angle 6, is opposed by a
clamping moment M, = b26,, where by, is a given constant. The cases b, = 0
and by, = oo correspond to pin-supported or rigidly clamped ends, re-
spectively. Because boundary conditions at the ends are identical, the
bending stiffnesses of the optimum design will be symmetric with respect to



58 1. FINITE-DIMENSIONAL STRUCTURAL SYSTEMS

Fig. 1.3.3 Elastically supported column.

the center of the column, and the buckling modes are either symmetric or
antisymmetric with respect to the center. A column design is specified by the
bending stiffness b7 of hinges 1 and 4 and b2 of hinges 2 and 3 in Fig. 1.3.3. A
buckling mode that is known to be symmetric or antisymmetric is specified
by the deflection y, of nodes 1 and 4 and y, of nodes 2 and 3. Upward
deflections are regarded as positive.

At the left end, the column is subject to an axial load P, a reaction force R,
and a clamping moment M,,. The bending moment at the ith hinge is

M, =M, — ilR — Py, i=0,...,4 (1.3.28)
where y, = 0. If 6; denotes the relative rotation of the segments meeting at
the ith hinge, considered positive if counterclockwise rotation of the segment
to the right of the ith hinge exceeds that of the segment to the left,

M; = b}0; = by, — 2y + yi- /), i=0,...,4 (1.3.29)
where y_, = y, = 0. It is convenient to introduce a reference stiffness b*?
and define the dimensionless variables
P=Pip*:,  R=RIb*2, M, =M/Mb*%  §=y/l, b =>b/b*
(1.3.30)

Note that with these dimensionless variables, Egs. (1.3.28) and (1.3.29) yield
(after deleting ~ for notational simplicity),

M, — iR = Py, = bi(yisy — 2% + yiz ) i=0,1,2 (1331

For a symmetric buckling mode, y, =y, and R = 0. For i =0, 1,2, Eq.
(1.3.31) yields
M, = b3y,

M, — Py, = bi(y, — 2y, (13.32)
M, — Py, = bj(=y, + y,)

where P, is the buckling load of the symmetric mode. When the value of M,
from the first of these equations is substituted into the other two, linear
homogeneous equations are obtained for y, and y, that admit a nontrivial
solution only if

PZ — (b3 + 2b% + b3)P, + bi(b? + b2) + b2b3 =0 (1.3.33)
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The smaller root of this equation is the symmetric buckling load.
Let the cost of the design [b,, b,]" be fixed by the relation

by +b,=1 (1.3.34)
and find a design that has the greatest buckling load. In view of Eq. (1.3.34),
Eq. (1.3.33) reduces to
P2 — (1 + b} + 3b} — 2b,)P,
+ b3(2b% — 2b, + 1) + b3(b> — 2b, + 1) =0 (1.3.35)

For an antisymmetric buckling mode, y; = —y, and R = 2M,/(5]) because
both the bending moment and the deflection vanish at the center of the
column. Proceeding as above, a quadratic equation is obtained for the
buckling load P, of the antisymmetric mode, in the form

P? — (3 + 0.6b% + 5b% — 6b,)P,
+ b3(2b} — 3.6b, + 1.8) + Sb3(b? —2b, + 1) =0 (1.3.36)
The smaller root of this equation is the antisymmetric buckling load.
In Fig. 1.3.4, the smaller of the buckling loads P, and P, is shown as a

function of b, for fixed values of b,. To indicate important features of this
relation, consider the case b, = 0.3, for which the variation of the buckling

- n
o ¢ o o

Fig. 1.3.4 Buckling loads for optimum columns.
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load is shown by the line ABCD. The arcs AB and CD correspond to
antisymmetric buckling, while the arc BC corresponds to symmetric buckl-
ing. At point B in Fig. 1.3.4, both symmetric and antisymmetric buckling are
possible, and the buckling load is given by a repeated eigenvalue. A similar
observation applies to point C. The arc BC, however, has its greatest
ordinate at point H, so the optimum design for b, = 0.3 corresponds to
b, = 0.39, which causes buckling in a symmetric mode, the buckling load
being a simple eigenvalue. However, the buckling load is a repeated
eigenvalue if b, is larger than the value b, = 0.57 that corresponds to point
E, and the optimum design may buckle in a symmetric or an antisymmetric
mode, or in any linear combination of the two.

Note that a second local maximum occurs as a repeated eigenvalue for
b, = 1.31, corresponding to point F. Another local maximum occurs as a
simple eigenvalue for b, > 0.94, corresponding to point G. Also, note that
the curve of Fig. 1.3.4 is not concave; indeed several relative maxima occur,
and when a repeated eigenvalue occurs at an optimum, the eigenvalue is not
differentiable with respect to design. Thus, if dP/db, = 0 were to be used as an
optimality criteria, serious errors would result from the outcome of such
computations.

1.3.6 Directional Derivatives of Repeated
Eigenvalues

ANALYSIS WITH REDUCED GLOBAL STIFFNESS
AND MASS MATRICES

Consider first the eigenvalue problems that arise in vibration or buckling
of structures, using the reduced global stiffness and mass (or geometrical
stiffness) matrices,

K(b)y = (M(b)y (1.3.37)

where y € R™ In the problems considered here, K(b) and M(b) are symmetric,
positive definite matrices.

The derivation of design derivatives in Section 1.3.1 is valid only under the
assumption that the eigenvalues and eigenvectors are differentiable with
respect to design, which is true if the eigenvalue is simple. However, even a
repeated eigenvalue is directionally differentiable (see Appendix A.3), which is
to be shown in the theorem that follows.

Let the eigenvalue {(b) of Eq. (1.3.37) have multiplicity s > 1 at b and
define an s x s matrix .4 with elements

O O .
My = % ¥ K(b)7"] b — C(b)éz[y' M@®)§1ob, ij=1,...,s
(1.3.38)
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where {y'} (i = 1,2,...,s) is any M(b)}-orthonormal basis of the eigenspace
associated with {(b). Note that .# depends on the direction db of design
change (i.e., # = #(b, 6b)). The following theorem characterizes the direc-
tional derivatives of repeated eigenvalues.

THeorem 1.3.2 If the matrices K(b) and M(b) are symmetric, positive
definite, and differentiable, then the directional derivatives {i(b, ob)
(i=12,...,s)of arepeated eigenvalue {(b) in the direction b exist and are
equal to the eigenvalues of the matrix .

ProoF Since matrices K(b) and M(b) are positive definite, hence non-
singular, Eq. (1.3.37) may be rewritten as

C(b)y' = [K~U(b)M(b)]y = %f, i=1...,s (1.3.39)

where (y', My') = é;; and §,; is the Kronecker delta, which is one if i = j and
zero otherwise. Since K(b) and M(b) are differentiable with respect to b, so is
C(b). In particular,

Cb + 16b) = C(b) + T[Zg—bc 6b‘] + o(7) (1.3.40)
1 00

where o(7) denotes a quantity such that

lim o(x)/z = 0.

By theorem 5.11, chapter 2, of Kato [13],
{db + T 6b) = { + (b, 6b) + o(7), i=1...,s (1.3.41)
where {{(b, 6b) = —[{(b)]?«(b, 5b) and (b, 5b) are eigenvalues of the oper-

ator (suppressing argument b for notational simplification)

N = P[zg—fab,}) i (1.3.42)
1 1

where P is the M-orthogonal projection matrix that maps R™ onto the
eigenspace

Y= {y eR™ y=Y ay, q real}

i=1
That is, for any y € R™,
Py = Y (My,y)y (1.3.43)
i=1

and the scalar product (-, -) is defined as (v, y) = vy = Y5, v; ;.
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The eigenvalues of the operator N must now be found. Each eigenvector of
N can be expressed as

Mn

=Y ay (1.3.44)

ji=1

where not all values of a; are zero. Hence,

aC o s
[Z > 6b}Py = (b, 5b)y

or
s aC . s i
> q [Z ]Py’ =o' Y ay (1.3.45)
=t =
Taking the scalar product of Eq. (1.3.45) with My’ gives
S oC D - S
Y gl P[> b |PY, My ) =o' Y a(y, My)
j=1 T 0b, i=1
= o'a,, i=12,...,s (1.3.46)

To have a nontrivial solution a;, ' must be an eigenvalue of the matrix

Ry = [NV, My, (1.3.47)
By definition of C = K~!M in Eq. (1.3.39),
aC oM 0K,
@ =K' K KM (1.3.48)
Thus,
oM 0K Ny
1
[(My PK~™ Z(ab ab )6b,Py’> » (1.3.49)
Since Py’ = y/ and Cy' = (1/0)y”,
oM . 16K . ]
= J -1 ~— = . A7 1
|:<My, PK ;(abl ¥ T b, y’) 6b,>—s“ (1.3.50)

Note that for any vector v € R™,

(My', Pv) = Y (MY, (Mu, y)y’)

i=1

= (Mo, ) = (v, My) = %(v, Ky) (1.3.51)
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Applying this result to Eq. (1.3.50) gives

. [/t (oM | 10K |
N= [(CK K Z(ab, ZTb,y’)‘”"ﬂ

v S

I:{é’b( , M(b)j’) 6b % 6b(y K(b)j) 6blxs (1.3.52)
Noting that aj(b, db) are the eigenvalues of N and {i(b, b) = —({(b ))2 i(b, ob),
it is concluded that {|(b,6b) are the eigenvalues of .# = —({(b))*N, which
gives

M = [ab(y,K(b)y’) ob — C—(y,M(b)y’) 5b:| (1.3.53)
Since this is the matrix defined in Eq. 1.3.38, the proof of the theorem is
complete.

The notation {i(b, db) is selected in Theorem 1.3.2 to emphasize de-
pendence of the directional derivative on éb. It is not surprising that in the
neighborhood of a design for which the eigenvalue is repeated s times that
there may be s distinct eigenvalues. The remarkable fact implied by the
preceding result is that the eigenvalues of the matrix .# of Eq. (1.3.38) do not
depend on the M (b)-orthonormal basis that is selected for the eigenspace.
Moreover, if the eigenvalues {(b + Jb) are ordered by increasing magnitude,
their directional derivatives are the eigenvalues of .#, in the order of
increasing magnitude.

To see that the directional derivatives of the eigenvalue are not generally
linear in &b, consider the case of a double eigenvalue (ie., s =2). The
characteristic equation for determining the eigenvalues of .# may be written,
for the case s = 2, as

Jlu - Cl ‘/”12

N =y My — MY, — (M, + M)+ (=0
r/”21 r/”zz _C 11 22 12 11 22

(1.3.54)

where the fact that .#,, = .#,, has been used. Solving this characteristic
equation for {’ gives a pair of roots that provide the directional derivatives of
the eigenvalue as

CUb, 8b) = 3{(Myy + Myy) £ [(My, + M,)
— 4 My Myy — AN, P=1,2 (1.3.55)

where i = 1 corresponds to the — sign and i = 2 corresponds to the + sign.
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This equation orders the directional derivatives of the repeated eigenvalue
according to magnitude. It is clear that with this ordering, even though the
M; are linear in 6b, the resulting formula for {'(b, 8b) is not linear in b, hence
it is not a Fréchet derivative (Appendix A.3). This situation may arise
because the eigenvalues have been ordered by magnitude. As indicated by the

¢
A 2

§

» b

0
b
Fig. 1.3.5 Schematic of eigenvalue crossing.

schematic diagram in Fig. 1.3.5, even if a smooth ordering of the eigenvalue
versus design curves exists, ordering by magnitude leads to a derivative
discontinuity at the point of a repeated eigenvalue.

COMPUTATION OF DIRECTIONAL DERIVATIVES
OF A REPEATED EIGENVALUE

There exists an ordering of ({b + tdb) such that the mapping
7 — {{b + t 8b) is differentiable at © = 0. In general, however, this ordering
depends on db. To see this, let s = 2. A method for determining the
directional derivatives was introduced by Masur and Mroz [22]. They used
an orthogonal transformation of eigenvectors, beginning with a given
4 (b)-orthonormal set y! and y? and defined a “rotated” set

1

y' = y'cos ¢ + y*sin ¢

Rk _ (13.56
y? =—y'sing + y?cos ¢ )

where ¢ is a rotation parameter. An easy calculation shows that if y! and y?
are M(b)-orthonormal, then so are $* and $2. The transformed eigenvectors
may thus be used in evaluating the matrix .# of Eq. (1.3.38), denoted as.# .
Since the eigenvalues of .4 are the same as those for .#, a rotation parameter
¢ may be chosen to cause the matrix .4 to be diagonal. If such a ¢ can be
found, then the diagonal elements of .4 will be the eigenvalues of the original
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matrix, hence the directional derivatives of the repeated eigenvalue. Thus, it is
required that

7 0 xyv x 0 z7 x
0= A, = VKO 66 — L(b) 5 [ H(0)37] 6b

= —cos ¢ sin ¢ A, + (cos’¢ — sin®P).4,, + sin pcos ¢ #,,

= 3082 ( My, — Myy) + COS2¢ My, (1.3.57)
Equation (1.3.57) may be solved for

2“”1 2()’1, y29 5b)
11()’1, yl, 5b) - '//{22(.))2’ yza 5b)
where the notation is chosen to emphasize that ¢ depends on the direction of
design change 6b. Even though the .#,; depend linearly on 6b, their ratio on
the right side of Eq. (1.3.58) is not linear in db. Furthermore, the Arctan
function is nonlinear.
This angle ¢ may be used in evaluating .#,, and .# ,, to obtain the
directional derivatives of the repeated eigenvalue; that is,
{\(b,6b) = M,, = cos® ¢ (5b).#,,(6b)

+ sin 2¢) (5b).#, ,(5b) + sin? ¢ (5b).#,,(6b)
(1.3.59)

¢ = ¢(6b) = 3 Arctan [ Y ] (1.3.58)

(b, 8b) = My, = sin® ¢ (5b).#,,(5b)

— sin 2¢) (5b)#, ,(3b) + cos? ¢ (6b).#,,(5b)
(1.3.60)
where the notation .#,(0b) is used to emphasize dependence on design
change. Note that even though .#,(0b) is linear in &b since the trigonometric
multipliers depend on Jb, the directional derivatives appearing in Egs.
(1.3.59) and (1.3.60) are in general nonlinear in 6b. Thus, the directional
derivatives of a repeated eigenvalue are indeed not linear in §b. Hence, { is
nondifferentiable. Only if .#, ,(5b) is identically equal to zero for all db, with
some pair of M(b)-orthonormal eigenvectors, can the repeated eigenvalues be
ordered in such a way that they are Fréchet differentiable.
It may be noted in Eq. (1.3.58) that for t 3 0, ¢(b, T 6b) = $(b, ob); that is,
@(b, b) is homogeneous of degree zero in db. Thus, since .#,(Jb) are linear in

8b,
{ilb, T 6b) = t{(b, 6b) (1.3.61)

That is, the directional derivatives of a repeated eigenvalue are homogeneous
of degree one in Jb. This implies that once Jb is fixed, the eigenvalues can be



66 1. FINITE-DIMENSIONAL STRUCTURAL SYSTEMS

ordered such that the repeated eigenvalue is differentiable with respect to .

While the foregoing approach could be used to treat a triple eigenvalue,
the analysis would be much more delicate. In this case, the matrix is 3 x 3,
and a cubic characteristic equation would have to be solved. The alternative
is to use a three-parameter family of M (b)-orthonormal eigenfunctions and to
choose the three rotation parameters to cause the offdiagonal terms of .# to
be zero. This will be a complicated task, since three trigonometric equations
in three unknowns must be solved. While analytical solution of directional
derivatives for eigenvalues of multiplicity greater than 2 may be difficult, the
same basic ideas may be employed for numerical calculation.

ANALYSIS WITH GENERALIZED GLOBAL STIFFNESS
AND MASS MATRICES

Consider the reduced formulation of the generalized eigenvalue problem of
Eq. (1.3.9), given by Eq. (1.3.13), for the repeated eigenvalue problem with
nonsingular reduced stiffness and mass matrices K(b) and M(b) in Eq.
(1.3.14). Let ¢ (i = 1,.. ., s) be M(b)-orthonormal eigenvectors, with

Ry =(Mb), i=1,...,s (1.3.62)
Thus, vectors y, = ®c' satisfy the relation
8; = c"M(b)e! = ("OM(B)DC = )i M,(b)y] (1.3.63)

where J;; is the Kronecker delta, so y} are M,(b)-orthonormal.
For the reduced eigenvalue equation of Eq. (1.3.62), use Eq. (1.3.38) to
define
)
Ay = b
By Theorem 1.3.2, the directional derivatives {{(b,0b) (i = 1,...,s) of the
repeated eigenvalue { of Eq. (1.3.9), or equivalently Eq. (1.3.62), are the
eigenvalues of .. Using y} = ®c' and Eq. (1.3.14),

¢"R(b)&] 6b — Cb)——[“‘T M(b)&] 8b (1.3.64)

M ["'T(I)TK (D)D) 8b — (o) = ["‘T(DTMg(b)(Dé"] b

G- T .
= S D K(b)31 3b — L no U MBS 06, ij=1....s
(1.3.65)

Thus, Eqgs. (1.3.58)-(1.3.60) are valid for the directional derivatives of a
repeated eigenvalue, with .#); replaced by .#; [i.e., written in terms of the
generalized global stiffness and mass matrices in Eq. (1.3.65)].
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1.3.7 Examples

THREE-BAR TRUSS

To illustrate results of previous sections, consider the three bar truss
considered in Section 1.2.6. To simplify the calculation, consider the
generalized global lumped mass matrix give as

4, + /2,

by + /2b, 0
!
Mb) = [ 0 b, + b,
2 b, + b,

by + /2b,
by + /2b,

(1.3.66)

where p is mass density. The space of kinematically admissible displacements
is
Z={y,eR% y;=y,=0, yscosa + ygsina =0}  (1.3.67)

and K, (b) of Eq. (1.2.63) is positive definite on Z. If § = 45°and o« = 30° then
with y=[y, y, ;1% the reduced mass matrix in this example is

b+ J/2b, 0 0
M(b) = % 0 by + /2b, 0 (1.3.68)
0 0 4(b, + /2b3)

For the eigenvalue problem, assume E=1, p=1, b; = b, =1, and
by = 2\/5. Then the fundamental eigenvalue is { = 0.08038 and the
M (b)-normalized eigenvector is

y=0n v, ys]"=[-03496 008451 02601]"  (1.3.69)

The reduced eigenvalue design sensitivity may now be evaluated from Eq.
(1.3.8) as
d{

0 - 0 . .
== %(yTK(b)Y) - C%(yTM (b)7)

(1.3.70)
= [0.001944 0.05678 —0.02076]

In case the generalized global formulation is employed, the same eigen-
value as in the reduced formulation is computed. The M,(b)-normalized
eigenvector is

y, = [—0.3496 0.08451 0 O 02601 —0.45051]" (1.3.71)
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The eigenvalue design sensitivity formula of Eq. (1.3.17), with the variational
formulation, gives
a. o . . 0 _ .
b= %@g K (b)y,) — CEI;(ygT M,(b)j,)
(1.3.72)
= [0.001944 0.05678 —0.02076]
which is the same as in Eq. (1.3.70).
Since there is no evidence of designs leading to repeated eigenvalues in this
example, repeated eigenvalue sensitivity formulas are not written.

PORTAL FRAME

As an example in which repeated eigenvalues occur at a given design,
consider the portal frame shown in Fig. 1.3.6. The structure is modeled using
beam elements of lengths I, and uniform cross-sectional areas b;, as shown in
Fig. 1.3.6. No axial deformation is considered in this example. The design
problem is to find b € R" that minimizes the weight

Yolb) =7 Y I;b; (1.3.73)

i=1

- 10in.

=
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E Q
%
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o
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Y, /\7

S r Y
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‘

K s Yo 3,6_’)!23 i0in.
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% \' 4 Y3 r%—»yw
Y, Y % y33( 3—» Y30
18
\y ~\\

Fig. 1.3.6 Eighteen-element model of portal frame.
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subject to natural frequency constraints
V=0 —( <0 i=12 (1.3.74)
and constraints on cross-sectional area
Yie2=¢;—b;<0, j=12,...,n

where y is weight density of the material and {;, = w?.
The numerical results presented are based on the following data:

1. Length of each member of portal frame is 10 in.

2. Moment of inertia of cross-sectional area is I; = ab?.

3. Geometry of a cross section is circular (x = 0.08).

4. Young’s modulus of elasticity is E = 10.3 x 10° psi.

5. Mass density of the material is y = 0.26163 x 10~ Ib-sec?/in ..

The eighteen-finite-element model of Fig. 1.3.6 is used in computation, and
the current design, which gives repeated eigenvalues ¢, = 3.360591 x 10’
and {, = 3.364971 x 107, is given in Table 1.3.1 (column a).

The perturbation direction b to be used in the calculation of directional
derivatives (b, 6b) in Egs. (1.3.59) and (1.3.60) is given in Table 1.3.1
(column b). A comparison of design sensitivity between the actual changes

Table 1.3.1
Current Design and Perturbation

(a) Current Design (b) Perturbation

i b, i Sb(i)

1 0.6614E + 01 1 0.6960E — 01
2 0.4626E + 01 2 0.4933E — 01
3 0.2747E + 01 3 0.2921E - 01
4 0.1602E + 01 4 0.7251E — 02
5  0.9134E + 00 5 0.4467E — 02
6  0.3709E + 00 6 0.1841E — 02
7  0.3500E + 00 7 0.0000E + 00
8  0.3500E + 00 8 0.0000E + 00
9  0.3500E + 00 9 0.0000E + 00
10 0.3500E + 00 10 0.0000E + 00
11 0.3500E + 00 11 0.0000E + 00
12 0.3500E + 00 12 0.0000E + 00
13 0.3709E + 00 13  —0.2025E — 02
14 0.9134E + 00 14 —-0.5360F — 02
15 0.1602E + 01 15 —-0.9426E — 01
16 0.2747E + 01 16 —0.4090E — 01
17 0.4626E + 0l 17 —0.7400E — 01
18 0.6614E + 01 18 —0.1114E + 00
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Table 1.3.2
Comparison of Sensitivity

Constraint Ay, 14 /Ay, x 100)%;
¥, —0.1875 x 10° —-0.2016 x 10°® 107.5
v, 0.8397 x 10% 0.9968 x 10° 118.7

and predictions by the sensitivity formulas of Egs. (1.3.59) and (1.3.60) is
presented in Table 1.3.2. Since (b, 8b) (i = 1, 2) are nonlinear in &b for the
current design, dy;/db can not be found to calculate /; = (di;/db) 6b.

1.4 DYNAMIC RESPONSE DESIGN
SENSITIVITY

Thus far in this chapter, only static response and eigenvalues that represent
steady-state motion and buckling of structures have been treated. Under
time-varying loads or nonzero initial conditions, transient dynamic response
of the structure must be considered. Design sensitivity analysis of structural
response measures in a transient dynamic environment is treated in this
section, first including the effect of damping and then specializing the results
to undamped structures, yielding substantial computational simplification.

1.4.1 Design Sensitivity Analysis
of Damped Elastic Structures

Consider first the case of a structure in which the generalized global
stiffness and mass matrices have been reduced by accounting for boundary
conditions. Further, let the damping force in the structure be represented in
the form —C(b)z. Under these conditions, the Lagrange equations of motion
become

M)z + C(b)z + K(b)z = F(t,b) (1.4.1)

with initial conditions
2(0) = 2 2(0) = 2° (14.2)

Consider a structural response functional of the general form

T
¥ = g(z(T),b) +f G(z,b) dt (1.4.3)
(1]

where the final time T is determined by a condition of the form
Q@z(T), T),b) =0 (1.4.4)
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That is, given a design b, the equations of motion of Egs. (1.4.1) and (1.4.2)
can be integrated to monitor the value of Q(z(t), 2(t), b). The time at which
this quantity goes to zero is defined as the time T. The functional in Eq. (1.4.3)
can then be evaluated. It is presumed that Eq. (1.4.4) determines T uniquely,
at least locally. This requires that

a=2:1+ %51 20 (14.5)
oz 0z

It is clear from Eq. (1.4.1) that the solution z = z(¢; b) of the initial-value
problem of Eqgs. (1.4.1) and (1.4.2) depends on the design variable b. The
nature of this dependence is characterized by a well-known theorem from
ordinary differential equations [23].

THEOREM 1.4.1  If the matrices M(b), C(b), and K(b) and vector F(t, b) are s
times continuously differentiable with respect to b and if the matrix M(b) is
nonsingular, then the solution z = z(¢; b) is s times continuously differen-
tiable with respect to b.

Theorem 1.4.1 guarantees that the dynamic response of a structural system
is essentially as smooth as the dependence on b in the equations of motion.
Consider now a variation in design of the form

=b + 1 b (14.6)

Substituting b, into Eq. (1.4.3), the derivative of both sides of Eq. (1.4.3) can
be evaluated with respect to 7 at 7 = 0. Leibnitz’s rule of differentiation of an
integral [24] may be used to obtain

, _0g og _, e . (T[eG ,  aG ]
w—EF%+EE&H)+ANT]+GMDjﬂ‘+L[&z-F%éﬂdt
(1.4.7)

where

d [z(t, b)] ob

Z' = Z'(b, 6b) = ;—tz(t, b + 1 db) 7
=0

T =T'(bdob) = ;—tT(b + 7 6b) = Z—Z;éb

=0

Note that since the expression in Eq. (1.4.4) that determines T depends on
design, T itself will depend on design. Thus, terms arise in Eq. (1.4.7) that
involve the derivative of T with respect to design. In order to eliminate these
terms, take the derivative of Eq. (1.4.4) with respect to 7 and evaluate at 1 = 0
to obtain

il [Z(T) + ()T} + 6_(2 [Z(T) + ZDT] + it éb=0 (14.8)
0z 0z ob
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This equation may be rewritten as

QT = [a—g 3T) + ?9 E(T)]T’ = —(539 2(T) + a—g #(T) + o 5b).
0z oz ch

0z 0z
(1.4.9)
Since it is presumed that Q = 0 [see Eq. (1.4.5)],

T = —{((39_? / Q)z'(T) + (‘Z_‘; / Q)z’(r) + (‘;—‘Z / Q> 6b} (1.4.10)

Substituting the result of Eq. (1.4.10) into Eq. (1.4.7),

, |2 dg, o ,
Y = [;3; - Ez(T) + G(z(T), b)< = / Q)}z (T)

ag . oQ .\, [6G , G
- [Ezm + G((T), b)J(a /s‘z>z(T) + L [Ez + %5171 dt

og ag . Q.
+3 Sb — [& HT) + G(z(T), b)] (% / Q) b

(1.4.11)

Note that the differential of  in Eq. (1.4.11) depends on the differential of the
state z and velocity Z at T, as well as on the differential of z in the integral.

In order to write the variation of ¥ in Eq. (1.4.11) explicitly in terms of a
variation in design, the adjoint variable technique employed in Sections 1.2.2
and 1.2.3 may be used. In the case of a dynamic system, one may multiply all
terms in Eq. (1.4.1) by the transpose of A = A(t) and integrate over the interval
[0, T] to obtain the following identity in A:

T
J AT[M(b); + C(b): + K(b)z — F(1,b)} dt =0 (1.4.12)
0

Since this equation must hold for arbitrary A, which is taken at this point to
be independent of design, substitute b, of Eq. (1.4.6) and take the differential
of Eq.(1.4.12) to obtain the relationship, using Leibnitz’s rule and noting that
the integrand is zero at T,

T
f [ATM(b)E’ + ATC(h)? + A"K(b)z' — %Ig 5b:l de=0 (14.13)
0

where
R = ATF(t,b) — iTM(b)Z — ITC(b)Z — ITK(b)z (1.4.14)

with denoting variables that are to be held constant for the purposes of
taking partial derivatives with respect to design in Eq. (1.4.13).
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Integrating the first two terms under the integral in Eq. (1.4.13) by parts
yields

ANTYM(B)2(T) — ANT)M(b)z(T) + AN(T)C(b)z(T)

T
+ f {[}iTM(b) — C(b)AT(b) + ITK(b))z — R 5b} dt =

(14.15)

Since Eq. (1.4.15) must hold for arbitrary functions A(t), A may be chosen
so that the coefficients of terms involving 2'(T), (T), and 2’ in Egs. (1.4.11)
and (1.4.15) are equal. If such a function () can be found, then the unwanted
terms in Eq. (1.4.11) involving z'(T), #(T), and ' can be replaced by terms
that depend explicitly on b in Eq. (1.4.15). To be more specific, require that

T
MO)AT) = —l:% Z(T) + G(z(p), b)] aa%/ﬂ (1.4.16)

: . oQr
M@BIT) = CbyaT) — 29 4 [— HT) + G((T), b)] / )

(1.4.17)

T
M) — C'(b)i + K(b)A = a—an— 0<t<T (1.4.18)

Note that once the state equations of Eqs. (1.4.1) and (1.4.2) are solved and
Eq.(1.4.4) is used to determine T, then z(T), 2(T), 8Q/dz, 0Q/62, and Q may be
evaluated. Equation (1.4.16) may then be solved for A(T) since the mass
matrix M(b) is nonsingular. Having determined A(T), all terms on the right of
Eq. (1.4.17) may be evaluated, and this equation may be solved for A(T).
Thus, a set of terminal conditions on A has been determined. Since M(b) is
nonsingular, Eq. (1.4.18) may then be integrated from T to 0, yielding a
unique solution A(t). The system of Eqgs. (1.4.16)—(1.4.18) may be thought of
as a terminal-value problem.

Since terms involving variation of the state variable in Egs. (1.4.11) and
(1.4.15) are identical, substitute from Eq. (1.4.15) into Eq. (1.4.11) to obtain

.o G oR
‘”‘{aff [ab ]‘”
- [‘;—g HT) + G((T), b)](a—Q /Q)} 5b = d"’ Lob (1419
z b

All terms in this equation can now be calculated. The first term outside the
integral represents an explicit partial derivative with respect to design, as
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does the first term inside the integral. The second term inside the integral,
however, must be evaluated from Eq. (1.4.14), hence requiring A(t). Note also
that since the design variation b does not depend on time, it is taken outside
the integral in Eq. (1.4.19).

Since Eq. (1.4.19) must hold for ali b, the vector of design derivatives of
with respect to b is

4y _ o
db ~ 0b

og . o0
- [$ HT) + G(z(T), b)] (733 / Q> (1.4.20)

The computational algorithm leading to determination of diy/db requires
that the state initial-value problem of Eqgs. (1.4.1) and (1.4.2) be integrated
forward in time from O to T. Then the adjoint terminal-value problem of Egs.
(1.4.18), (1.4.16), and (1.4.17) must be integrated backward in time from T to
0. Both sets of calculations can be done with well-known numerical
integration algorithms [25]. Once these initial- and terminal-value problems
have been solved, the design derivatives of y in Eq. (1.4.20) can be calculated
using a numerical integration formula [25]. Thus, while substantial numeri-
cal computation is required, it is clear that design derivatives of dynamic
response can be computed.

T O0R
(z(T), b) + f [%i—(z, b) + 55 (A0), 2(1), 2(0), Z(0), b)} dt
[}

1.4.2 Design Sensitivity Analysis
of Undamped Structures

Consider now the case in which damping in the structure can be neglected.
In this case, the state initial-value problem is reduced to

M(b); + K(b)z = F(t, b)

z(0) = 0, 2(00=0
While theoretical considerations in this case are identical to those in Section
1.4.1, an essential computational advantage arises.

Consider the generalized eigenvalue problem associated with the differen-
tial equation in Eq. (1.4.21), written as

K(b)¢' = {; M(b)¢', i=1...,r<m (14.22)

where the number r of eigenvectors calculated is generally substantially less
than the number of independent degrees of freedom of the system. Further, it
is presumed that the eigenvectors ¢’ are normalized by the condition

PTMBYY =6, hj=1,...,r (1.4.23)

(1.4.21)



1.4. DYNAMIC RESPONSE DESIGN SENSITIVITY 75

Using these eigenvectors, approximate the solution z(¢) of Eq. (1.4.21) by
the eigenvector expansion

z2(t) & Y ()¢ = Bclt) (1.4.24)
i=1
where @ = [¢7, ..., ¢"]. Note that if r = m, the solution z(f) can be precisely
represented by Eq. (1.4.24). On the other hand, it is conventional in
structural dynamics to select a number r of eigenvectors strictly less than m in
order to carry out an approximate solution efficiently. For a discussion of the
number of eigenvectors to retain, the reader is referred to Bathe [16].
Substituting from Eq. (1.4.24) into the differential equation of Eq. (1.4.21)
and premultiplying by ¢7, the following system of differential equations for
c(t) is obtained:

OTM(b)Dé + ®TK(b)®c = TF(t,b) = F(t,b) (1.4.25)
where it is required that
c(0) =0, ¢0)=0 (1.4.26)

Using the normalizing condition of Eq. (1.4.23) and the eigenvalue equation
of Eq. (1.4.22), Eq. (1.4.25) reduces to

¢+ Ac = F(t,b) (1.4.27)
where

A =diag[{,,...,(] (1.4.28)

Since A is diagonal, Egs. (1.4.27) are decoupled and may be written in scalar
form with the initial conditions of Eq. (1.4.26). This system is given by

& + Lie, = F(t,b),

i=1...,r (1.4.29)
0 =0 ¢0) =0,

An explicit solution of each of these decoupled initial-value problems may be
written as

c,{t)=ﬁf sin[\/5i(c — D]F(e,b)dr, i=1,...,r (1430

This may be verified by differentiation and substitution in Eq. (1.4.29). Thus,
in the case of a structure without damping and with homogeneous initial
conditions, an explicit solution of the equations of motion may be obtained
by evaluating c(t) from Eq. (1.4.30) and substituting their values into Eq.
(1.4.24).



76 1. FINITE-DIMENSIONAL STRUCTURAL SYSTEMS

The homogeneous initial condition of Eq. (1.4.21) is not restrictive, since
nonhomogeneous initial conditions z(0) = z° and ¢2(0) = 2° can be treated by
defining a particular solution z, = z° + ¢2° of Egs. (1.4.1) and (1.4.2) and
substituting it into the initial-value problem to obtain a problem of the form
of Eq. (1.4.21), with only an additional term —K(b)z, appearing on the right
side of the differential equation.

Consider now the special case of a functional of a form of the Eq. (1.4.3),
with g = 0 and an explicitly given terminal time 7. In this special case, the
right sides of Eqgs. (1.4.16) and (1.4.17) are zero and the terminal-value
problem becomes

Mb)i + Kb)i = 2Otz
Toz T (1.4.31)

MT)=0, UT)=0

These limiting assumptions are not restrictive, since in the general case
nonhomogeneous terminal conditions A(T) = A° and A(T) = 4° can be found
from Egs. (1.4.16) and 1.4.17) and variables changed, using a particular
solution A = 4° + (¢t — T)A% to obtain homogeneous terminal conditions of
Eq. (1.4.31) with an additional term —K(b)A, on the right side of the
differential equation. The special case is treated here to avoid the algebra
associated with this transformation.

Note that the left side of the differential equation in Eq. (1.4.30) is identical
to the left side of the differential equation in Eq. (1.4.21). Thus, the
eigenvector expansion technique, using precisely the same set of eigenvectors
determined from Eqgs. (1.4.22) and (1.4.23), may be employed. Thus, the
adjoint variable is approximated as

M) x Y elt)d' = De(r) (1.4.32)
i=1
Substituting this formula into Eq. (1.4.31) and premultiplying by ®', the
uncoupled terminal-value problems are

R L

e{T) =0, &T)=0,

L...,r (14.33)

These equations may be solved in closed form to obtain

t \/Z ) lt T az(r,Zt,b(b dr, 1,.-.7‘
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The adjoint variable A(t) may now be constructed from Eq. (1.4.32), and
design derivatives may be evaluated from Eq. (1.4.20). These results are of
substantial practical importance, since structural damping may be neglected
in many important elastic structures, yielding a practical and compu-
tationally efficient design sensitivity analysis algorithm. To further generalize
this result, structural damping effects are often approximated so that the
damping matrix C(b)is proportional to either the stiffness or the mass matrix
[3, 4]. Using such an approximation, the foregoing design sensitivity analysis
method can be extended to treat structures with this special form of damping.

1.4.3 Functionals Arising
in Structural Dynamic Design

The general form of the cost or constraint functional of Eq. (1.4.3) can be
used to represent or approximate most quantities that measure structural
response in practice. Consider first the case of a constraint on response and
design that must hold for all time; that is,

n(z(),b) <0, 0<t<T (1.4.35)

Such constraints may be approximated in several ways.

¥ = JT [¢(z.b) + |#(z,b)|] dt =0 (1.4.36)
0

Equivalence of Egs. (1.4.35) and (1.4.36) for continuous functions is easily
demonstrated. Use of the functional of Eq. (1.4.36) has provided a capability
for reducing constraint errors in Eq. (1.4.35) to near zero [10]. However, as
the error approaches zero, the domain over which the integrand in Eq.
(1.4.36) is defined reduces to zero length, and a singular functional occurs.
This behavior limits the precision with which convergence can be obtained in
structural optimization calculations.

An alternative treatment of the constraint of Eq. (1.4.34) is to define the
time ¢, at which the maximum value of the left side of Eq. (1.4.35) occurs. It
must satisfy the condition

g :
Qz(t,), 2(t,), b) = 5'21(2(:,), b)3(t,) = 0 (1.4.37)
The constraint of Eq. (1.4.35) may now be replaced by the equivalent
constraint
¥, = n(z(t,),b) < 0 (1.4.38)

This functional is of the form of Eq. (1.4.3), with the terminal time ¢,
determined by Eq. (1.4.36). Thus, the algorithm of the preceding section can
be directly applied.
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Finally, an averaging multiplier technique may be used in which a
characteristic function m(t, t,) is defined to be symmetric about the point
t, < T and to have a unit integral. The function m is defined on a small
subdomain of the interval from 0 to T in such a way that as the length of the
subdomain approaches 0, m approaches the Dirac §-function (more properly
the Dirac measure). The value of n(z(t,), b) may thus be approximated as

T
Y3 =f mit, t;)n(z(t),b) dt < 0 (1.4.39)
0
where
T
f m(t,t,)dt = 1 (1.4.40)
0

While some error is involved in the approximation of Eq. (1.4.39), quite good
numerical results can be obtained using a function m that is defined on a
finite subdomain about the time ¢, at which the actual maximum displace-
ment occurs for the nominal design. This formulation has the advantage that
sensitivity of the time t, with respect to design need not be considered in the
approximate computations. Thus, only an integral constraint is involved in
actual iterative calculation.

1.5 PROJECTED GRADIENT
FOR TRADE-OFF DETERMINATION

1.56.1 Constrained Design Sensitivity Analysis

While it is necessary to know the cost and each constraint function
(i=0,1,...,q9) depends on each design variable, this is not sufficient for
large-scale system design. More valuable information for the designer would
be derivatives of one of these functions, say the cost Y, subject to the
conditions that
s, dy
V= b db=0 (1.5.1)
where ¥ is a vector of the constraint functions that are at their critical values
and for which the designer decides no change is desired. For example, if
stresses are large in several elements of a machine or structure and
displacements of a few points are near their allowable limits, then the
designer may wish to consider design changes that leave these quantities
unchanged—hence Eq. (1.5.1).
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Geometrically, the goal is to project the design gradient of ¥, onto the
surface in design space defined by Eq. (1.5.1). Since the design space may be
rather complicated, this operation must be accomplished analytically.
Noting that the gradient of a functional is simply the direction of steepest
ascent in design space, a vector éb may be sought in design space such that
—iyy is as large as possible (hence a direction of steepest descent for ),
consistent with the constraint of Eq. (1.5.1) and with a quadratic step-size
limitation,

SbT W, ob = &2 (15.2)

which retains the validity of linear approximations. Here W, is a positive
definite design-weighting matrix and £ is small.

This problem is solved [10] using necessary conditions of optimality. The
result is a scalar multiple of the projected gradient, or constrained derivative,

of —i,,

A
3b = —W, l[d_; - Mii' My, (1.5.3)
where
ay T
My, = E%W,,-l be— (1.5.4)
dy _ dyl
My, = %Wb t %g (1.5.5)

Once the sensitivity vectors dy'/db are known, it is a simple and
numerically efficient matter to calculate the constrained steepest descent
vector db in Eq. (1.5.3). As noted in the foregoing, this information can be
generated with minor additional computer time compared to that required
for analysis of response of a trial design. The value of this constrained design
sensitivity information to the designer is perhaps even greater than response
data (structural analysis output) with no trend information. Further, the
designer can redefine the vector ¥ of active constraints and get a new set of
constrained design derivatives from Eq. (1.5.3), rapidly and with trivial
computer cost.

1.5.2 Example

In order to illustrate the foregoing method, consider the ten-member
cantilever truss of Section 1.2.6. To illustrate the idea of design sensitivity
analysis and constrained derivatives, consider the design given in the first
column of Table 1.5.1. For this design, three design sensitivity vectors were
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Table 1.5.1
Design Derivatives and Constrained Gradients for 10-Member Cantilever Truss

Number Design dyf/db  dyj/db  dy]/db KV b ' 89

28.6 0.0082 —-0.0009 -00093 -36.19 3127 -3191 -3285
02 -0.0696 —0.0284 00109 -3444 3850 -37.68 —36.53
236  —-0.0104 0.0012 -0.0062 -3577 -32.03 ~3346 —35.44
154  -0.0006 —0.0003 -0.0076 —3599 -31.73 -32.69 —34.03
02  -23520 -0.9601 0.1402 16.90 6.17 5.48 4.38
02 -0.0696 —0.0284 0.0109 3444 3850 —37.68 —36.53
30 08369 -04398 -0.0177 -32.09 1.62 3.37 5.03
21.0 0.0231 -0.0026 -—0.0128 —5143 —-4500 —45.14 -—-4541
218  —-0.0009 -0.0004 -0.0108 —50.89 —44.89 —4624 —48.12
02 ~0.1968 -0.0803 0.0308 —46.49 -5797 —55.66 —52.38

SNV I B WN -

—

calculated in Section 1.2.6. The vectors dy)/db and dyl/db are design
derivatives of the normalized stresses in members 5 and 7, respectively, and
dy1/db is the derivative of the normalized displacement in the y direction at
node 2. The vector dy/db indicates that in order to decrease the stress level
in member 5, the areas of members 2-7, 9, and 10 should be increased,
whereas areas of members 1 and 8 should be decreased. The vector dy}/db
indicates that for reduction of stress level in member 7, areas of all members
except the third should be increased. This indicates that there is some conflict
between the constraints , and ¥,. Similar trends may be observed for the
vector dys] /db.

The constrained derivative of Eq. (1.5.3) resolves this conflict. The
constrained derivative is the direction of most rapid decrease of the cost
function, subject to the condition that constraints in ¢ = [y, ¥, ¥;]"
remain at their current values. From the designer’s point of view, this
information is useful because it tells which of the variables can be adjusted to
obtain a desired reduction in cost, consistent with the constraints. Three such
constrained derivatives are given in Table 1.5.1. The vector 6b is computed
from Eq. (1.5.3) by imposing the condition that y; must be equal to zero.
Similarly, 66'® and 6b'® are computed from the conditions that §; = ¢; = 0
and ¥, = 3 = 0, respectively. Finally, 6" is calculated from conditions
that y; = y; =3 = 0. It is observed that different 6b vectors result,
depending on the constraints that are included in the analysis.

1.5.3 Interactive Computer-Aided Design

For approximately two decades, substantial effort has been devoted to
development of structural optimization techniques, using iterative methods
of nonlinear programming and optimality criteria [26, 27]. More recently,
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attempts to document this theory have appeared in book form [10, 28]. In
spite of substantial progress in structural optimization, there is a feeling of
despair among workers in the field that fruits of their labor have not seen
extensive application. The purpose of this subsection is to offer possible
reasons for this dilemma and to suggest an avenue of pursuit that may
encourage greater use of structural optimization theory and techniques.

Design sensitivity analysis techniques, leading to the theory and numerical
methods presented in this chapter, have heretofore been embedded in
iterative optimization algorithms and have not normally been given primary
emphasis. In particular, most structural optimization work has tended
toward iterative algorithms that contains design sensitivity analysis, with the
objective of automated structural optimization (i.e., turning iterative control
over to the computer rather than keeping the design engineer in the loop).
This approach can suffer from two pitfalls. First, it requires that the designer
identify all important constraints, the levels of constraint limits, and the cost
function precisely and enter this information into the structural optimization
algorithm. Very often in applications, numerous trade-offs exist, and in fact
constraints may become important that the designer did not foresee during
initial attempts at formulation of the optimal design problem. Recent
literature on multicriteria optimization [29] suggests that this dilemma is the
rule rather than the exception. If this is indeed the case, it is important to
provide the structural engineer with an interactive tool that can be used to
refine the formulation of the problem, while proceeding toward an optimum
design.

Even if the structural optimization problem is precisely defined, most
iterative optimization methods require considerable judgment on the part of
the user in selecting parameters that influence convergence of the algorithm.,
Since structural optimization problems are highly nonlinear, there is always
the threat of divergence or convergence to a poor relative optimum. In many
cases, the initial design formulation may be so optimistic in its demands that
no feasible design satisfying the initially specified constraints exists, so that
convergence of an optimization algorithm is impossible. Even when an
optimum design exists, the more robust modern optimization methods tend
to require a large number of iterations, each of which requires numerous
reanalyses and hence a massive amount of computing time. Even the most
experienced design engineer who tries to use an automated iterative optimi-
zation algorithm and has it fail to converge or has it expend a large amount
of computing time, only to find a poor local relative minimum will soon
become frustrated and conclude that “tried-and-true conventional methods”
are superior to these “new-fangled” optimization methods.

A promising approach to alleviate the foregoing dilemmas may be to
resort to interactive trade-off analysis of the kind outlined in Section 1.5.2.
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Initial redesign computations can be carried out under the control of the
experienced design engineer. In fact, extension of the preceding gradient
projection computation, using a sequential quadratic programming ap-
proach [30], may yield even better results than the simple algorithm
presented here. Using such a technique with an interactive computer-aided
design system, the design engineer can explore alternatives and play a role in
refining the formulation of the design problem during the early stages of
iterative design improvement. In this way, the engineer will more readily
identify a situation in which no feasible solution to the originally formulated
problem exists and take action to modify the formulation to achieve
acceptable trade-offs. Furthermore, the engineer will be more likely to gain
confidence in the iterative algorithm as it progresses toward steadily
improved designs. The engineer may then be willing to turn iterative control
of the optimization algorithm over to the computer for a limited number of
redesign iterations and may in fact speed adoption of modern nonlinear
programming methods in structural optimization.

In addition to speeding adoption of structural optimization techniques, the
interactive computer-aided design technique suggested here need not interfere
with global convergence properties of iterative optimization algorithms.
Since the designer will be involved in only a finite number of initial redesign
iterations, any globally convergent algorithm will still converge when it is
begun from the design invented by the engineer at the design station. In fact,
intermediate output of sequential quadratic programming algorithms [30]
provides information needed by the engineer to override the automated
algorithm, if desired. If it is chosen not to override the algorithm, then the
desired global convergence properties are retained, and no theoretical harm
is done. In fact, if such designer intervention in the progress of the algorithm
improves confidence in the algorithm, there is every reason to believe that
progress will be made in accelerating the adoption of such techniques and in
improving understanding and facility in their use.



2

Distributed-Parameter
Structural Components

In contrast to the matrix equation development of design sensitivity theory
in Chapter 1, a distributed-parameter (continuum) approach is presented in
this chapter. The principal distinction between the two approaches lies in the
use of displacement fields that satisfy boundary-value problems of elasticity
to characterize structural deformation, rather than nodal displacements that
are determined by matrix equations.

While the finite-dimensional and distributed-parameter approaches are
related (the former is an approximation of the latter), advantages and
disadvantages accrue to the two approaches. The principal disadvantage of
the distributed-parameter approach, from an engineering viewpoint, is the
higher level of mathematical sophistication associated with the infinite-
dimensional function spaces of displacements and designs. As will be seen in
this and the following two chapters, however, symmetry and positive
definiteness of energy forms associated with elastic structures yield a
complete theory that parallels the matrix theory of Chapter 1. The only real
penalty associated with the distributed-parameter formulation is the level of
complexity of technical proofs that are required. In order to minimize
frustration of the reader who is interested primarily in applications, the
authors have organized material in this and the following chapters to begin
with a treatment of techniques and examples, stating results as they are
needed and citing proofs that are given later in the chapter.

Two principal advantages of the distributed-parameter approach to
structural design sensitivity analysis are

1. a rigorous mathematical theory is obtained, without the uncertainty
associated with finite-dimensional approximation error, and

83
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2. explicit relations for design sensitivity are obtained in terms of physical
quantities, rather than in terms of sums of derivatives of element matrices.

The former feature is of importance in development of the theory of
structural optimization, which has provided the principal motivation for
development of the theory. The latter feature has not yet been fully exploited.
Use of the results of this chapter in numerical calculations is discussed in
Sections 2.2.4 and 2.3.3.

A final note on the variational (virtual work) viewpoint adopted in this and
the following chapters is in order, prior to launching into the details. Both
the matrix and variational approaches were seen to be viable in treating
finite-dimensional systems in Chapter 1. In this distributed-parameter
setting, only the variational approach is acceptable. Use of linear operator
theory may be considered to parallel matrix theory, but even the operator
theory needed is based on a reduction of each problem to variational form
[6, 9, 13, 14, 31-35]. In fact, the elegance and practicality of the variational
approach become apparent as design sensitivity theory is developed.

2.1 VARIATIONAL FORMULATION OF STATIC
AND EIGENVALUE PROBLEMS

The mathematical theory of boundary-value problems that describe
deformation, buckling, and harmonic vibration of elastic structures has
recently turned to a powerful variational approach [9, 31]. This theory
begins with a statement of the classical boundary-value problem and
proceeds to reduce it to a variational, or energy-related, formulation. The
result is a rigorous existence and uniqueness theory and a formulation that
provides the foundation for a rigorous and practical theory of finite element
analysis [5, 6]. In retrospect, the variational formulation obtained may be
viewed as the principle of virtual work or the Galerkin method for
solution of boundary-value problems [14, 32].

Much as with the generalized global stiffness matrix formulation in
Chapter 1, in order to take advantage of the power of the variational
formulation for design sensitivity analysis it is essential to work with
“kinematically admissible displacement fields”. Readers who are interested
primarily in applications can restrict their attention to classes of smooth
functions and need not be concerned with the more general function spaces
presented. Extensions to more general spaces of functions that are needed in
later sections to prove the validity of the design sensitivity analysis method
are introduced here, however. In order to be concrete, specific examples that
are treated later in the text are presented and analyzed in this section.
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2.1.1 Static Elastic Systems

BENDING OF A BEAM

Consider the beam of Fig. 2.1.1, with a normalized axial coordinate x,
clamped supports, and variable cross-sectional area h(x). The area distri-
bution h(x) may be taken as a smooth function that is bounded above and
below, 0 < hy < h(x) < h;, or it may be taken in the larger space of
essentially bounded functions, L*(0,1). Here, L®(a,b) is the space of
Lebesgue measurable functions h(x) on the interval a < x < b, such that
|hl, = inf {M > 0: Jh(x)} < M a.. in [a, b]} (Where “almost everywhere” is
abbreviated a.e.). For an introductory treatment of such function spaces, the
reader is referred to Appendix A.2. Readers who are interested primarily in
applications and who are willing to restrict their attention to continuous
designs may use the space of continuous designs; C%a, by = {h(x): h(x) is
continuous on [a,b]}, with the norm |h||, = max,_, ., |h(x)|. The larger
space L*(a, b) of designs is included here for mathematical completeness.

f(x)
hix)
L

v

—

z

Fig. 2.1.1 Clamped beam of variable cross-sectional area h(x).

It is presumed that all dimensions of the cross section vary with the same
ratio (i.e., all are geometrically similar) so the moment of inertia of the cross-
sectional area is I(x) = ah?(x), where « is a positive constant that depends on
the shape of the cross section. The boundary-value problem for displacement
z(x) is written formally as

(Eah*(x)zy) = f()
z(0) = z,(0) = z(1) = z,(1) = 0

where E is Young’s modulus, f(x) distributed load, and subscript notation is
used to indicate derivatives with respect to x.

The material constant E and material distribution function h(x) may be
viewed as design variables since they serve to specify the structure and may
be selected by the designer. To simplify notation, they are denoted as a design
vector u = [E, h(x)]" € U = R x L*(0,1), or R x C%0,1). This notation
simply means that E is real (in R) and h(x) is in L*(0, 1) or C%o0, 1), as the
engineer wishes. Presuming a solution z(x) of Eq. (2.1.1) exists, it is clear that
it will depend on the design vector u. This dependence may be denoted by

@.1.1)



86 2. DISTRIBUTED-PARAMETER STRUCTURAL COMPONENTS

z(x; u), that is, a displacement function defined on 0 < x < 1 that depends on
the design u. The form of dependence of z on x and u is very different. If design
u is changed, the displacement will generally change at all x.

In linear operator notation, the boundary-value problem of Eq. (2.1.1) is

A,z = (Eah*(X)z, ) = f 2.1.2)

where the subscript u denotes dependence of the differential operator on the
design vector u and z must satisfy the boundary conditions of Eq. (2.1.1). For
h e L®(0, 1), or even C°0, 1), the boundary-value problem of Eq. (2.1.1) is
only formal. If h is twice continuously differentiable [i.c., h € C*0, 1)] and if z
is four times continuously differentiable [i.e., z € C*(0, 1)], then the problem
of Eq. (2.1.1) has a classical meaning. Considering the classical case, in which
all functions are sufficiently smooth, both sides of Eq. (2.1.2) can be
multiplied by an arbitrary function Z(x) and integrated to obtain

f l [(Eah?(x)z,). — f1Zdx = 0 (2.1.3)
1]

which must hold for any integrable function z. Conversely, if Eq. (2.1.3) holds
for all twice continuously differentiable functions z that satisfy the boundary
conditions of Eq. (2.1.1) and if z € C*(0, 1), then the differential equation of
Eq. (2.1.1) is satisfied. This is true since the space of kinematically admissible
displacements

Z = {£e C¥40,1): %0) = z,(0) = (1) =z (1) = 0},
which may be viewed in classical mechanics as virtual displacements, is dense
in 12(0, 1) [9, 31].

Two integrations by parts can now be carried out in the first term in Eq.
(2.1.3) to obtain

1 1 1
0= f Eah*z 7, dx — f fZdx + [(Eoh?z,,),z — Eah’z_ Z ]
0 0 0

1 1
= f Eah?*z  z . dx — f fzdx (2.1.4)

0 0

where the boundary terms vanish because z € Z is required to satisfy the
boundary conditions of Eq. (2.1.1). Defining the energy bilinear form

1
au(z,2)=f Eah*z__z__dx (2.1.5)

xx “xx
0

Eq. (2.1.4) is just
afz,?)=(f,z2) =1z forall zeZ (2.1.6)
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where (-, -) denotes the L*(0, 1) scalar product, defined as

1
(w,0) = f wix)v(x) dx
4]

and [(2) is the load linear form, or virtual work of force f and virtual
displacement Z. Note that Eq. (2.1.6) could have been written directly from
variational principles of elasticity [33, 34];, the principle of virtual work in
this case. This approach is used in Chapter 4 for more complicated
structures. The boundary-value formulation is used here for structural
elements since it is more commonly encountered in the engineering literature.

It is important to note that the restriction of h to C*0, 1) and z to C*(0, 1) is
not only unnatural, but also unnecessary. The bilinear form a,(z, Z) of Eq.
(2.1.5) is well defined for h € L*(0, 1) or C°(0, 1) and for any z(x) and z(x) that
have second derivatives that are in L*(0, 1), that is, for which [}(z,,)? dx and
[4(2,,)* dx are finite (see Appendix A.2). Thus, the variational equation of Eq.
(2.1.6) may be satisfied by a function z that has only one continuous
derivative, with a possibly irregular second derivative that is only required to
be in L*(0, 1) and satisfying the boundary conditions of Eq. (2.1.1). Such a
function is called the variational or generalized solution of the boundary-
value problem of Eq. (2.1.6).

An alternative view of the variational formulation of the beam equation
may be obtained from the minimum total potential energy characterization
of beam bending. That is, the displacement z(x) € Z is to minimize

D
PE = L [onzhz(zn)2 —fz} dx

It is clear that the potential energy is well defined as long as z,, € L%(0, 1) and
that it does not require z to be C*(0, 1). Equating the first variation of PE to
zero, with the variation Z(x) having two derivatives, z,, € [*(0,1), and Z
satisfying the boundary conditions of Eq. (2.1.1),

1
6PE = 4 f [lEozhz(zxx + 12, —flz + 12)] dx
dr Jy, | 2

t=0
1

=J [Eah?z,.z,, — fZ]ldx =0
0

But this is just Eq. (2.1.6).

Recovery of the differential equation of Eq. (2.1.1) is only possible if
integration by parts can be justified, hence requiring either restrictive and
physically unjustifiable assumptions on differentiability of z and h or
introduction of the idea of distributional derivatives [9, 31, 35], which in
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reality make the boundary-value problem of Eq. (2.1.1) the equivalent of the
variational equation of Eq. (2.1.6). Thus, the variational formulation is more
natural from the point of view of mechanics than the fourth-order differential
equation of Eq. (2.1.1).

The variational formulation of the problem yields a greater degree of
generality if solutions are defined in Sobolev spaces (Appendix A.2) of
functions. For functions of one variable x, the Sobolev space H™0, 1) is the
collection of all functions that may be obtained as limits of functions in

{z € C™0,1): | z]| ym < o0}, Where
i 1/2
) 2.1.7)

Il m =[Z (dIZ(X)) "’"] (f-o 3722

Define a function of compact support on the open interval [0,1] as a
function z(x) that is zero outside an interval [, 1 — ¢] for some ¢ > 0. The
space of functions that are H™(0, 1) limits of C*(0, 1) functions with compact
support (Appendix A.2) is denoted H{'(0, 1). It is known [8, 36] that the set of
all functions in H?(0, 1) that satisfy the boundary conditions of Eq. (2.1.1) is
precisely the space H2(0,1) = Z, which is an extension of the space Z of
smooth functions that satisfy the boundary conditions defined earlier.

Of particular importance in mathematical analysis of beams by the
variational method is the Sobolev imbedding theorem (Appendix A.2).
Existence theory for variational equations of the form of Eq. (2.1.6) [9, 35]
guarantees that there will be a solution z € H(0, 1). The natural question
now is, How smooth is z € H%0, 1)? For functions of one variable, the
Sobolev imbedding theorem asserts that z € C![0, 1] and that there is a
constant C > 0 such that

d'z(x)

max max 8
dxt

i=0,10<x<1

< Cllzll g, 1y

This result explains why kinematic boundary conditions are preserved when
H? limits are taken of smooth functions that satisfy kinematic boundary
conditions. For a compact introduction to Sobolev spaces and their appli-
cation to structural mechanics, the reader is referred to the outstanding
article of Fichera [35]. For a comprehensive treatment of the subject, see the
book by Adams [36]. The engineering reader who is interested primarily in
applications need not be concerned with these functional analysis general-
izations of the problem. They are included here to show that extensions of
the formulation are possible and as preparation for mathematical proofs of
differentiability of displacement with respect to design that are presented in
Section 2.4.

In a Sobolev space setting, the variational formulation of the boundary-
value problem of Eq. (2.1.1) is to find a function z € Z such that Eq. (2.1.6)
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[with h e L*(0, 1)] is satisfied for all z € Z. This problem may be refor-
mulated with an operator A,, called the Friedrichs extension of A,, such that

(A,2,2) = afz,2) forall zeZ (2.1.8)

The domain of the extended operator A4, is the subspace D(4,) of Z such that
A,z € L*0, 1). It was shown by Aubin [9] that D(4,) is dense in L*(0, 1), and
due to the Sobolev imbedding theorem, the identity map from D(4,) = Z to
12(0, 1) is compact [36]. Further, it was shown by Aubin [9] and Fichera
[35] that the operator equation

Az=f 2.1.9)

has a unique solution in D(4,) for each f € L*(0, 1). Thus, the operator A4,
defined by Eq. (2.1.8) is an extension of the operator A4, in Eq. (2.1.2), and the
operator equation of Eq. (2.1.9) is a generalization of Eq. (2.1.1) in the sense
that any classical solution of Eq. (2.1.1) is a solution of Eq. (2.1.9).
Furthermore, even when Eq. (2.1.2) fails to have a classical solution, Eq.
(2.1.9) will have a generalized solution, which is in fact the “natural solution”
of the structural mechanics problem. For a proof of existence and unique-
ness, the reader is referred to the article of Fichera [35] or to Aubin [9].

In addition to the existence properties of Eq. (2.1.9), it was shown by
Fichera [35] that the energy bilinear form a,z, Z) satisfies the following
inequalities:

a(z,2) < K|z| g2 | 2] 42 forall z,zeZ (2.1.10)
a(z) = afz,z) = 7|zl forall zeZ (2.1.11)

where K <o and y > 0, provided E > E; > 0 and h(x) > h, > 0 ae.
Equation (2.1.10) states a form of upper bound on the bilinear form, while
Eq. (2.1.11) is a lower bound on strain energy, which may also be written as

(A,z,2) = y|lz|}. forall zeZ (2.1.12)

This is the strong ellipticity or Z-ellipticity property of the operator A4,,.
Since Eq. (2.1.9) has a unique solution in H3(0, 1), write

2(x;u) = A]Y (2.1.13)
to emphasize dependence on u. From Eq. (2.1.12),
(Au2.2) = (L A7) 2 7147 g (2.1.14)

By the Schwartz inequality [9, 31],
1l AT Sl = 10, AL
Since ||v]/y2 = [v]l, for all v € H?(0, 1), from Eq. (2.1.14),

WA S g2 < %IIfI]Lz forall fe I30,1) (2.1.15)
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Thus, the operator A ! is bounded and hence continuous. It remains only to
determine the regularity of dependence of A;* on u.

While the foregoing analysis has been carried out with the clamped—
clamped beam of Fig. 2.1.1 with boundary conditions of Eq. (2.1.1), the same
results are valid for many other boundary conditions, to include the
following support conditions and associated boundary conditions [9, 35]:

1. simply supported

2(0) = z,(0) = z(1) = z,,(1) = 0 (2.1.16)
2. cantilevered
20) = 2,(0) = z,,(1) = [Eah*(1)z,(1)], = 0 (2.1.17)
3. clamped-simply supported
2(0) = z,(0) = z(1) = 2,,(1) =0 (2.1.18)

The reader may note that since boundary terms in Eq. (2.1.4) vanish if z
and Z satisfy these boundary conditions, the bilinear form a,z, z) of Eq.
(2.1.5) is applicable for all boundary conditions of Egs. (2.1.16)—(2.1.18). It
was shown by Aubin [9] and Fichera [35] that the variational character-
ization of the solution in Eq. (2.1.6) is valid if z and Z satisfy only kinematic
boundary conditions of Egs. (2.1.16), (2.1.17), or (2.1.18) that involve de-
rivatives of order one or less. That is, boundary conditions involving
derivatives of order two or three are natural boundary conditions and need
not be satisfied by z and z in Eq. (2.1.6). It was further shown by Fichera [35]
that Egs. (2.1.10) and (2.1.11) are valid for this class of functions. Hence,
bounded invertibility of 4, is retained for the boundary conditions of Eqs.
(2.1.16)—(2.1.18).

BENDING OF A PLATE

Consider now the clamped plate of variable thickness h(x) > hy > 0
(he L*(Q) or C%Q)) shown in Fig. 2.1.2. The formal boundary-value
problem for displacement z is written in operator form as

A,z=f, in Q
(2.1.19)
z=0,0z/0n =0, on T
where the operator A, is defined as

Az = [DW)(zyy + vz32))1; + DW)z,; + v241)]5; + 201 — WD)z,
(2.1.20)
with a subscript i denoting the operation 0/0x;,

D(u) = ER*/[12(1 — v¥)]
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‘/.x r
2

z
Fig. 2.1.2 Clamped plate of variable thickness h(x).

E > E, > 0 is Young’s modulus, v Poisson’s ratio, and u = [E, h(x)]". The
variational formulation is obtained by multiplying both sides of the differen-
tial equation of Eq. (2.1.19) by an arbitrary function Z € C*(0, 1) that satisfies
the boundary conditions and integrating by parts

0 =ﬂ (4,7 — )7dQ
o
= ‘U ﬁ(“)[zufu + V2,21 + 233255 + V21yZy + Al — V)z4,7,,1dQ
Q

—ffnfz 40 + [ (D0 + vz, 21, — DOz, + v2r)Eam,
r

+ [D()(z5; + vzy))],2n, — D()(z,, + vzy)2ym,
+ (1 - V)[D(”)Zn]lf"z +(1 - V)[D(“)zlzjzz”h -(1- v)ﬁ(u)zuflnz
-(1- V)D(u)ZIZZan} dr

= fj D()[zy,2yy + vZy32qy + 222255 + V21125,
Q

+M—W@d&—ﬂﬁm
(9]

= az,2) — 1(2) (2.1.21)

for all kinematically admissible “virtual displacements” Z, where n, and n,
are components of the outward unit normal vector to the boundary I' and
the boundary terms vanish because z and Z satisfy the boundary conditions of
Eq. (2.1.19). For a smooth boundary, z/0s = 0, where s is arc length on T'.
Since Z = 0onT, z, =z, = 0 on I'. The bilinear form a,(z, Z) for the plate is
the energy bilinear form

a,z,2) = ff D()[zy121y + V22221 + 23072 + VZ1iZa;
0

+ 2(1 — v)z,,2,,] dQ
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and the load linear form or virtual work of the applied load is

1(2) = f L f2dQ

The variational equation of Eq. (2.1.21) is valid for the plate with
he L®(Q). Just as in the case of the beam, it is unnatural and unnecessary
to restrict consideration of solutions of the variational equation to C*(Q).
Admissible solutions may be defined in H?(Q), which is the completion of
{z€ C¥Q): ||z| g2 < o0}, with the Sobolev norm

172
2l = Uf [ + lza + |zl + lzaal® + Jz0al? + [220/2] dfz]
Q

2 1/2
= [ y } (2.1.22)
i+j<2
i,jz0

L2
Further, functions in H%(Q) that satisfy the clamped boundary conditions of
Eq. (2.1.19) are limits in the norm of Eq. (2.1.22) of functions in C*(Q) that
are zero outside compact subsets of the interior of Q. This space Z of
kinematically admissible displacements is denoted as the Sobolev space
HYQ) = Z [9, 35,36].

Just as in the case of the beam, the Friedrichs extension A, of the 4, for all
zeD(A,) = Z, may now be defined such that A,zeL*Q). It was
shown by Fichera [35] that this operator satisfies the bounds of Egs.
(2.1.10)—(2.1.12). Thus, Eq. (2.1.13) is valid and 4! is bounded, as in Eq.
(2.1.15). The problem of determining the dependence of the inverse plate
operator on u is of the same form as that for the beam. While the calculation
is not as trivial as in the case of the beam, it was shown by Fichera [35] that
the foregoing results are also valid for a simply supported plate, that is, for
the boundary conditions

0%z 19z 9%z
— d i = 2.1.
z =0, I + v(r T + 6s2) 0, onl (2.1.23)

ai+jz

oxt ax4h

where r is the radius of curvature of the boundary I'.

LINEAR ELASTICITY

Consider the three-dimensional linear elasticity problem for a body of
arbitrary shape shown in Fig. 2.1.3. Three components of displacement
z = [z' z% z3]T characterize the displacement at each point in the elastic
body.

The strain tensor is defined here as [34]

e(z) = 3(z} + 2)), i=1,273 (2.1.29)
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\3 FO

Fig. 2.1.3 Three-dimensional elastic solid.

where a subscript i denotes derivative with respect to x;. The stress-strain
relation is given as [34]

3
i(z) = A( Y a"“(z)) Oy + 2pe(z) (2.1.25)
k=1
where 1 and u are positive Lamé’s constants of the homogeneous material and
d;;is one when i = j and is zero otherwise (the Kronecker delta).
With this notation, equations of equilibrium for the elastic body are [34]

_ Z oi(z) = i=1,23 (2.1.26)

where f* is the external forcc per unit volume exerted on the solid in the x;
direction. Boundary conditions for the body may be given in several different
forms. First, displacement may be prescribed on a subset I'® of the boundary
in the form

=0, i=123 xel° (2.1.27)
A second subset I'! of the boundary is traction free, and on a third subset I'?

of the boundary, surface tractions may be specified in the form
3

Tz = ) o'(9n, =T, i=123 xeI? (2.1.28)
i=1
where n; is the jth component of the outward unit normal to the surface I'?
and T™ is the x; component of surface traction specified on I'2,



94 2. DISTRIBUTED-PARAMETER STRUCTURAL COMPONENTS

The foregoing boundary-value problem may be reduced to variational
form by multiplying both sides of Eq. (2.1.26) by an arbitrary displacement
vector Z = [z' z2 2*]T in the space Z of kinematically admissible displace-
ments satisfying the boundary condition of Eq. (2.1.27) and then integrating
by parts to obtain the variational equation

au(z, Z_) = J:[\J‘ ) i Uij(Z)aij(E) dQ
3 i

Wi=1

3 3
= Uf Zf‘f"dﬂ+f Y TZdl =1(z) forall zeZ
g7 ! rei=1 (2.1.29)

Equation (2.1.29) is a generalization of the boundary-value problem of Egs.
(2.1.26)—(2.1.28), in the sense that if a solution of the boundary-value
problem exists, it satisfies Eq. (2.1.29) for all displacement fields Z satisfying
Eq. (2.1.27). Conversely, the solution z of Eq. (2.1.29) for all displacement
fields z satisfying Eq. (2.1.27), solves the boundary-value problem, if a
solution of the boundary-value problem exists. Otherwise, it is a generalized
solution in the Sobolev space [H}(Q)]* = H'(Q) x HY(Q) x H'(Q).

The three-dimensional elasticity problem specializes to a lower-
dimensional problem in certain situations. For example, in thin elastic solids,
stress components normal to the plane in which the solid lies are often
essentially zero (plane stress). In other problems, all components of strain in a
given direction are constrained to be zero (plane strain). In still other
problems, axisymmetry of bodies leads to a special form of the governing
equations of elasticity that involve only two independent variables.

Consider the plane stress problem, in which all components of stress in the
x5 direction are zero. From Eq. (2.1.24), this yields

0! =2ue’3 =0
62 =2ue?3 =0
03 = M + 622 + 63 + 2ue’¥ =0 (2.1.30)

SO
33 _

2 11 22
e = —m;({i + ¢ )
Substituting these formulas into the general stress—strain relation of Eq.
(2.1.25) yields the plane stress—strain relations

o'(z) = }%f—l;”(e”(Z) +e22(2) + 2pe"(z),  i=12

(2.131)
6'%(z) = 2ue'¥(2)
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Employing this notation, Eq. (2.1.29) remains valid as the variational
equation of elasticity, with limits of summation running only from 1 to 2.
Note that even though no dependence on x, arises in the problem, the stress—
strain relation of Eq. (2.1.31) is not obtained by simply suppressing the third
index in Eq. (2.1.25).

Consider the variable thickness, thin elastic slab with in-plane loading and
fixed edges shown in Fig. 2.1.4, where Q is a subset of R? and T is its
boundary. Defining f/* (i = 1, 2) as the body force per unit volume, one can
integrate over the x; coordinate in Eq. (2.1.29), using Eq. (2.1.30), to obtain
the variational equation

2
az,2) = ff h(x) Y o%z)e¥(z) dQ
Q Lji=1
2
= ﬂ h(x) 42 fiZdQ=1() forall zeZ
@ = (2.1.32)

where Z is the space [C%(Q)]? of kinematically admissible displacements (..,
with Z = 0 on I') and the design variable u = h(x) is the variable thickness of
the slab.

Using Eqgs. (2.1.24) and (2.1.31), Eq. (2.1.32) can be written explicitly in
terms of displacements as

az,7) = j f HOLRAWG + 20) + 2)E + 2)
[4]
+ 2u(ziz] + z323) + w(zh + ZH)(E) + 2D)] dQ

= ﬂ [ f12' + f222]1dQ =1(z) forall zeZ
° (2.1.33)

Note from Eq. (2.1.33) that the energy bilinear form a,(z, ) is symmetric;
that is,
a(z,%) = afz,z) forall zzeZ (2.1.34)

Fig. 2.1.4 Clamped elastic solid of variable thickness h(x).
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This result is actually valid for even broader classes of boundary conditions
[34]. For future reference, the following relations hold between the Lamé’s
constants and the more conventional Young’s modulus E and Poisson’s ratio
v[34]:

, - A E=#(3;‘L+2p)
200+ py’ T+p
e e (2.1.35)

1= G+vi=-20 " 20+

and in order that 4 > 0, it is clear that 0 < v < 1 is required.

The variational equation of Eq. (2.1.33) gives a generalized solution,
provided only that z € H'(Q) x HY(Q), h € L*(Q), and f € 1*(Q). Here, the
Sobolev norm on H!(Q) x HY(Q) is

1/2
2l = [ f f (21 + 127 + |23 + |23 + 1232 + 123P) dn]
Q

2
=[_z »
i=1 j+k<1
j k=0

The subspace Z of kinematically admissible displacements in H}(Q) x H(Q)
that satisfy the boundary conditions z! = 22 = 0 on T is Hy(Q) x HA(Q),
which is the completion, in the norm of Eq. (2.1.36), of C*(Q) x C*(Q)
functions that vanish outside compact subsets of the open set Q.

Friedrichs extension A, of the plane elasticity operator can now be defined
by

aj+kzi

Ox} 0x%

2 .12
:| (2.1.306)
LZ(n) .

a(z,2) =(4,z,2) forall z,zeZ

All of the bounds and hence the bounded invertibility of 4, follow just as for
the beam and plate, where h(x) > hy > 0. This result is proved for a variety
of boundary conditions by Fichera [35]. It is noted that for even this class of
complex elastic systems, symmetry and strong ellipticity properties of the
operator hold. As in the preceding examples, the design variable u appears in
the energy bilinear form. Again it is desirable to determine the regularity of
dependence of the state variable vector z(x; u) on the design variable u.

The example problems of this section have been selected to illustrate
classes of distributed-parameter structural components in which design
dependence arises in a consistent way. In each case, Dirichlet boundary
conditions are treated in detail. Selection of these boundary conditions is a
convenience rather than a requirement. If the trace boundary operator theory
were to be used in its full generality [9, 36], Neumann and mixed boundary
conditions that arise naturally in applications could also be treated with only
a penalty in analytic and algebraic messiness.
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GENERAL FORM
OF STATIC VARIATIONAL EQUATIONS

In each of the foregoing examples, the boundary-value problem for
deformation due to applied load was written as it appears in the mechanics
literature. For classical solutions to make sense, a high degree of smoothness
of design and state (displacement) functions must be assumed. In each
example, however, both sides of the differential equation could be multiplied
by an arbitrary virtual displacement Z that satisfies kinematic boundary
conditions, integrate over the domain of the component, and integrate by
parts to decrease the order of derivatives of z that appear, so that z and Z are
differentiated to the same order. The result is a variational equation of the
form

a,z,2) = 1(2) (2.1.37)

which must hold for all kinematically admissible smooth virtual displace-
ments Z € Z. As noted in each example, Eq. (2.1.37) can be viewed as the
principle of virtual work and could have been derived directly from
variational principles of mechanics (as is done in Chapter 4 for more complex
systems). :

Specific forms of Eq. (2.1.37) are given for a beam in Eq. (2.1.4), for a plate
in Eq. (2.1.21), and for a linear elastic solid in Eq. (2.1.29). While the specific
formulas differ in detail, they are all of the form of Eq. (2.1.37). For direct
engineering design sensitivity analysis by the adjoint variable method,
presented in Section 2.2, this form is adequate. From a mathematical point of
view, however, it is noted in each case that the state z need not be restricted to
a smooth space Z of displacements, but can extend this space to a subspace Z
of an appropriate Sobolev space of functions that satisfy only kinematic
boundary conditions. Likewise, the design space can be extended to a
nonsmooth design space U. This is important if one wishes to admit
nonsmooth designs and is also valuable from a theoretical point of view.

In each of the examples studied, it is observed that there exist positive
constants K and y such that

afz,2) < K|z|.|zZl, forall z,zeZ (2.1.38)
and
az,2)= y\z|2 forall zeZ (2.1.39)

where u € U is restricted to be uniformly nonzero. Here, |||, denotes the
appropriate Sobolev norm. To see the physical significance of these in-
equalities, put Z = z in Eq. (2.1.38), and using Eq. (2.1.39), note that

ylzl2 < afz,2) < Kljz|:? forall zeZ (2.1.40)
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Since a,(z, 2) is twice the strain energy in each example, Eq. (2.1.40) shows
that the strain energy defines an energy norm that is equivalent to the Sobolev
norm. This important fact has been used to advantage by Mikhlin [14, 32]
and other authors to develop powerful variational methods in mechanics.
Any stronger or weaker norm would destroy the bounds of either Eq. (2.1.38)
or Eq. (2.1.39), hence spoiling the equivalence between the energy and
function space norms.

Furthermore, the inequalities of Eqgs. (2.1.38) and (2.1.39) and the Lax—
Milgram Theorem [9] of functional analysis guarantee existence of a unique
solution z(x; u) of Eq. (2.1.37). Again, a stronger or weaker norm on Z would
spoil either the existence or uniqueness result. Thus, one sees that the
Sobolev space setting is “just right,” from both physical and mathematical
points of view.

For design sensitivity analysis, the variational formulation of Eq. (2.1.37)
and the inequalities of Eqgs. (2.1.38) and (2.1.39) form the foundation for a
proof in Section 2.4 that the solution z(x; u) is differentiable with respect to
design. More important for applications, knowing that z(x; u) is differen-
tiable with respect to design, the variational equation of Eq. (2.1.37) can be
differentiated with respect to design and the result used to write variations of
cost and constraint functionals explicitly. An adjoint variable method for
implementing this technique is presented and illustrated in Section 2.2. While
its theoretical foundations require use of the Sobolev space setting, the
method is implemented and calculations are carried out without the
formalism of functional analysis. Proofs required for theoretical complete-
ness are given in Section 2.4.

2.1.2 Vibration and Buckling of Elastic
Systems

The conventional differential operator formulation of prototype eigen-
value problems is now presented and extended to a more flexible and
rigorous variational formulation. Technical justification of the variational
formulation follows in a similar way as for the static problems treated in
Section 2.1.1.

In each problem formulated here, the formal operator eigenvalue problem
is of the form

A,y=(Byy, y#0 (2.1.41)

where A, is the formal differential operator encountered in the static response
problem and B, is a much simpler continuous operator, except for buckling
problems. The symbol y denotes an eigenfunction, to distinguish it from the
static response z, and { is the associated eigenvalue. If a high degree of
differentiability of the eigenfunction y and the design variable u is assumed,
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the L? scalar product of both sides of Eq. (2.1.41) with a smooth function j
that satisfies the same boundary conditions as y may be formed to obtain the
variational equation

aly, §) = (4,5, 9) = UB,y, §) = {d (7)) (2.1.42)

Conversely, if Eq. (2.1.42) holds for all j in a smooth class of functions and if
y and u are sufficiently regular, then y and { constitute the solution of the
eigenvalue problem of Eq. (2.1.41) [9, 35, 37].

As in Section 2.1.1, a subspace Z of an appropriate Sobolev space H™(€2) is
now defined as generalized candidate solutions of Eq. (2.1.41). The general-
ized solution ye Z (y # 0) is then characterized by the variational equation

a5 = ldn5) forall jez (2.1.43)

-where the design variable u is now required only to be in L*(Q). As in Section
2.1.1, Friedrichs extensions A, and B, are defined for the formal operators 4,
and B,, such that for ye D(4,) < Z,

(4.5, 5) = a(y, 3),
; ~ forall yeZ (2.1.44)
(Buy, y) = d(y, y),

The domain of B, is such that D(4,) « D(B,). Thus, yielding the generalized

operator eigenvalue problem

A,y={(B,y, yeDA4), yx0 (2.1.45)

which is valid for physically meaningful designs u € L*(Q). The regularity
conditions associated with functions in D(4,) are as in Section 2.1.1, which
are more physically meaningful than the extreme smoothness conditions
associated with the formal operators of Eq. (2.1.41).

Since the extension of candidate solutions to the space D(4,) is dictated
completely by the operator A,, technical definition of generalized solutions is
exactly as in Section 2.1.1. In this section, the operator eigenvalue equation is
stated for each problem studied, the bilinear forms a,(y, y) and d,(y, y) are
defined, and the space Z is identified.

VIBRATION OF A STRING

A perfectly flexible string of variable mass density per unit length,
h e L*(0, 1) or C%0, 1) (h(x) > h, > 0) and tension T > T, > 0, is shown in
Fig. 2.1.5. The operator eigenvalue equation is

A,y=-Ty,=Chy=(B,y (2.1.46)
where { = w?, w being the natural frequency. The boundary conditions are

W0)=y1)=0 (2.1.47)
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,(h(x)
el g

y x=1

Fig. 2.1.5 Vibrating string with linear mass density h(x).

Here, the design vector is u = [h(x) T1", and the bilinear forms of Eq.
(2.1.42) are obtained by integration by parts as

1
Mmﬂ=%&ﬂ=Tfnkﬁ
0

. ! (2.1.48)
(m%w=¢mw=fhwa
0

where y and j satisfy boundary conditions of Eq. (2.1.47). Since only first-
order derivatives appear in the formula for ay, y), it is logical to select
Z < H'(0,1). The boundary conditions of Eq. (2.1.47) are satisfied in a
generalized sense [9, 36] if the space Z of kinematically admissible displace-
ments is restricted to Z = H}(0, 1). It is readily verified [9, 35] that the form
a(y, y) is Z-elliptic, so all the theory of Section 2.1.1 concerning A, holds for
this problem.

VIBRATION OF A BEAM

For a beam of variable cross-sectional area h(x), let h € L®(0, 1) or C°(0, 1)
(h(x) = hy > 0) [such that the second moment of the cross-sectional area is
I(x) = ah*(x)]. Young’s modulus E > E, > 0 and mass density p > p, > 0
also play the role of design variables. A beam with clamped—clamped
supports is as shown in Fig. 2.1.6. The formal operator eigenvalue equation
is

A,y = (Eah’y,.)., = {phy = (B,y (2.1.49)

where { = w?, w being the natural frequency. Boundary conditions for the
clamped—-clamped beam are

¥0) = y,0) = y(1) = y(1) =0 (2.1.50)

hix)
W
I/'
X
‘I x=1
y

Fig. 2.1.6 Clamped-clamped vibrating beam with variable cross-sectional area h(x).
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Here, the design vector is u = [h(x) E p]" and the bilinear forms of Egs.
(2.1.42) are obtained, through integration by parts, as

1
(A, 5) = ay.5) = Eaf B2y Fo dx
0

B 1 (2.1.51)
By, ) =d N =p J hyy dx
0

where y and j satisfy boundary conditions of Eq. (2.1.50). Since only second
derivatives arise in a/(y, y), it is logical to select Z = H%(0, 1). The boundary
conditions of Eq. (2.1.50) are satisfied in a generalized sense [9, 35] if the
space Z of kinematically admissible displacements is selected to be
Z = HZ(0,1). All properties of a,y, §) that are of interest here are dem-
onstrated in Section 2.1.1. As noted in Section 2.1.1, the bilinear forms of Eq.
(2.1.51) are valid for other boundary conditions given in Egs. (2.1.16)—
(2.1.18).

BUCKLING OF A COLUMN

If a column is subjected to an axial load P, as shown in Fig. 2.1.7, then
buckling can occur if P is larger than a critical load {. With the same design
variables as in beam vibration, the formal operator eigenvalue equation is

A,y = (Eah?y,,),. = =y, = (B,y (2.1.52)

with boundary conditions as in Eq. (2.1.50). Since mass density does not arise
in column buckling, the design vector is u = [h(x} EJ'. Integration by parts
with these operators in Eq. (2.1.42) yields the bilinear forms

1
(4,3, 5) = a0 ) = f Eah?y,, ., dx

0
) R (2.1.53)
(B.y.5) = du(3.5) = f ViFedx

0

Fig. 2.1.7 Clamped-clamped column with variable cross-sectional area h(x).
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where y and j satisfy the boundary conditions of Eq. (2.1.50). Since a,(y, §)
and d(y, y) involve derivatives of y and y no higher than second order and
the boundary conditions are the same as in the case of the vibrating beam,
the space Z of kinematically admissible displacements may again be selected
as Z = H3(0, 1).

VIBRATION OF A MEMBRANE

Consider a vibrating membrane with variable mass density h(x) per unit
area h e L*(Q) or C%Q) (h(x) > h, > 0) and membrane tension T (force per
unit length), as shown in Fig. 2.1.8. The formal operator eigenvalue problem
is

A,y=—TvV?* =(hy =B,y (2.1.54)

G

Fig. 2.1. 8 Membrane of variable mass density h(x).

where { = w?, o being natural frequency, and the boundary condition is
=0, on T (2.1.55)
Here, u = [h(x) T]" is the des1gn variable and the bilinear forms of Eq.
(2.1.42) are
(43,9 = aln.5) = T [[ a3, + 5 d0
@ (2.1.56)
Bur.5) = . 5) = [[ wyyaa
Q
where a subscript i denotes J/0x; (i = 1,2) and y and y satisfy the boundary

condition of Eq. (2.1.55). As in the case of the vibrating string, Z = H}(Q),
and the bilinear form a,(y, ) is Z-elliptic {9, 35].

VIBRATION OF A PLATE

Consider a clamped vibrating plate of variable thickness h € L*(Q) or
C%Q) (h(x) = hy > 0), Young’s modulus E > E, > 0, and mass density
P = po > 0, as shown in Fig. 2.1.9. The formal operator eigenvalue equation
is

A,y = [D@)yyy + v922)]11 + D) (yz; + vy11)laz + 200 — VIDWy, 4],
= {phy = {B,y (2.1.57)
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X

éx
2
r

y
Fig. 2.1.9 Clamped plate of variable thickness h{x).

where

0%y - Eh3
g D) = ——- = ?
Vi dx; 0y, (®) 12(1 — v¥)’ (=

w is natural frequency, 0 < v < 0.5 is Poisson’s ratio, and the boundary
conditions for a clamped plate are

y=0dy/n=0, on T (2.1.58)

where Jy/0n is the normal derivative of y on I'. Here the design vector is
u = [h(x) E p]".

Multiplying Eq. (2.1.54) by y, integrating over €, and integrating by parts
yields the bilinear forms of Eq. (2.1.42) as

(1‘—1.4)’9 V) =afy.j) = J:f Ij(”)[)’nfu + (Y22 311 + Yuiba)
o]

+ V22722 + 201 — v)y1,5,,14Q

By, 7) =dyy.5) = ¢ j f phyF dQ (2.1.59)
Q

where y and J satisfy the boundary conditions of Eq. (2.1.58). As in the case
of the vibrating beam, the natural domain of the energy bilinear form a,(y, y)
is Z = HYQ).

With these bilinear forms, the variational formulation presented at the
beginning of this section characterizes the eigenvalue behavior of each of
the five problems discussed. They all have the same basic variational
structure, and all the bilinear forms share the same degree of regularity of
design dependence. In each of the problems studied in this section, the
eigenvalue { depends on the design u since the differential equations and
variational equations depend on u [i.e., { = {(u)]. The objective is to
determine how { depends on u. Analysis of sensitivity of { to changes in u is
somewhat more complicated than in the case of the static displacement
problem of Section 2.1.1 since the eigenvector y also depends on u [i.e,
y = yx; u)] and its sensitivity must also be considered.
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GENERAL FORM
OF EIGENVALUE VARIATIONAL EQUATIONS

Much as in the case of static response in Section 2.1.1, a unified variational
form of each eigenvalue problem is obtained in the form of Eq. (2.1.43).
While detailed expressions for the bilinear forms are different in each
example, the same general properties of the forms hold in each case. The
most general function space setting is given in each example, but the engineer
interested primarily in applications may presume the design and state
variables are as smooth as desired. The more detailed Sobolev space settings
are used in Section 2.5 to prove differentiability of eigenvalues and to derive
formulas that are used in Section 2.3 to calculate derivatives of eigenvalues
with respect to design.

2.2 ADJOINT VARIABLE METHOD
FOR STATIC DESIGN
SENSITIVITY ANALYSIS

As noted in Section 2.1.1, the solution of static structural equations
depends on design. Differentiability of the state with respect to design,
proved in Section 2.4, is employed in this section to derive an adjoint variable
method for design sensitivity analysis of quite general functionals. An adjoint
problem that is closely related to the original structural problem is obtained,
and explicit formulas for structural response design sensitivity are obtained.
Numerical methods for efficiently calculating design sensitivity coefficients,
using the finite element method, are obtained and illustrated. The
applications-oriented reader will note (happily) that virtually no Sobolev
space theory is required in implementing the method.

2.2.1 Differentiability of Energy Bilinear Forms
and Static Response

Basic design differentiability results for energy bilinear forms and the
solution of the static structural equations are proved in Section 2.4 for each
of the examples treated in Section 2.1.1. These differentiability results are
cited here for use in developing useful design sensitivity formulas. This order
of presentation was selected because technical aspects of existence of design
derivatives of the structural state do not contribute insight into the adjoint
variable technique that yields computable design sensitivity expressions. It is
important to realize, however, that the delicate question of existence of
design derivatives should not be ignored. Formal calculations with direc-
tional derivatives that may not exist are sure to lead to erroneous results. The
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occurrence of repeated eigenvalues and their lack of differentiability, dis-
cussed in the finite-dimensional case in Chapter 1 and in Sections 2.3 and 2.5,
provide a graphic illustration of a very real structural problem in which
structural response is indeed not differentiable. Thus, the reader is cautioned
to be careful in verifying regularity properties of solutions to structural
equations before using results of formal calculations.

As shown technically by Theorem 2.4.1 (Section 2.4), each of the energy
bilinear forms encountered in Section 2.1.1 is differentiable with respect to
design. That is,

a;(z,2) = ia,”w,u(i, 2) (22.1

dT =0

exists, where Z denotes the state z with dependence on 7 suppressed and z is
independent of . The prime notation here plays precisely the same role as in
Chapter 1 and is, in fact, the first variation of the calculus of variations [38]
with respect to explicit dependence of the energy bilinear form a, on design u.
As shown in Theorem 2.4.1, this first variation is continuous and linear in du,
hence it is the Fréchet derivative (Appendix A.3) of g, with respect to design,
evaluated in the direction éu. For proof of this result, the reader is referred to
Section 2.4.1.

The load linear form for the problems of Section 2.1.1 is also differentiable
with respect to design. More specifically,

12) = o Uy o] 222
T =0
exists. As in the case of the energy bilinear form, the variation of the load
linear form is linear in du. For proof of validity of this result for the problems
of Section 2.1.1, the reader is referred to Section 2.4. As in Chapter 1, the
prime will be employed to denote variation of the energy bilinear and load
linear forms of Egs. (2.2.1) and (2.2.2), with explicit inclusion of the argument
du to emphasize dependence on design variation.

A substantially more powerful result, from Theorem 2.4.3 (Section 2.4.3), is
that the solution of the state equations of Section 2.1, given here in the form

afz,7) =12 forall zeZ 2.2.3)

where Z is the space of kinematically admissible displacements, is differenti-
able with respect to design. That is

Z' =2 (x;u,0u) = diz(x; U+ 1 0u) (2.2.4)
T t=0

exists and is the first variation of the solution of Eq. (2.2.3) at design # and in
the direction du of design change. Note that z' is a function of the
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independent variable x that depends on the design u at which the variation is
evaluated and on the direction du of variation in design. As shown in
Theorem 2.4.3, z' is linear in du and in fact is the Fréchet derivative of the
state z with respect to design, evaluated in the direction du. Proof of validity
of this result is not trivial, although it might be expected intuitively that the
state of a system should be smoothly dependent upon design. For details of
the proof, the reader is referred to Section 2.4.

An important property of the variation of state defined in Eq. (2.2.4) is the
fact that the order of taking variation and partial differentiation with respect
to the independent variable can be interchanged. For displacement states in
HY(Q) and H*(Q) or in spaces of smoother functions, this means that

(z) =) ze H\(Q)

(Zij)’ = ((zi)’)j = (Z’)ij, zZ€E Hz(Q)
This property is a direct extension of the well-known property in the calculus
of variations that the order of variation and partial differentiation can be
interchanged.

It is presumed throughout this chapter that boundary conditions are
homogeneous and do not depend on design; that is, boundary conditions are
of the form Gz = 0, where G is a differential operator that does not depend
on design. Using Eq. (2.2.5), one obtains (Gz) = Gz’ = 0. Thus, for the
solution z(x;u) € Z of Eq. (2.2.3), 2’ € Z. This important fact will be used
often in the following development.

Note that the energy bilinear form a,(z, Z) is linear in z and involves one or
two derivatives of z, depending on whether the Sobolev space of generalized
solutions is H'(Q) or H%(Q), respectively. Using these properties, one may use
the chain rule of differentiation and the definitions of Eqs. (2.2.1) and (2.2.4)
to obtain

2.2.5)

d
E;[au+16u(z(X; u+r 5“), E)] = a:iu(za Z—) + au(zl’ E) (226)
=0
As a first application of the foregoing definitions, for any fixed virtual
displacement Z € Z, one may take the variation of both sides of Eq. (2.2.3)

and use Eq. (2.2.6) to obtain
a,(z', 2) = l;(2) — aj,(z, 2) forall ZeZ 2.2.7)

Presuming that the state z is known as the solution of Eq. (2.2.3), Eq. (2.2.7)
is a variational equation with the same energy bilinear form for the first
variation z'. Noting that the right side of Eq. (2.2.7) is a linear form in z and
that the energy bilinear form on the left is Z-elliptic, Eq. (2.2.7) has a unique
solution for z'. The fact that there is a unique solution of Eq. (2.2.7) agrees
with the previously stated result that the design derivative of the solution of
the state equation exists. Furthermore, if one selects a direction du of design
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change, Eq. (2.2.7) may be numerically solved using the finite element
method, just as the basic state equation of Eq. (2.2.3) would be solved with
the finite element method, to numerically construct z'. Construction of such a
solution depends on the direction of design change du, however, since éu
appears on the right side of Eq. (2.2.7). This calculation is therefore not of
interest if one seeks explicit forms of design derivatives as a function of du.

2.2.2 Adjoint Variable Design
Sensitivity Analysis

Consider now a measure of structural performance that may be written in
integral form as

v = f 4(z, Vz, u) dQ (228)
(9]

where for the present z € H(Q), Vz = [z, z, z;]", and the function g is
continuously differentiable with respect to its arguments. This functional can
be extended to functions z € H*(Q), in which case second derivatives of z may
appear in the integrand. This case will be treated as specific applications
arise. Functionals of the form of Eq. (2.2.8) represent a wide variety of
structural performance measures. For example, the volume of a structural
element can be written with g depending only on u, average stress over a
subset of a plane elastic solid can be written in terms of u and the gradient of
z (defining stress), and displacement at a point in a beam or plate can be
written formally using the Dirac § function times the displacement function
in the integrand. These and other examples will be treated in more detail in
Section 2.2.3.
Taking the variation of the functional of Eq. (2.2.8) gives

W o= ;_T[j g(z(x; u + T ou), Vz{x;u + 1 éu), u + tdu) dQ]
Q

t=0
= f [9:2" + 9v. VZ' + g, 6u] dQ (2.2.9)
Q

where the matrix calculus notation of Appendix A.1 is used, specifically

[09 dg g ]

v: = 3z, 0z. da.

zy 0z, 0gy

Leibnitz’s rule allows the derivative with respect to 7 to be taken inside the
integral, and the chain rule of differentiation and Eq. (2.2.5) have been used in
calculating the integrand of Eq. (2.2.9). Recall that z’ and Vz' depend on the
direction du of change in design. The objective here is to obtain an explicit

expression for ¢’ in terms of du, which requires rewriting the first two terms
under the integral on the right of Eq. (2.2.9) explicitly in terms of du.
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Much as in the case of finite-dimensional structures in Section 1.2.3, an
adjoint equation is introduced by replacing 2z’ in Eq. (2.2.9) by a virtual
displacement 1 and equating terms involving 4 in Eq. (2.2.9) to the energy
bilinear form a,(4, 4), yielding the adjoint equation for the adjoint variable A

a(i, A) = J (9.4 + gy, VA]dQ  forall 1eZ (2.2.10)
Q

where a solution 4 € Z is desired. A simple application of the Schwartz
inequality to the right side of Eq. (2.2.10) shows that it is a bounded linear
functional of Z in the H'(Q) norm. Thus, by the Lax—Milgram theorem [9],
there exists a unique solution for A of Eq. (2.2.10), called the adjoint variable
associated with the constraint of Eq. (2.2.8).

To take advantage of the adjoint equation, Eq. (2.2.10) may be evaluated
at 1 = 2/, since z’ € Z, to obtain

afiz) = J (9.2 + gy, VZ]dQ (2.2.11)
Q

which is just the terms in Eq. (2.2.9) that it is desired to write explicitly in
terms of du. Similarly, the identity of Eq. (2.2.7) may be evaluated at z = 4,
since both are in Z, to obtain

alz, ) = l,(3) — dj(z, 1) (2.2.12)

Recalling that the energy bilinear form a,(:, *) is symmetric in its arguments,
the left sides of Eqgs. (2.2.11) and (2.2.12) are equal, thus yielding the desired
result

[ 0.7 + 0. V2140 = 1,0) - aye. 2 2.2.13)
Q

where the right side is linear in du and can be evaluated once the state z and
adjoint variable 4 are determined as solutions of Egs. (2.2.3) and (2.2.10),
respectively. Substituting this result into Eq. (2.2.9), the explicit design
sensitivity of i is

W = f 9, 0udQ + I (A) — djy(z, ) (2.2.14)
Q

where the form of the last two terms on the right depend on the problem
under investigation. This formula is applicable to any of the examples of
Section 2.1.

Equation (2.2.14) will serve as the principal tool throughout the remainder
of this section and in later applications for analysis of design sensitivity of
functionals that represent response of elastic structures under static load.
This powerful result forms the basis for both analytical expressions of
functional derivatives and numerical methods for calculating design sensi-
tivity coefficients, using the finite element method.
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2.2.3 Analytical Examples
of Static Design Sensitivity

The beam, plate, and plane elasticity problems of Section 2.1.1 are used
here as examples with which to calculate design sensitivity formulas, using
the adjoint variable method. Computational considerations will be discussed
in subsequent sections.

BENDING OF A BEAM

Consider the clamped beam of Fig. 2.1.1, with design vector
u = [E h(x)}", I(x) = ah*(x) as the moment of inertia of the cross-sectional
area about its neutral axis, and « a positive constant. In this formulation, h(x)
is the cross-sectional area of the beam, and the load appearing in the beam
equation of Eq. (2.1.1) is taken to reflect both externally applied load F(x)
and self-weight yh(x), where y is weight density of the beam material. For
these components of loading, the applied load is

f(x) = F(x) + yh(x) (2.2.15)

From Egs. (2.1.5) and (2.1.6), the energy bilinear form and load linear form
is defined as

1
a,jz,i):f Eoh?z_ Z__dx (2.2.16)

xx“xx
0

L(2) = f "LF + yh]zdx (22.17)
[0}

Calculating the variations of the energy bilinear form and load linear form
from Egs. (2.2.1) and (2.2.2),

d 1
a(z,2) = El:f (E + T OE) alh + T oh)*:, 5, dx]
0

=0
1
= f [0E ah® + 2Eah 6h]z,, Z,, dx (2.2.18)
0
drm
5(2) = E[I [F + y(h + t6h)]z dx] .
0 o=
1
=J yShzdx (2.2.19)
0

Several alternative forms may now be considered for structural response
functionals. Consider first the weight of the beam, given as

1
/8 =f yh dx (2.2.20)

0
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A direct calculation of the variation yields

1
Wy = f y Shdx (2.2.21)

0

Note that the direct variation calculation gives the explicit form of variation
of structural weight in terms of variation of design. Thus, for this functional,
no adjoint problem needs to be defined.

Consider a second functional that represents compliance of the structure,
defined as

1 1
1/ =f Jfzdx =f (F + yh]z dx (2.2.22)
0 o
Taking the variation, using the definition of Eq. (2.2.9),
1
174 =J [(F + yh)z' + yz 6h] dx (2.2.23)
0
The adjoint equation of Eq. (2.2.10) may be defined, which in this case is
1
a(AA) = f (F+yhidx forall leZ (2.2.29)
(4]

Note that the load functional on the right side of Eq. (2.2.24) is precisely the
same as the load functional for the original beam problem of Eq. (2.2.17).
Since the original bilinear form a,(-, -) is Z-elliptic, Eq. (2.2.24) and the basic
beam equation of Eq. (2.1.6) have identical solutions. In this special case, A is
the displacement of an adjoint beam that is identical to the original beam and
is in fact subjected to the identical load, so A = z. Thus, the beam and load
are self-adjoint and there is no need to solve an additional adjoint
problem. The explicit design sensitivity result of Eq. (2.2.14), using Egs.
(2.2.18) and (2.2.19) with z = 4, is thus

1 1
v = f [2yz — 2Bah(z,,)*] 6hdx — [ [ ey de SE

0

(2.2.25)

The effect of variations can thus be accounted for in cross-sectional area and
Young’s modulus of the system. It is interesting to note that the variation 6 E
in Young’s modulus may be taken outside the integral in Eq. (2.2.25).

As an example that can be calculated analytically, consider a uniform
clamped—clamped beam with h = h, = 0.005m?, E = E, = 2 x 10° MPa,
« =% F =49.61kN/m,and y = 77,126 N/m3. Displacement under the given
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load is z(x) = 2.5 x 107*[x%(1 — x)*]. Compliance sensitivity in Eq. (2.2.25)
may thus be evaluated as

i
v, =j [385.6x%(1 — x)? — 23990(6x2 _ 6x + 1)2] 5hdx — 2.08 x 10~11 §E
0

The graph of the coefficient of 5k in the integral (Fig. 2.2.1) shows how
addition or deletion of material affects compliance. In order to decrease
compliance most effectively, material should be removed from the vicinity of
points x = 0.2 and 0.8 and added to the ends of the beam.

The general result of Eq. (2.2.25) is applicable for arbitrary variations 6h(x)
of cross-sectional area along the beam. If, however, a parameterized distribu-
tion of material is considered along the beam, such as a stepped beam shown
in Fig. 1.2.1, then as in Section 1.2.6 the cross-sectional area function may be
written in the form

h(x) = b;, i—Dm<x<iln (2.2.26)
where the beam has subdivided into n sections, each with a constant cross-

sectional area. The variation of the design function may thus be written
directly in terms of variations in the design parameters b; as

Sh(x)=0b,, (i—l/m<x<in (2.2.27)

This result may now be substituted directly into Eq. (2.2.25) to obtain explicit
design sensitivities associated with the individual design parameters,

n i/n
Yy =y (J; [2yz — 2Eab(z,,)*] dx) ob,

i=1 i—1)/n

n ifn
- ( > abi(z,)? dx) OE (2.2.28)

i=19Y(i—1)/n
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Fig. 2.2.1 Compliance sensitivity A = 2yz — 2Eah(z,,)*.
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Design sensitivity coefficients are thus obtained associated with the design
parameters, evaluated by numerically calculating integrals that depend only
on the solution of the displacement equation.

Note that the sensitivity result of Eq. (2.2.28) is the same as the result of
Eq. (1.2.61), which was obtained using a finite-dimensional structural design
sensitivity method. That is, the sensitivity result of Eq. (1.2.61) is an
approximation of the sensitivity result of Eq. (2.2.25).

Another important functional arising in design of beams is associated with
strength constraints, normally stated in terms of allowable stresses in the
beam. Since with an arbitrary load distribution there may not be continuous
second derivatives of displacement in the beam, pointwise constraints on
stress may not be meaningful. Therefore, constraints on average stress over
small subintervals of the beam often are imposed. From elementary beam
theory [39], the formula for bending stress is given as

o(x) = BhY*(x)Ez, (x) (2.2.29)

where Bh'/? is the half-depth of the beam. Defining a characteristic function
my(x) as an averaging multiplier that is nonzero only on a small open
subinterval (x,, x,) < (0, 1) and whose integral is 1, the average value of stress
over this small subinterval (x,, x,) is

1
Vs = f BhYHx)Ez,(x)m,(x) dx (2.2.30)

Note that if the stress is smooth and if the interval over which m, is
different from zero approaches zero length, m, plays the role of the Dirac
measure (Dirac & function) and, in the limit, y; is the stress evaluated at a
point. Note also that in the stress constraint formulation, the integrand
involves a second derivative of state, which was not covered in the general
derivation of Section 2.2.2. To illustrate the ease of extending the adjoint
method to the case in which second derivatives arise in the integrand, first
repeat the calculation leading to Eq. (2.2.9) to obtain

1
174 =f [Bh'EzZ . m, + Ph'*z, m, 6E + 3(Bh~Y?Ez, m) 6h] dx
0

(2.2.31)

Using the same argument that led to definition of the adjoint equation of Eq.
(2.2.10), replace the state variation term z' on the right of Eq. (2.2.31) by a
virtual displacement / to obtain the adjoint problem

1
a(tA)=| BhYEi m dx forall ieZ (2.2.32)
o xx'tp
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In the Sobolev space H?(0, 1), the functional on the right side of Eq. (2.2.32) is
a bounded linear functional. By the Lax—Milgram theorem [9], Eq. (2.2.32)
has a unique solution, denoted here as A®), where superscript (i) denotes
association of A with functional y;. A direct repetition of the argument
associated with Egs. (2.2.11)—(2.2.14) yields

XX7TxXx

1
v = f [4ph~12Ez, m + yA® — 2Eahz, A®)] 6h dx
0

1
+ (f [Bh**z, .m, — ah?z, AJ] dx) OE (2.2.33)
0

It may be helpful to rewrite the adjoint equation of Eq. (2.2.32) more
explicitly, using Eq. (2.2.16) for a,(-,*), as

1
f Eah*{2,, — [B/a(h(x)¥*Im }i  dx =0 forall ieZ
(1]

This is just the equation of virtual work for deflection A of an adjoint beam
with initial curvature [B/a(h(x))**]m, and no externally applied load. This
interpretation of the adjoint equation of Eq. (2.2.32) as an adjoint structure
may be helpful in understanding the significance of A from a physical point of
view. As will be seen in Section 2.2.4, efficient solution of Eq. (2.2.32) can be
carried out using the finite element method of structural analysis, without
using the idea of an adjoint structure. The concept of adjoint structure was
recently introduced by Dems and Mroz [40] in a variety of structural
optimization problems.

Note that Eq. (2.2.33) provides a linear first variation of the locally
averaged stress functional in terms of variations of the cross-sectional area
distribution function h and Young’s modulus. A parameterization of the
cross-sectional area variation h(x), such as the one shown in Fig. 1.2.1, could
now be introduced in the sensitivity formula of Eq. (2.2.33), which would
then be reduced to parameter variations only.

Consider next a special functional that defines the value of the displace-
ment at an isolated point X, that is,

1
Yy = 2(3) =f d(x — £) 2(x) dx (2.2.34)
0

where S(x) is the Dirac measure at zero. By the Sobolev imbedding theorem
[36], this functional is continuous, and the preceding analysis may be directly
applied interpreting 6 as a function (called the Dirac é function in me-
chanics). The variation of this functional is thus written as

1
VA =L o(x — %) 2(x) dx (2.2.35)
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The adjoint equation of Eq. (2.2.10) in this case is
1
a4, 1) = J ox —X)idx forall AeZ (2.2.36)
0

Since the right side of this equation defines a bounded linear functional on
H?(0, 1), there exists a unique solution of Eq. (2.2.36), denoted here as A'¥.
Interpreting the Dirac é function as a unit load applied at point %, physical
interpretation of A is immediately obtained as the displacement of the beam
due to a positive unit load at %. Thus, the adjoint beam in this case is just the
original beam with a different load.

Direct evaluation of design sensitivity, using Egs. (2.2.14), (2.2.18), and
(2.2.19), yields

1 1
Yy = f [yA'"® — 2Eahz A% Shdx — [J ah?z, A3 de SE

0 0
(2.2.37)
To illustrate the use of this result, consider the clamped—clamped beam
studied earlier in this section. The solution of the state equation is
z=2.5 x 1073[x%(1 — x)?]. If design sensitivity of the displacement at the
center of the beam is desired, X = . Thus, the adjoint load from Eq. (2.2.36)

is just a unit point load at the center of the beam. The adjoint variable is thus
obtained by solving the beam equation with this load to obtain

AP =25 x 1078[8¢x — 1>* — 4x® + 3x?]

0 for
x =3 ={

X =3 for

where

=
IA

1
x <}

Wl
IA

x<g1
These expressions may be substituted into Eq. (2.2.37) to obtain the displace-
ment sensitivity as

1
vl =f [1.93 x 1073(8¢x — 133 — 4x? + 3x?)
0

—25x1074(6x2 — 6x + 1)(8{x — 4> — 4x + 1)] hdx
— 7.81 x 1076 SE

To see how material added to or deleted from the beam influences
displacement at the center, the coefficient of 0k may be graphed (Fig. 2.2.2).
To decrease z(3) most effectively, for example, material should be removed
near x = 0.22 and 0.78 and added near x = 0 and 1.
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Fig. 2.2.2 Displacement sensitivity A* = yA® — 2Eahz 1.

As a final beam example, consider the slope of the beam at an isolated
point X defined as the functional

1 ~
Vs = 2,8) = f bix — %) 2,00 dx
0

- fl b.(x — %) z(x) dx (2.2.38)
0

Due to the Sobolev imbedding theorem [36], this is a continuous linear
functional on H?(0, 1), so the preceding theory may be applied. The last
equality in Eq. (2.2.38) represents an integration by parts that defines the
derivative of the Dirac measure. In beam theory it is well known that the
derivative of the Dirac measure is a point moment applied at the point X.
The preceding analysis may now be directly repeated with § replaced by — 4,
defining the adjoint equation

1
aAd) = — f b(x—%1dx forall ileZ (2.2.39)
(4]

where the unique solution is denoted as A®. Physically, A*® is the displace-
ment in an adjoint beam that is the original beam with a negative unit
moment applied at the point X. As in the preceding, next evaluate Eq. (2.2.14)
to obtain

1 1
s :f [yA"® — 2Eahz, A3 Shdx — [J ah?z, A3 dx] SE
0 0
(2.2.40)

1t is interesting to note that for other boundary conditions in Eqgs. (2.1.16)—
(2.1.18), the sensitivity formulas for y, -5 are valid because, as mentioned in
Section 2.1.1, the variational equation of Eq. (2.2.3) is valid for all other
boundary conditions.
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To illustrate the use of Eq. (2.2.40), consider the clamped—clamped beam
studied earlier in this section. If design sensitivity of the slope at the center of
the beam is desired, the adjoint load from Eq. (2.2.39) is just a negative unit
moment at the center of the beam. Thus, the adjoint variable is obtained as

A =15 x 107 [—4{x — }>? + 2x* — x*]

Equation (2.2.40) may now be evaluated to obtain

1
" =f [1.16 x 10~2(—4¢x — 152 + 2x3 — x?)
0

— 0.5(6x2 — 6x + 1)(—4<x — 150 + 6x — 1)] Shdx

where (x — 3> =0if x <4 and {(x — $)° = 1 if x > 4. One interesting
aspect of the above sensitivity result is that the slope at the center of the
beam, with the present uniform design h = 0.005m?, is independent of the
variation 6E of Young’s modulus. To see how material added to or deleted
from the beam influences the slope at the center, the coefficient of 6k may be
graphed (Fig. 2.2.3). Figure 2.2.3 indicates that if material is added or
removed symmetrically with respect to X = 4, then the slope remains at zero
value, which is physically clear. Adding material to the left of £ = § increases
the slope, while adding to the right decreases the slope.
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Fig. 2.2.3 Slope sensitivity A® = yi® — 2Eahz_ 43

BENDING OF A PLATE

Consider now the clamped plate of Fig. 2.1.2, with variable thickness h(x)
and variable Young’s modulus E. Consider a distributed load that consists of
externally applied pressure F(x) and self-weight, given by

S(x) = F(x) + yh(x) (2.2.41)
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where y is weight density of the plate. For this design-dependent loading, the

energy bilinear form for the plate and the load linear form, given in Eq.
(2.1.12) and following, are

az,z) = ff D)(zy12yy + 23575, + Wzp22 1y + 241222)
Q

+ 201 = V)z,,%,,]dQ (2.2.42)
1(2) = || [F + yh]zdQ 2243
) ﬂ[ + yh1z (2243
where u = [E h(x)]" and
D) = ER3/[12(1 — v¥)] (2.2.44)

Consider first the functional defining weight of the plate,

v, = f f JhdQ (2.2.45)
Q
Taking a direct variation yields
Y = JI y 6h dQ (2.2.46)
Q
Since no variation of state arises in this expression, no adjoint problem needs

to be defined, and the explicit design derivative of weight is obtained.
Consider next the compliance functional for the plate,

v, = J L [F + yh]z dQ (2.2.47)
Taking the first variation yields
Y, = JL [(F + yh)z' + vz 6h] dQ (2.2.48)
Following Eq. 2.2.10, one defines the adjoint equation as
a (i, r) = J:f (F+vyh)2dQ forall ZeZ (2.2.49)
Q
Note that Eq. (2.2.49) is identical to the plate equation of Eq. (2.1.21) for
displacement. Therefore, the adjoint plate and load are identical to the

original, A = z, and Eq. (2.2.49) need not be solved separately.
In preparation for evaluating design sensitivity, the definitions of Egs.
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(2.2.1) and (2.2.2) are followed for the plate problem to obtain
as(z,2) = J:L {EW (2,12, + 23225, + 23321, + 244253)
+ 2(1 — v)z,,2,,1/[41 — v?¥)]} 8hdQ
+ {ﬂ‘n h(z,,2,, + 232255 + 25521, + 21,25,)
+2(1 = v)z,,2,,0/[12(1 — v¥)] dQ} OE

(2.2.50)
L2 =Jf yZ 6h dQ (2.2.51)
Q

Direct application of Eq. (2.2.14) for sensitivity of {/,, with 1 = z, yields

v, =ﬂ‘ {Zyz B EhZZ%l + 23, + 2vzy 2y, + 21 — v)zfz} 5h.dO
Q

41 - V)

220+ 22, + 2vzy,2,, + 21 — V)23
_ 32+ 23; + 2¥Zy425 12 50
UL h 120 = v OF

(2.2.52)

As in the case of the beam, note that this sensitivity result consists of a first
term, which accounts for the effect of a variation éh(x) of the plate shape
function h(x), and a second term, which is a scalar times the variation JE.
Consider application of Eq. (2.2.52) to the case of a plate of piecewise
constant thickness (Fig. 2.2.4) where b, is the constant thickness of the ith
rectangular element. The thickness function is thus parameterized as

hx)=b, xe® (2.2.53)

where Q; is the ith rectangular element in Fig. 2.2.4. The variation 6k in
thickness is thus dh(x) = b, (x € ©;), and Eq. (2.2.52) becomes

v=Y Uf {2yz _ gyt et f;(zl“zzfz;r A ")Ziz} dQ] b,
i=1 ; -V

n 2 2 2
_ 321+ 225 + 2924425, + 21 — )z,
l;g -Um {bi 201 — ) dQ | 6E

(2.2.54)

Consider the plate response functional defined as displacement at a
discrete point X,

¥, = 2(%) = f fn 5(x — %) z(x) dQ (2.2.55)
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Fig. 224 Piccewise uniform plate.

where §(x) is the Dirac measure in the plane acting at the origin. By the
Sobolev imbedding theorem [36], this functional is continuous, and the
foregoing theory applies. Taking the first variation of Eq. (2.2.55) yields

W = f L S(x — %) dQ (2.2.56)

Following the general adjoint formulation of Eq. (2.2.10), the adjoint
equation is defined as

afi,7) = f f S(x — %) 1dQ  forall ieZ (2.2.57)
Q

This equation has a unique solution, denoted A®. Since the load functional
on the right side of Eq. (2.2.57) is physically interpreted as a unit point load
acting at the point X, the solution A® of the adjoint plate problem is simply
the displacement of the original plate due to this load.

With A® determined, the general resulit of Eq. (2.2.14) may now be applied,
with the variations in bilinear and linear forms defined in Egs. (2.2.50) and
(2.2.51), to obtain

0= [ 03 = BWLz ) + 2228
o
+ "(222'1‘131) + 211'{‘232)) + 2(1 - ")212'1‘132)]/[4(1 - "2)]} 0h dQ

3 (3 -3 3 £(3)
B {ff Wz 4] + 235450 + V(22,48 + 21,4%))
I

+ 20 =)z, A1 = v3)] dQ} SE (2.2.58)
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The maximum stress for a thin plate occurs on the surface of the plate and
is given in the form [33]

" Eh

g = —Z(T_TZ)(ZU + vz;))
Eh
0'22 = —2(1——72—)—(222 + \’211) (22.59)
T Eh ,
21+ w2

The von Mises stress is [33]
g(O’) = [(0.11 + 0.22)2 + 3(011 _ 0.22)2 + 12(0.12)2]1/2 (2260)

For simplicity, assume the stress ¢'! in Eq. (2.2.59) is taken as a strength
constraint instead of the von Mises stress. With this done, the idea can be ex-
tended to the von Mises stress. As in the beam problem, define a characteristic
function m(x) as an averaging multiplier, which is nonzero only on an open
small region Q, of Q and whose integral is 1. Then, the average value of ¢''
over this small region is

Y, = J'J; o''m, dQ

mﬂ Eh(zyy + vz35)m, dQ (2.2.61)

As in the beam stress functional case, take the variation of the functional
¥, to obtain
Y, = 2_(1-_v—f LEh(z}, + vZi)m, + h(zy, + vz;;)m, OE
+ E(zy, + vz,,)m, 6h] dQ (2.2.62)
Replace the state variation term z’ on the right side of Eq. (2.2.62) by a virtual

displacement A to obtain

a4, ) =— J:[ Eh(Zy, + vA,,)m,dQ  forall ileZ
(2.2.63)

Using the norm in H%(Q) of Eq. (2.1.22), it is shown that the functional on
the right side of Eq. (2.2.63) is a bounded linear functional. Hence, by the

21—v
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Lax-Milgram Theorem [9], Eq. (2.2.63) has a unique solution A*). Using the
same procedure as in Eqgs. (2.2.11)-(2.2.14) gives

ff { (z11 + vzyo)m, 4+ A — ER*[z,,AF) + 25,259

+ Wz, A + 2,499 + 2(1 — v)z,,AH)/[4(1 — \’2)]} oh dQ

Jf {2(1 (211 + vzy5)m,

3 “ 4 4
+h [211'{11 + 233459 + V(22,48 + 2,,48)

+ 201 — vz, A81/12(1 — 12)]} dQ SE (2.2.64)

PLANE ELASTICITY

Consider now the plane elastic slab treated in Section 2.1.1. The energy
bilinear form and load linear form for this problem are given in Eq. (2.1.32)

as
az,z) = J:[ hl: i U(z)e4(Z) ] (2.2.65)
e lLij=1

7) = J hLf1Z + £222]4Q (2.2.66)
Q

where h(x) is the thickness of the plane elastic slab, the displacement vector is
z = [z! z2]7, and 6%(z) and €¥(Z) are the stress and strain fields associated
with displacement z and virtual displacement z, respectively, given in terms of
displacements as

gli(z) = %(5!'. + z)), ij=12 (2.2.67)

Py

”( ) 212 [Z + 22] + 2#21’ i= 1,2
(4 + 2p) (2.2.68)

6'¥(z) = u(z} + %)

where / and y are Lamé’s constants. The design variable is taken here only as
the variable thickness h(x) of the elastic slab.
Consider first the functional defining weight of the slab,

Y, = _UQ vh dQ (2.2.69)



122 2. DISTRIBUTED-PARAMETER STRUCTURAL COMPONENTS

Since this functional does not involve z, its variation is calculated simply as

W, = f Ly Sh dQ (2.2.70)

which requires no adjoint solution.

Consider next a locally averaged stress functional, which might involve
principal stresses, von Mises stress, or some other material failure criteria.
Defining a characteristic averaging function m(x) that is nonzero and
constant over a small open subset Q, < Q, zero outside of Q,, and whose
integral is 1, the average stress functional is written in the general form

Y, = f JQ glo(z))m, dQ (2.2.71)

where ¢ denotes the stress tensor. While this expression could be written
explicitly in terms of the gradient of z, it will be seen in the following that it is
more effective to continue with the present notation. Since components of the
stress tensor given by Eq. (2.2.68) are linear in z and the order of taking
variation and partial derivative can be changed, as shown in Eq. (2.2.5), the
variation of the functional of Eq. (2.2.71) may be written in the form

2
vl = f f [ y g,..,.(z)a"f(z')]mpdg 2.2.72)
QLi,j=1
As in the general derivation of the adjoint equation of Eq. (2.2.10), the
variation in state z’ may be replaced by a virtual displacement 1 on the
right side of Eq. (2.2.72) to define a load functional for the adjoint equation to
obtain, as in Eq. (2.2.10),

2
a4, %) = ff [ Y g,,.-,(z)a"j(/’f)ilmp dQ  forall Z1eZ (22.73)
QLi j=1

It may be shown directly that the linear form in 7 on the right side of Eq.
(2.2.73) is bounded in H(Q) so Eq. (2.2.73) has a unique solution for a
displacement field 1®, with the right side of Eq. (2.2.73) defining the load
functional. Integrating by parts could be considered on the right side of Eq.
(2.2.73) to derive a formula for a distributed load that could be interpreted as
acting on the elastic solid. This calculation, however, causes considerable
practical and theoretical difficulty, since g,.(z) depends on stress and
derivatives of stress will not generally exist in L%Q). Thus, the linear form on
the right side of Eq. (2.2.73) is left as defined.

Using symmetry of the energy bilinear form a,(-, -), Eq. (2.2.73) may be
written in the form

f h{ é [e¥(A) — (g,.»,-(z)mp)/h]a"j(/’[)} dQ =0 forall 1eZ
o i=1
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This is just the equation of elasticity for displacement A‘® of a slab with an
initial strain field (g,:(z)m,)/h and no externally applied load. Thus, this is a
physical interpretation of the adjoint plate problem, which may assist in
interpreting the significance and properties of the adjoint displacement A‘?.

In order to eliminate z’' in Eq. (2.2.72), define variations of the energy
bilinear form and load linear form of Eqgs. (2.2.65) and (2.2.66), using the
definitions of Egs. (2.2.1) and (2.2.3), to obtain

2
dj(z,7) = f f [ Yy aij(z)s’j(é)} ShdQ (2.2.74)
QLi,j=1

I, () = f f [F'2! + £252] 5h dQ (2.2.75)
Q

Using these results, symmetry of the energy bilinear form ga,-,+), and
repeating the sequence of calculations in Egs. (2.2.11)-(2.2.14) gives

2

¥, = _U [f‘i‘z" + f2P -y o‘f(z)s“(l‘z’)] ohdQ  (2.2.76)
Q i,j=1

This gives the desired explicit sensitivity of the stress functional of Eq. (2.2.71)

in terms of the solution z of the structural problem and A® of the adjoint

problem in Eq. (2.2.73).

The analytical examples considered in this section show that for each of
the static elastic problems studied in Section 2.1.1, direct calculation leads to
explicit formulas for design sensitivity of functionals treated, requiring in
most cases the solution of an adjoint problem that can be interpreted as the
original elasticity problem with an artificially defined applied load or initial
strain field. This interpretation can be valuable in taking advantage of
existing finite element structural analysis codes, as will be discussed in
Section 2.2.4, and for visualizing properties of the adjoint displacement.

2.2.4 Numerical Considerations

Before proceeding from analytical derivations to numerical examples, it is
helpful to consider numerical aspects of computing design sensitivity ex-
pressions. Since functions must be approximated in finite-dimensional
subspaces of the associated function space for digital computation, it is
important first to define the parameterization that is to be used in design
sensitivity analysis. Second, in carrying out actual computations, the finite
element method of structural analysis is the most commonly employed
computational tool. Therefore, relationships between design sensitivity
calculations and the finite element method for solving boundary-value
problems should be established.
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PARAMETERIZATION OF DESIGN

The piecewise uniform beam and plate shown in Figs. 1.2.1 and 2.2.4,
respectively, represent the simplest examples of parameterizing the design of
a structure. More generally, consider a beam with appropriate boundary
conditions, in which the family of designs being considered is characterized
by a finite-dimensional parameter vector b = [b,, --- b,]". The moment of
inertia of the cross section and its area as functions of these parameters may
be written in the form

I = I(x; b)
h = h(x;b)

The energy bilinear form and load linear form for the beam are then
expressed as

(2.2.77)

i
ab(z, Z_) = f EI(X, b)zxx ixx dx
0 (22.78)

1
1) = [ L) + phix D)z dx
0
The notation used here illustrates that the energy forms are functions of the

design parameter b rather than a design function u. Using the definition of
variation of these forms in Egs. (2.2.1) and (2.2.2),

1
= |:f Elz %, dx] ob
=0 0
(2) = 1y (2)

1
I - = |:J; yh,,z:l b

where the variation b can be taken outside the integrals since it is constant.
Consider now a general response functional of the form

a:ﬁb(z’ 2) = Eab+n5b(2’ Z)

(2.2.79)

1
Y =f 9(z, 2, 24, b) dx (2.2.80)
V]
The variation of this functional may be taken to obtain

1 1
W' =f 9.2 +6,.2, + ¢, 2] dx + [J A dx:, ob (2.2.81)
[¢] (1]

Now define an adjoint variable as the solution of the adjoint variational
equation

1
ay(4, A) =J. (9.4, + g, Anldx forall 1eZ (2.2.82)
0
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Since the right side of Eq. (2.2.82) is continuous in H?(Q), this equation has a
unique solution for A. Repeating the sequence of calculations of Egs.
(2.2.11)—(2.2.14), the final result is

1
Y = { f L9 + vhyA — Elz,,4,,] dx} b (2.2.83)
0

This expression gives sensitivity coefficients of i associated with variations in
design, It is interesting to note that evaluation of this design sensitivity result
requires only numerical calculation of the integral in Eq. (2.2.83) once the
state and adjoint variables have been determined. Furthermore, the form of
dependence of beam cross-sectional area and moment of inertia on design
can be selected by the designer, and only partial derivatives h, of the cross-
sectional area and I, of the moment of inertia need to be calculated.

Consider, for example, the stepped beam of Fig. 1.2.1, where each uniform
segment of the beam is made up of an I beam with section properties shown
in Fig. 2.2.5. Here, the superscript i (i = 1,..., n) denotes the numbering of
uniform segments of the beam, and the subscript denotes the four design
parameters of each segment, for a total of 4n design parameters. For the ith
segment,

I'(bY) = {5[b.(8bY + 6b7bi, + 12bib) + bibi]

o i i (2.2.84)
Ki(b') = 2bi b, + bib,
K= b b
¥
b, b

Fig. 2.2.5 I-section beam element.

The integral of Eq. (2.2.83) may also be written as a sum of integrals over
each of the segments, yielding

n ifn
yo=3 {J (gy + yhiiA — ElLiz, A.] dx} ob* (2.2.85)
i=1 (i—1)/n
where 8b' = [6b) 6b%, &b 6b,]1". This simple formula, evaluated with the
aid of numerical integration, yields the design sensitivity of a general
functional with respect to all section properties associated with the beam.
Equations (2.2.83) and (2.2.85) show potential for automating design
sensitivity computations in terms of design shape functions. Equation
(2.2.26) illustrates the simplest possible form of a design shape function,
namely piecewise-constant design shape. Piecewise-linear or piecewise-poly-
nomial design shape functions could be considered, describing distribution of
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material in the structure in terms of the design parameters. Using the general
design sensitivity results of Section 2.2.3 and parameterizations of the type
introduced here, results of the form of Eq. (2.2.85) are expected. Given this
expression, an algorithm can be written for evaluating the integrals appearing
in Eq. (2.2.85) over a typical segment, yielding a form for total design
sensitivity. This systematic approach to design sensitivity analysis, using
distributed parameter sensitivity results and design shape functions, appears
to be very promising, particularly as regards its coupling with the finite
element method of structural analysis. If design sensitivity is calculated using
this approach, the need for calculating and storing the design derivative of
the system stiffness matrix that appeared in Chapter 1 is eliminated.

COUPLING DESIGN SENSITIVITY
AND FINITE ELEMENT STRUCTURAL ANALYSIS

From a mathematical point of view, the finite element method of structural
analysis may be viewed as an application of the Galerkin method [5, 6] for
solution of boundary-value problems, with coordinate functions defined as
piecewise polynomials over segments (elements) of the domain. That is, let
¢'(x) € Z be linearly independent coordinate functions. For finite element
analysis, the domain of the structure is partitioned into subdomains called
elements. Functions defined as polynomials on elements, associated with
nodal values of the structural state variable and vanishing off elements not
adjacent to a given node, are defined for a variety of element shapes,
polynomial orders, and smoothness characteristics. For penetrating expo-
sitions of this approach to the finite element method, the reader is referred to
the texts by Strang and Fix [5] and Ciarlet [6]. For a more engineering-
oriented introduction to these ideas, see the text by Mitchell and Wait [41].

Letting ¢(x) (i = 1,.. ., n) denote the coordinate functions, it is desired to
approximate a solution for the structural state in the form

n

z(x) = Z c; d'(x) (2.2.86)
i=1
Recall that the structural state z must satisfy a variational equation of the
form

a,(z,z) = 1(2) forall zeZ (2.2.87)

Substituting the approximation of Eq. (2.2.86) into this variational equation,

n

z ab((ﬁj’ Z)Cj = l,,(f) (2.2.88)

i=1

Since the actual solution of Eq. (2.2.87) cannot be written exactly in the form
of Eq. (2.2.86), with a finite number of coordinate functions, Eq. (2.2.88)



2.2. METHOD FOR STATIC DESIGN SENSITIVITY ANALYSIS 127

cannot be satisfied for all Z € Z. Therefore, it is desired to find the coefficients
¢; in the approximate solution of Eq. (2.2.86) such that Eq. (2.2.88) holds for z
equal to each of the coordinate functions. That is, it is required that

n

121 a(¢’, ¢')c; = 1(9), i=1,...,n (2.2.89)
If a matrix associated with the left side of Eq. (2.2.89) is defined as
A = [a)($, $)]x (2.2.90)
and a column vector associated with the right side of Eq. (2.2.89) as
B = [1(¢)]sx: (2.2.91)
then with ¢ = [¢, --- ¢,]7, Eq. (2.2.89) may be written in matrix form as
Ac =B (2.2.92)

The matrix A is precisely the stiffness matrix from Chapter 1, and the column
vector B represents a load vector applied to the structural system. Without
going into detail, it should be recalled that the entries in the stiffness matrix of
Eq. (2.2.90) require integration over only elements adjacent to nodes in
which both ¢' and ¢’ are nonzero. This fact immediately eliminates
integration over all but a small subset of the domain of the structure for
evaluation of terms contributing to the system stiffness matrix. Furthermore,
because the energy bilinear form is Z-elliptic, if the coordinate functions are
linearly independent, the matrix A is positive definite, hence nonsingular.

The idea of using design shape functions in evaluating Eq. (2.2.85) now
begins to materialize. Let each of the uniform segments of the beam play the
role of a finite element. Coordinate functions ¢ are used to represent both
the state z, as in Eq. (2.2.86), and the adjoint variable 1 as

Ax) = Z d,¢/(x) (2.2.93)
j=1

Substituting Eqs. (2.2.86) and (2.2.93) for the state and adjoint variables into
Eq. (2.2.85),

iln

n ifn . n . .
[p' = Z |:J gl')' dx + b Z dj h;,fd)] dx
( ;

i=1 i—1)/n ji=1 (i—1)/n
n n i/n
+EY Y cd, Lk o) dx] bl (2.2.94)
j=1k=1 (i—1)/n

While many integrals appear in evaluating coefficients in Eq. (2.2.94), the
reader who is familiar with finite element methods will note that these
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calculations are of precisely the kind done routinely in finite element analysis.
Incorporating a standard design shape function, represented by the functions
h' and I' for the beam, and a set of piecewise-polynomial shape functions ¢
for displacement approximation, the integrations required in Eq. (2.2.94) may
be efficiently carried out. In many cases, piecewise-linear polynomials will be
adequate, and the order of polynomials appearing in the integration over
elements will be very low, allowing closed-form evaluation of the integrals
and tabulation of terms in Eq. (2.2.94) as design sensitivity finite elements. In
the case of the beam, Hermite bicubics are commonly used as displacement
shape functions, as discussed in Section 1.1.1. In this case, if linear variation
cross-sectional area and quadratic variation of moment of inertia are
incorporated in the beam design shape function, the degree of polynomials
arising in the Eq. (2.2.94) is no higher than four. Closed-form integration to
obtain and tabulate design sensitivity finite elements appears to be a practical
objective. In more complex structures, such as plates and plane elastic solids,
higher-order polynomials in more than one variable may be required, hence
leading to the need for numerical generation of the design sensitivity finite
elements. These calculations, however, are not essentially more tedious than
calculations that are now carried out in any finite element code. There thus
appears to exist potential for a systematic finite element design sensitivity
analysis formulation, employing both design shape functions and displace-
ment shape functions.

An essential advantage that may accrue in an integrated design finite
element formulation is associated with the ability to identify the effect of
numerical error associated with finite element gridding. It has been observed
in calculations that use of distributed-parameter design sensitivity formulas
and the finite element method for analysis leads to numerical errors in
sensitivity coefficients that may be identified during the process of iterative
redesign and reanalysis. The effect of a design change that is to be
implemented with the design sensitivity analysis method can be predicted.
When reanalysis is carried out, the predicted change in structural response
can be compared with the change realized. If disagreement arises, then error
has crept into the finite element approximation. While this might appear to
be a problem, in fact it can be a blessing in disguise. If the approach of
Chapter 1 is followed, in which the structure is discretized and the design
variables are imbedded into the global stiffness matrix, then any error
inherent in the finite element model is consistently parameterized and will
never be reported to the user. Therefore, precise design sensitivity coefficients
of the matrix model of the structure are obtained without realizing that there
may be substantial inherent error in the original model. In fact, as optimi-
zation is carried out, the optimization algorithm may systematically exploit
this error and lead to erroneous designs. In the current formulation, the
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design sensitivity formulas derived from the distributed-parameter theory
and the finite element model can be used to obtain a warning that approxi-
mation error is creeping into the calculation.

2.2.5 Numerical Examples

BEAM

Consider a simply supported beam with rectangular cross section and a
point load of f(x) = 100 4(x — x) 1b (Fig. 2.2.6). Material properties are
given as E = 30 x 10°® psi and v = 0.25. Weight density y of the material is
ignored. The rectangular beam has unit width, and the depth b; of element i is
taken as a design variable,i = 1,...,n.

in.
100 Ib 2.2in

] I l | ] ! [ zin
|~—x=—Q——|2in.————>1

Fig. 2.2.6 Simply supported beam.

Consider a stress constraint of the form
! b
W = —J jszx(x)m,- dx (2.2.95)
0

where b,/2 is the half-depth of element i and m; is the characteristic function
applied to finite element i. Referring to Eq. (2.2.82), the adjoint equation can
be defined as
lb~
a4, Ay = —f E‘Eixxm,. dx forall 1eZ (2.2.96)
0

and denote the solution as A. Then, from Eq. (2.2.83) the first variation of
the functional ¥ is

IE n (k/n)l b2 _
= —(f oz dx) ob, — Y [f 2 Ez a0 dx:| ob,
02 k=1 LJjk=1ymp 4
(2.2.97)

Note that constant thickness over a single element is assumed in the above
equations.
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Table 2.2.1
Comparison of Sensitivity for Beam

Element
Number ¥ ¥ Ay, ¥ (7 /AY; x 100)%
1 6.3000E + 01 5.7143E + 01 —5.8571E + 00 —6.3000E + 00 107.6
2 1.8900E + 02 1.7143E + 02 —1.7571E + 01 —1.8900E + 01 107.6
3 3.1500E + 02 2.8571E + 02 —2.9286E + 01 —3.1500E + 01 107.6
4 29008E + 02 2.6311E + 02 —2.6969E + 01 —2.9008E + 01 107.6
5 24545E + 02 2.2263E + 02 —22820E + 01 —2.4545E + 01 107.6
6 2.0083E + 02 1.8216E + 02 —1.8671E + 01 —2.0083E + 01 107.6
7 1.5620E + 02 1.4168E + 02 —1.4522E + 01 —1.5620E + 01 107.6
8 1.3500E + 02 1.2245E + 02 —1.2551E + 01 —1.3500E + 01 107.6
9 8.1000E + 01 7.3469E + 01 —7.5306E + 01 —8.1000E + 00 107.6
10 2.7000E + 01 2.4490E + 01 —2.5102E + 00 —2.7000E + 00 107.6

A 10-element finite element model of the beam shown in Fig. 2.2.6, with a
cubic shape function, is employed for design sensitivity calculation. Uniform
and good design sensitivity estimates are obtained, as shown in Table 2.2.1,
for the average stress on each element with 5% overall changes of design
variables.

PLATE

Consider application of Eqgs. (2.2.52) and (2.2.58) to account for the effect
of variations in plate thickness on the compliance and displacement,
at a discrete point X respectively. As an example, a clamped square plate of
dimension 1 m and uniform thickness 4 = 0.05 m, with E = 200 GPa,
v=03,F =222MPa,and y = 7.71 x 10* N/m? is considered. If piecewise-
constant thickness is assumed, with b; the constant thickness of the ith
element, instead of Eq. (2.2.52), Eq. (2.2.54) can be used for the compliance
functional.

For numerical calculations, a nonconforming rectangular plate element
.with 12 degrees of freedom [7] is used. The graph of the coefficient of b, in
Fig. 2.2.7 shows how addition or deletion of material affects compliance. The’
maximum value of the coefficient of éb; is A2, = —1.305 at the corner
elements. The minimum value occurs at the middle of edge elements, with the
value AZ;, = —5.625 x 10% Thus, in order to decrease compliance most
effectively, material should be removed from the vicinity of the four corners
and added near the middle of the four edges.

If design sensitivity of displacement at the center of the plate is desired,

% = [3 3], and the adjoint load from Eq. (2.2.57) is just a unit load at the
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Fig. 2.2.7 Compliance sensitivity A? for plate.

center of the plate. To see how material added to or deleted from the plate
influences displacement at the center, the coefficient of 6b; may be graphed, as
in the compliance case, using Eq. (2.2.58) to obtain the result shown in Fig.
2.2.8. The maximum value of the coefficient of 6b; is A2, = —3.678 x 1073
at the corner elements, while the minimum value occurs at the center
elements with the value A2, = —1.167 x 103 To decrease z(x) most effec-
tively, material should be removed near the four corners and added to the
center of the plate.

N

Fig. 2.2.8 Displacement sensitivity A3 for plate.
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For sensitivity of stress in the plate, consider the simply supported square
plate shown in Fig. 2.2.9, with E = 30 x 10° psi and v = 0.25. Let plate
thickness h(x) be a design variable and assume y is ignorable, so that the load
linear form is independent of design.

- 7 4 I 28 5 42 49
6 12 18 24 30 36
6. 13 20 27 B34 41 48
5 1l 17 23 29 35
] 12 19 26 33 40 47
4 10 16 22 28 34
l2m4 1 18 25 32 39 46
3 9 15 21 27 33
3 10 |7 24 3l 38 145
2 8 14 20 26 32
2 S 16 23 30 37 44
| 7 13 19 25 3l
1t 8 15 22 29 36, 43
,|= 12 in. ;I]

Fig. 2.2.9 Finite element of simply supported plate.

Consider a stress functional of the form

¥ = ﬁ Ez,m; dQ (2.2.98)
Q

where m; is the characteristic function applied on finite element i. Referring to
Eq. (2.2.63), the adjoint equation is defined as

afily = f f El,mdQ  forall 1eZ (2.2.99)
Q

with solution A, From Eq. (2.2.64), the first variation of Eq. (2.2.98) is
obtained as

Eh? . . . ;
Y = —ﬂnm[zlli‘{i + 2249 + v(z2,48) + 2114%))

+ 201 = v)z,,A%] 6h dQ (2.2.100)
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If piecewise-constant thickness is assumed for each finite element, Eq.
(2.2.100) can be rewritten as

, " Eb? . . . 4
yi= — kzl {4(1 _kv25 J];l [z00A0) + 22248, + (25249, + 21,48}

+2(1 = v)z,,48] dQ} Sb, (2.2.101)

As before, a nonconforming rectangular plate element with 12 degrees of
freedom [7] is employed for numerical calculation. The geometrical con-
figuration and finite element grid used are shown in Fig. 2.2.9. The length of
each side of the square plate is 12 in., and its thickness is 0.1 in., uniformly.
The model has 36 elements, 49 nodal points, and 95 degrees of freedom.
Applied loads consist of a point load of 100 lb at the center and a uniformly
distributed load of 100 psi. Results given in Table 2.2.2 show that the design
sensitivity for each element is excellent, with 0.1 overall change of design
variables. Note that due to symmetry, only sensitivity results for one quarter
of the plate are given in Table 2.2.2.

Table 2.2.2
Comparison of Sensitivity for Plate

Element
Number ¥ 74 AyY; A /Ay, x 100)%
1 —7.7010E + 05 —7.6779E + 05 2.3057E + 03 2.3030E + 03 99.9
2 —-1.7690E + 06 —1.7637E + 06 5.2965E + 03 5.3094E + 03 100.2
3 —22571E + 06 —2.2503E + 06 6.7576E + 03 6.7702E + 03 100.2
7 —1.3671E + 06 —1.3630E + 06 4.0930E + 03 4.0869E + 03 99.9
8 —3.6338E + 06 —3.6229E + 06 1.0880E + 04 1.0906E + 04 100.2
9 —4.8362E + 06 —4.8217E + 06 1.4480E + 04 14508E + 04 100.2
13 —1.5622E + 06 —1.5575E + 06 4.6772E + 03 4.6859E + 03 100.2
14 —42347E + 06 —4.2220E + 04 1.2679E + 04 1.2706E + 04 100.2
15 —57639E + 06 —5.7466E + 06 1.7257E + 04 1.7293E + 04 100.2
TORQUE ARM

As an example involving a plane elastic component, consider the auto-
motive rear suspension torque arm shown in Fig. 2.2.10. For simplicity, a
single, nonsymmetric, static traction load is considered. Zero-displacement
constraints are applied around the larger hole on the right in order to
simulate attachment to a solid rear axle. Thickness of the torque arm is
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Fig. 22.10 Geometry and finite element of torque arm.
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chosen as a design variable. The variational equation of the torque arm is

a,z, E)EJ h(x) Z H(2)e¥(2) dQ
o

i,j=1

2
=f Y T'Zdl = 12) forall zeZ (2.2.102)
r

2i=1
where
={z=[z} 22]Te[H'(Q)]* z=00nT" (2.2.103)

Consider a von Mises stress functional of the form

Y = J] mk dQ = jf gm, dQ (2.2.104)

where g = (0, — 6%)/0”, a* is the allowable stress, m, is the characteristic
function defined on finite element k, and o, is the von Mises yield stress
defined as

O.y = [(0.11)2 + (0.22)2 + 3(0.12)2 _ o,110.22]1/2 (22105)

For this stress functional, the adjoint equation from Eq. (2.2.73) is

a4, ) =H‘ [ Y ggiz J(I:Imk daQ forall 1eZ
Q

iLj=1
(2.2.106)
with solution A%, The first variation of the functional y,, from Eq. (2.2.76), is
2
v = j f [ 5 a*‘f(z)efi(;f“)] oh dQ (2.2.107)
QlLij=1

If piecewise-constant thickness b, is assumed for finite element [, then Eq.
(2.2.107) can be rewritten as

= - Z U ()& (A9 dn] ob, (2.2.108)
Qij=1

The finite element model shown in Fig. 2.2.10, including 204 elements, 707
nodal points, 1332 degrees of freedom, and an 8-noded isoparametric
element, is used for numerical calculation. Applied loads and dimensions are
also shown in Fig. 2.2.10. Young’s modulus, Poisson’s ratio, and allowable
stress are 207.4 GPa, 0.25, and 81 MPa, respectively. A uniform thickness of
1 cm is used as the initial design. Numerical results for stress in selected
boundary elements are shown in Table 2.2.3. With a 0.1%/ uniform change of
design variables, excellent sensitivity results are obtained.
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Table 2.2.3
Comparison of Sensitivity for Torque Arm

Element
Number W W Ay A (W /AYx x 100)7;
54 —-9.7690E — 01 —9.7693E — 01 —-2.3075E — 05 -2.3098E — 05 100.1
66 —9.6734E — 01 —9.6737E — 01 —3.2632E — 05 —3.2665E — 05 100.1
75 —9.5025E - 01 —9.5030E — 01 —4.9699E — 05 —4.9748E — 05 100.1
87 —~9.3080E — 01 -9.3087E — 01 —-6.9130E — 05 —6.9199E — 05 100.1
96 —9.1860E — 01 —9.1868E — 01 —8.1317E — 05 —8.1398E — 05 100.1
105 —9.0812E — 01 —9.0821E — 01 —9.1786E — 05 —9.1878E — 05 100.1
115 -9.7021E - 01 —=9.7024E — 01 —29756E — 05 —2.9786E — 05 100.1
127 —9.5415E — 01 —9.5420E — 01 —4.5805E — 05 —4.5850E — 05 100.1
145 —9.2374E — 01 —9.2382E — 01 -7.6183E — 05 —7.6259E — 05 100.1
160 —9.0483E — 01 —9.0493E — 01 —9.5073E - 05 —9.5169E — 05 100.1
171 —9.0491E — 01 —9.0S00E — 01 -94997E — 05 —9.4997E — 05 100.1
180 —9.2579E — 01 —9.2587E — 01 -7.4134E — 05 —-7.4208E — 05 100.1
187 —8.9958E — 01 —89968E — 01 —1.0032E — 04 —1.0042E — 04 100.1
193 —9.1117E — 01 —-9.1126E — 01 —8.8743E — 05 —8.8831E — 05 100.1

2.3 EIGENVALUE DESIGN SENSITIVITY

Examples presented in Section 2.2.2 show clearly that eigenvalues that
represent natural frequencies and buckling loads of structures depend on the
design of the structure. The objective in this section is to obtain design
sensitivity of eigenvalues. For conservative systems, it happens that no
adjoint equations are necessary, and eigenvalue sensitivities are obtained
directly in terms of the eigenvectors of the eigenvalue problem and variations
in the eigenvalue bilinear forms. Theorems that establish differentiability of
simple eigenvalues and directional differentiability of repeated eigenvalues
are first stated, and their significance is discussed. Using these differen-
tiability results, explicit formulas for design variations of eigenvalues, both
simple and repeated, are obtained. Analytical calculations with the examples
of Section 2.1.2 are carried out to illustrate use of the method. Numerical
considerations associated with computation of eigenvalue design sensitivity
are discussed, and numerical examples are presented.

2.3.1 Differentiability of Energy Bilinear Forms

and Eigenvalues

Basic results concerning differentiability of eigenvalues are developed in
detail in Section 2.5. The purpose of this section is to summarize key results
that are needed for eigenvalue design sensitivity. In particular, treatment of
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the repeated eigenvalue case illustrates the need for care in establishing and
utilizing properties of functionals involved since it is shown that repeated
eigenvalues are in fact not differentiable.

As shown in Section 2.1.2, eigenvalue problems for vibration and buckling
of elastic systems are best described by variational equations of the form

a(y.y) =0d(y,5) forall yeZ 23.1)

where Z is the space of kinematically admissible displacements. Since Eq.
(2.3.1) is homogeneous in y, a normalizing condition must be added to define
uniquely the eigenfunction. The normalizing condition employed is

dfy.y) =1 (2.3.2)

The energy bilinear form on the left side of Eq. (2.3.1) is the same as that
occurring in static problems treated in Section 2.2. Therefore, it has the same
properties discussed there. The bilinear form d (-, +) on the right side of Eq.
(2.3.1) represents mass effects in vibration problems and geometric effects in
buckling. In most cases, it is even more regular in its dependence on design u
and eigenfunction y than is the energy bilinear form a-, ). In the
exceptional case of buckling of a column, it involves derivatives of the
eigenfunction and must be treated somewhat more carefully. As shown in
Section 2.5.1, in all cases of interest here, the design derivative of d, (-, *) is
given by

d
ds(y, ) = E[dumu(ﬁ, ] (2.3.3)

t=0
where j denotes holding y constant for purposes of the differentiation with
respect to 7.

SIMPLE EIGENVALUES

In the case of a simple eigenvalue (i.e.,, an eigenvalue with only one
independent eigenfunction) it is shown in Section 2.5 that the eigenvalue { is
differentiable. Kato [13] showed that the corresponding eigenfunction y is
also differentiable. Thus, the following variations are well defined:

' ={udu) = (Tdr-[{(u + 7 du)]

=0

(2.3.4)

’

d
Y = y(x;u,du) = a[y(x; u + 1t du)]

=0

In fact, both eigenvalue and eigenfunction variations are linear in du, hence
they are Fréchet derivatives (Appendix A.3) of the eigenvalue and eigen-
function. Proof of these results is far from trivial; details are given in Section
2.5.
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Given this differentiability result, the variation of both sides of Eq. (2.3.1)
can be taken to obtain

a(y,y) + a5y, )) = {d(y,§) + {d . §) + {dsfy,y)  forall jeZ
(2.3.5)

Since Eq. (2.3.5) holds for all ye Z, this equation may be evaluated with
7 =y, using symmetry of the bilinear forms a,(-, ) and d,(, +), to obtain

{dfy, y) = a5y, y) — Uds(y,y) — La(y,y) — Ld(y,y)]  (2.3.6)

Noting that y' € Z, it can be seen that the term in brackets on the right side of
Eq. (2.3.6) is zero. Furthermore, due to the normalizing condition of Eq.
(2.3.2), a simplified equation is obtained

(' = a5(y, y) — Lds (v, ) (2.3.7)

For precise proof of this result, see Corollary 2.5.1 (Section 2.5).

This result, obtained with little effort, forms the foundation of a large body
of work on structural optimization with constraints on eigenvalues. It is a
remarkably simple result, showing clearly that the directional derivative of
the eigenvalue is indeed linear in ou since the variations of the bilinear forms
on the right side of Eq. (2.3.7) are linear in du. It should be emphasized,
however, that validity of this result rests on the existence of variations of the
eigenvalue and eigenfunction defined in Eq. (2.3.4). As will be seen in the
following, formal extension of this analysis to repeated eigenvalues would
lead to an erroneous result.

REPEATED EIGENVALUES

Consider now a situation in which an eigenvalue { has associated with it s
linearly independent eigenfunctions, that is,

a () =td(\y forall jeZ,
a0 y) =1,

It is an easy exercise to show that any linear combination of eigenfunctions of
y' of Eq. (2.3.8) is also an eigenfunction. Therefore, an infinite variety exists
of choices for the basis of the eigenspace associate with the repeated
eigenvalue {. One practical limitation on the family of eigenfunctions
employed is to require that they be orthonormal with respect to the bilinear
formd,(-, +), that is,

i=1...,s (2.3.8)

diy)=6; ij=1...s (2.3.9)



2.3. EIGENVALUE DESIGN SENSITIVITY 139

It is presumed throughout this text that such an orthonormalization of
eigenfunctions corresponding to a repeated eigenvalue has been carried out.
Nonetheless, there still remains an infinite choice of such families.

It is shown by Theorem 2.5.1 (Section 2.5) that the repeated eigenvalue { is
a continuous function of design, but that the eigenfunctions are not. While
the eigenvalue is continuous, it is shown not to be Fréchet differentiable, but
only directionally differentiable (Appendix A.3). It is shown by Theorem
2.5.2 and Corollary 2.5.2 (Section 2.5) that at a design u for which the
eigenvalue { is repeated s times, for a perturbation of design to u + t éu, the
eigenvalue may branch into s eigenvalues given by

Cu + 1 0u) = {(u) + tli(u, du) + o(z), i=1...,s (2.3.10
where the directional derivatives {}(u, éu) are the eigenvalues of the matrix
M = [a(¥ ) = Ld5 (0’ YN (2.3.11)

The notation (i(u, du) is selected here to emphasize dependence of the
directional derivative on du. The term o(z) in Eq. (2.3.10) is defined as a
quantity that approaches zero more rapidly than < [i.e., lim__, o(z)/r = 0].
All the characteristics of repeated eigenvalues discussed in Section 1.3.6 hold
true in the distributed-parameter case. Moreover, the directional derivatives
of twice-repeated eigenvalues are given in Egs. (1.3.59) and (1.3.60), which is
rewritten here as

U (u, Su) = M, = cos? $(Su) M, ,(5u)
+ sin 2¢(6u) A, ,(6u) + sin? G(ou) M,,(0u)  (2.3.12)
W, 6u) = M,, = sin® ¢(5u) M, ,(6u)
— sin 2¢(u) M, ,(5u) + cos® ¢(Su) M,,(6u)  (2.3.13)
where ¢ is the rotation parameter, given as

2,/”12(}11, 2, 8u)
'/”ll(yl9 y15 5“) - '/”22(.)]2’ y2’ 5“)

and .#(0u) is the component of the matrix .# given in Eq. (2.3.11).

¢ = ¢(ou) = %arctan[ ] (2.3.14)

2.3.2 Analytical Examples
of Eigenvalue Design Sensitivity

To illustrate the preceding results, design sensitivity analysis of the
eigenvalue problems presented in Section 2.1.2 are now studied. Numerical
considerations in the use of the resulting formulas will be discussed in Section
2.3.3.
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VIBRATION OF A STRING

Consider the string of Fig. 2.1.5, with variable mass density h(x) and
tension T. The energy and mass bilinear forms of Eq. (2.1.48) are

1
an3) = T f YeFe dx
0

) (2.3.15)
409 = [ by ax
0
Variations of these bilinear forms yield
1
. 3) = F [ 3.3, dx
° (2.3.16)

1
dy(y. §) = f 5h vy dx
0

Since for Sturm-Liouville problems only simple eigenvalues can occur
[23], only the variation of a simple eigenvalue is of interest. Direct
application of Eq. (2.3.7), with Eq. (2.3.16), yields

1 1
o= [ [0 dx} 6T ~¢[ v onds (2317
0 0

It is interesting to note that since the coefficient of the variation in string
tension is positive, it is clear that the frequency increases with increasing
tension. Similarly, since the coefficient of the variation dh in mass density of
the string is positive, any increase in density decreases the frequency of
vibration. While both of these results are obvious on an intuitive basis, a plot
of (y(x))* for a uniform string h, = 2.0 and T, = 1.0 (Fig. 2.3.1) shows that a
unit increase in h(x) near the center of the string has substantially more effect

A
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; ’ 4 ) \
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N’ ¥ \ ! \\
/
1.0 / \\ /I \
/ \
/ ‘\ /l \
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Fig. 2.3.1 First two eigenfunctions of vibrating string.
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on the smallest eigenvalue than unit increases elsewhere in the string. Thus,
an indication is obtained of the most profitable areas for changing design.

VIBRATION OF A BEAM

For the beam with variable cross section, Young’s modulus, and mass
density (shown in Fig. 2.1.6), the strain and kinetic energy bilinear forms of
Eq.(2.1.51) are

1
afy,y) =f Eah?y,, 3y, dx
° (2.3.18)

1
4 5) = p f hyp dx
0

The design variations of these bilinear forms are

dyl, 7) = OF f

1 1
oy, Fon i + [ 2Bth Oh 3, dx
0 1]

1 1 (2.3.19)
45y, 9) = 5pf hyy dx + p f oOh yy dx
0 0

For a simple eigenvalue, Eq. (2.3.7), with (Eq. 2.3.19), yields

1 1
"= h? 2dx |SE — hy?dx |8
¢ Uo ah*(y,;) x:l [CL y x} I
1
+f [2Eah(y,,)* — {py*] 6h dx (2.3.20)
0

As in the static response case, the sensitivity formula of Eq. (2.3.20) is valid
for other boundary conditions in Eqgs. (2.1.16)—(2.1.18). This result clearly
shows that increasing Young’s modulus increases natural frequency, and
increasing the density of material decreases the natural frequency, both of
which are clear physically. However, since the coefficient of A in the integral
may have either sign, it is not clear how a change in cross-sectional area will
influence natural frequency of vibration. Consider, for example, a uniform
cantilever beam (Fig. 2.3.2) and nominal properties E = 2 x 10° MPa,

A
7 1O

Fig. 2.3.2 Uniform cantilever beam.
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a=1%, p=787 Mg/m3 and h = 0.005 m% For this case, the smallest
eigenvalue is { = 0.00157, and the eigenfunction is

cos k, + coshk,
sin k, + sinh k,
where k, = 1.875, k, = 4.694,.... Evaluating the coefficient of éh in the
integral of Eq. (2.3.20), a curve is obtained of the form shown in Fig. 2.3.3.
The design sensitivity coefficient of Fig. 2.3.3 shows that a unit change in

cross-sectional area at the clamped end of the beam has substantially more
effect on the smallest eigenvalue than a unit change at the free end.

y(x) = 0.159 [cosh k,x — cosk,x — (sinh k,x — sink, x)}

5.E+08
4.E+08:
3.E108
2.E+08

1.E+08

0. L It " . " i I 1 L

0.0 0.l 0.2 0.3 0.4 0.5 0.6 o7 0.8 0.9
X
Fig. 2.3.3 Design sensitivity coefficient of 6k for cantilever beam.

BUCKLING OF A COLUMN

Consider now the problem of buckling of a column, with design variables
being the distribution of cross-sectional area along the column and Young’s
modulus of the material. The energy and geometric bilinear forms of Eq.
(2.1.53) are

1
afy,y) =f Eah?y,. ¥y, dx
[¢]

. (2.3.21)
4 5) = [ wredx
0
The variations of these bilinear forms are
1 1
as (v, 3) = 6Ef ah?y, 7., dx +j 2Eoh 6h o Py dx
b o ) 0 Yx) (2.3.22)

d&thﬂ =0
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The variation of the buckling load for a simple eigenvalue is given by Eq.
(2.3.7), with Eq. (2.3.22), as

1 1
O = [ f ah¥(y,)? dx] SE + f [2Eah(y,)*] dhdx  (23.23)
[¢] 0

Clearly, increasing Young’s modulus increases the buckling load, and any
increase in cross-sectional area similarly increases the buckling load. Both of
these results are to be expected.

Consider, for example, the clamped—clamped column of Fig. 2.1.7, with
uniform cross section, h, = 0.005 m? « = ¢, and E = 2 x 10> MPa. A plot
of the first and second mode shapes and their second derivatives is shown in
Fig. 2.3.4a. Using these functions, the coefficient of 6h may be evaluated in
the integral of Eq. (2.3.23), obtaining the curve shown in Fig. 2.3.4b. Note
that to redistribute material in the column to increase the buckling load in
the first mode, material in the vicinity of points a and c, where the sensitivity
coefficient of 8k for {, is zero, may be removed and the material added at
point b, or at the ends, where the sensitivity coefficient is a maximum. This
process, however, may decrease the buckling load in the second mode since
its sensitivity coefficient is positive at points a and ¢ and zero at point b. In
fact, it has been shown by Olhoff and Rasmussen [18] and others that when
attempting to maximize the fundamental buckling load for a clamped-
clamped column, systematic occurrence of a repeated eigenvalue may be
forced, much as shown in the examples presented in Section 1.3.5. It is
therefore of interest to obtain expressions for the directional derivatives of
this column for a repeated eigenvalue.

If y! and y? are eigenfunctions corresponding to a repeated eigenvalue,
then from Eq. (2.3.11),

1
My = J 2Eahyt yi ohdx (2.3.24)
0

where the effect of variation of Young’s modulus has been suppressed. Note
that if attention is limited to designs h(x) that are symmetric about the center
of the column and if 6h(x) is symmetric about the center, then as indicated in
Fig. 2.3.4a, the second derivatives of the first and second eigenfunctions will
be symmetric and antisymmetric, respectively, about the center of the
column. Thus, the product h 6k y!_is an even function about the center and
2 is an odd function about the center. Therefore, . #,, = 0. Since this is true
for all design variations in the class of designs that are symmetric about the
center, the directional derivatives of the repeated eigenvalue for symmetric
columns are given by Eq. (2.3.28), with symmetric and antisymmetric modes
y! and y2 Since the resulting expression is linear in the design variation, this
shows that the repeated eigenvalues, ordered by symmetric and anti-
symmetric modes, for symmetric columns are differentiable and that the
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Fig. 2.3.4 Mode and sensitivities for uniform clamped-clamped column.

derivatives may be obtained by using symmetric and antisymmetric modes in
the simple formula of Eq. (2.3.23).

On the other hand, if asymmetric designs are allowed, .#, , in general will
not be zero, and indeed the eigenvalue is only directionally differentiable and
not Fréchet differentiable. In this case, the angle of rotation required is
obtained from Eq. (2.3.14) as

(2.3.25)

1 1,2
@(0h) = % arctan|: 2 [ hys, y2, Oh dx ]

[SR[(L)? — (y2)2] 6k dx



2.3. EIGENVALUE DESIGN SENSITIVITY 145

The directional derivatives of the repeated eigenvalue are then given by Eqs.
(2.3.12) and (2.3.13) as

1
{y(h, 0h) = 2Eaf h[cos? p(3h) (y;,)* + sin 2¢(Sh) y, vz,
0

+ sin? ¢(5h) (y2)*] Sh dx
(2.3.26)

1
{4(h, 6h) = 2E0¢f h[sin? $(0h) (yy,)* — sin 26(5h) yy, vz
0

+ cos? p(5h) (y2)?] Sh dx

It is clear from this equation that the directional derivatives of the repeated
eigenvalues in general are not linear in 8k, hence they are not differentiable.

VIBRATION OF A MEMBRANE

Consider a vibrating membrane with variable mass density h(x) and T as
design variables. Without repeating the definition of the energy and mass
bilinear forms of Eq. (2.1.56), write the first variations of these bilinear forms,
evaluated at § = y, as

%mw=ﬁﬂWﬁu@m
Q

(2.3.27)
a5, = [ y* ondo
Q
For a simple eigenvalue, Egs. (2.3.7) and (2.3.27) yield
U= ﬁﬂ O} +yHdQ — cﬂ y? 8h dQ (2.3.28)
Q Q

As in the vibrating string problem, it is clear that the frequency increases with
increasing tension and decreases with increasing density.

For the repeated eigenvalue case [42], if y! and y? are eigenfunctions
corresponding to a repeated eigenvalue {, then from Eq. (2.3.11)

My = 5Tﬂ vy vyl dQ — cﬂ VY ohdQ, ij=12 (2.3.29)
Q Q

The angle of rotation required is obtained from Eqgs. (2.3.14) and (2.3.29) as

2[6T [[oVy'" Vy? dQ — {[[ay'y? 6h dQ] ]

STIfL(Vy")* — (Vy»)?1dQ — ([ [()* — ()*] 6k dQ
(2.3.30)

¢(oh) = % arctan[



146 2. DISTRIBUTED-PARAMETER STRUCTURAL COMPONENTS

The directional derivatives of the repeated eigenvalue are then given by Egs.
(2.3.12) and (2.3.13) as

ciw au) = o7 [ (V") cos? 66u) + (" Vy?)sin 20(60)

+ (Vy?)? sin2 $(6u)] dQ

-{ ﬂn [(y")* cos? (Su) + (y*y?) sin 2¢(5u)

+ (y3)? sin? ¢(6u)) 5h dQ

2w, bu) = 6T J L(Vy")* sin” §(du) — (Vy*" Vy?) sin 24(u) 2330
+ (Vy?)? cos? ¢(5u)] dQ
-{ Hﬂ [(v')? sin? ¢(6u) — (y'y?) sin 2¢(du)
+ (%)2 cos® ¢(ou)] Sh dQ

VIBRATION OF A PLATE

Consider, as a final example, the variable thickness vibrating plate of Fig.
2.1.8, with thickness variation h(x), Young’s modulus E, and mass density p
as design variables. Without repeating the definition of the energy and mass
bilinear forms of Eq. (2.1.59), the first variations of these bilinear forms,
evaluated at y = y, may be written as

a5y, y) = W—f RLyi + 2w1ya0 + V32 + 21 — v)yi,] dQ
+ i ) DR + 2 + v + 20— ] Sk
iy, y) = 8p f f hy? dQ + p f f ¥ 6h dQ (2.3.32)
Q Q

The derivative of a simple eigenvalue is therefore given by Eq. (2.3.7) as

{'= {m J] hs[)’u + 2vyy ¥, + Y22 + 2(1 = ").V12] dQ} OE

- [C_[thz dQ] op

Eh?
* J:[ ———Z[J’fl + 211 V22 + V32 + 201 = V)yi,] — {py?p 6h dQ
Q 41 — v¥)
(2.3.33)
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It is clear that increasing Young’s modulus increases natural frequency,
and increasing density decreases natural frequency, as is expected intuitive-
ly. The effect of a thickness variation, however, is not obvious, since
the coefficient of 6k in the integral may be either positive or negative. Nu-
merical examples of the effect of thickness variation are considered in Section
2.34.

For the repeated eigenvalue case [43], if y! and y? are eigenfunc-
tions corresponding to a repeated eigenvalue {, then as in the membrane
problem, Egs. (2.3.12) and (2.3.13) give the directional derivatives of the
repeated eigenvalues, where the rotation parameter ¢ is given by Eg.
(2.3.14) and

é
My = 12(1—_‘,_[ WL + widyly + 022 + widvd,
+2(1 — v)yi,¥,]dQ
mf R+ wi)dvl + 02 + wiyls

+2(1 = v)y1,9{,] 0h dQ

- CI:(Sp‘U‘ hyy dQ + pJ:[ yiy! 8h dQ:|, ij=12
Q Q

(2.3.34)

2.3.3 Numerical Considerations

Numerical aspects of evaluating design sensitivity formulas in Eq. (2.3.7)
for the simple eigenvalue, or Egs. (2.3.12) and (2.3.13) for the repeated
eigenvalue case, follow the same pattern as considerations presented in
Section 2.2.4 on computational aspects of static design sensitivity. In the case
of conservative eigenvalue problems, however, the attractive feature arises
that an adjoint variable need not be calculated as the solution of a separate
problem. This feature of the eigenvalue problem allows direct computation of
design sensitivity once the analysis problem has been solved. It may be noted
that for nonconservative problems this is not the case [43, 44].

Much as in the case of static response presented in Section 2.2.4, the design
can be parameterized and explicit design derivatives of eigenvalues obtained
with respect to design parameters. Since the functionals arising in the present
formulation are identical to those appearing in Section 2.2, the reader is
referred to Section 2.2.4 for details on numerical aspects of evaluatmg
parameterized design sensitivity.
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2.3.4 Numerical Examples

PLATE

Consider application of Eq. (2.3.33) to account for the effect of variations
in plate thickness on natural frequency of the plate. As an example, a
clamped square plate -of dimension 1 m and uniform thickness h = 0.05 m,
with E = 200 GPa, v = 0.3, and p = 7870 kg/m?, is considered. For the
given design, the eigenvalue is { = 0.3687 x 10° (rad/sec)?. If thickness of the
plate is considered as a design variable and piecewise-constant thickness is
assumed, as in the plate example in Section 2.2.5, then Eq. (2.3.33) can be
rewritten as

" Eb?
o S A+ 2o ok 20
- Cﬂyz} dﬂ] 3b; (2.3.35)

As in the plate example in Section 2.2.5, a nonconforming rectangular
plate element with 12 degrees of freedom is used. The graph of the coefficient
of b; presented in Fig. 2.3.5 shows how addition or deletion of material
effects the eigenvalue. The maximum value of the coefficient of db; is
A ey = 7.949 x 10° at the middle of edge elements, while its minimum value
occurs at the corner elemerts, with the value A, = 3.365 x 10> Thus, in
order to increase the eigenvalue most effectively, material should be removed
from the vicinity of the four corners and added to the middle of the four
edges.

Fig. 2.3.5 Eigenvalue sensitivity A for plate.



2.4. FRECHET DIFFERENTIABILITY OF THE INVERSE STATE OPERATOR 149

2.4 FRECHET DIFFERENTIABILITY
OF THE INVERSE STATE OPERATOR
WITH RESPECT TO DESIGN

The purpose of this section is to prove that the inverse state operator,
hence the solution of the equations of structural mechanics, is differentiable
with respect to design. This section and Section 2.5 are more mathematically
technical than others in the text. They are intended for the mathematician or
mathematically oriented engineer who loses sleep worrying about technical
matters such as differentiability. The engineer interested only in using the
methods and results of Sections 2.2 and 2.3 need not go through the details of
this section.

2.4.1 Differentiability of Energy Bilinear Forms

In each of the problems of Section 2.1.1, a displacement state variable
z(x; u) is determined as the solution of an operator equation of the form

A,z =1, z € D(A) (24.1)

where D(A,) is a subspace of an' appropriate Sobolev space Z that is defined
by boundary conditions of the problem: H2(Q) for the beam and plate with
Dirichlet boundary conditions and HL(Q) x H3(Q) for the fixed boundary,
plane elasticity problem. More generally [35], the subspace Z of the
appropriate Sobolev space consists of those displacement fields that satisfy
kinematic boundary conditions and not necessarily natural boundary conditions
[32]. The subspace D(4,), called the domain of the operator A,, is just the
restriction to z € Z such that 4,z € I*(Q). The forcing function f is in I3(Q).
In each problem of Section 2.1.1, the following properties hold:

1. The domain D(A,) is a subspace of a Sobolev space Z, inheriting its
scalar product and norm.

2. The domain D(4,) is a subspace of I*(Q), and by the Sobolev imbedding
theorem [36, Theorem 5.4], the identity operator from D(4,) into I*(Q) is
compact,

3. The operator A,: D(A,) — I*(Q) is self-adjoint and strongly elliptic; that
is, there is a constant y > 0 such that

(A,z,z) = yliz|2 forall ze D(A4,)

This property holds for all values of design variables and domains under
consideration.
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Under these hypotheses, it was proved by Aubin [9] that the solution of
Eq. (2.4.1) is the unique solution of the variational (or virtual work) equation

afz,?) =(f,z) forall zeZ (2.4.2)

where a,(*, *) is the symmetric energy bilinear form that defines the Friedrichs
extension A, of the formal operator 4, of Section 2.1.1. It is also the virtual
work of the internal forces associated with the displacement field z € Z due
to a virtual displacement z € Z.

THEOREM 2.4.1 (Differentiability Theorem for Bilinear Forms) Let a,(z,z) =
a,(z) be the energy quadratic form associated with a,(-, *) (twice the strain
energy due to z € Z). Each bilinear form a,(-, -) of Section 2.1.1 is Fréchet
differentiable with respect to u, in the sense of relatively bounded per-
turbations; that is, the Fréchet differential of a (-, -} is a linear form aj,(-, -) in
ou such that with a5 (z) = aj,(z, 2),

|a5,(2)] < e (u)||ou] a,z) for all small ||6ul] (2.4.3)
where e,(u) is a constant that depends on u, and with the remainder defined as
a5(2) = a,,5,(2) — az) — a;(2) (24.4)
the bound
la5.(2)] < ey(u, 6u) ||6ul a,(z) (24.5)
is valid, with e,(u, Su) — 0 as ||du| — 0.

Proor To prove the theorem, each structural component is considered
individually.

Beam. Consider the beam with admissible design space
U={u=[E h]"eRxL°Q): E=>Ey,> 1,h(x) > hy > 0ae.in (0, 1)}
A formal first variation calculation, as in Eq. (2.2.18), yields
1 1
a5(2, %) = (5E)cxf h?z .z dx + Eozf 2hdhz, z,.dx  (24.6)
0 0

With [|6u| = |SE| + ||6h|[,«, one has

1
@5, < i[Ea [ #er dx]wm
EO [¢]

2 1 2
+ ——[EocJ~ h*(z,.,)? dx:| 16k L« < max (L,—> |6u] a,(2)
ho 0 Ey ho
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Writing the remainder term of Eq. (2.4.4),

|a5.,(2) =

1
” f [EGh) + 2 5E h h + SE (Sh1?)(z,.)? dx
4]

G| | 2I0E] 10kl e | |SE] I(OR)*|| o J '
E 2 2
S[ B Eohy Eohg 0 W) dx

. 218h);« 2|0E
< ||5hnw[ " hz"L + E' hqa,,(z)
0 0’0

if du| < 1 and E, > 1. Finally,

1
la5.(2)| < 26kl max(E’E_oE;

This establishes Eqs. (2.4.3) and (2.4.5), since

> loull a,(z)

1 1
2”6hl[,‘xmax<g,aﬁo—>—>0 as |ou| -0

Plate. Consider the plate with admissible design space
U={u=[E h"eRxL*Q): E=E,>0,h(x) > hy,>0ae.inQ}

A formal variational calculation, as in Eq. (2.2.50), leads to

h3 3ER?
7 = — E
as(z,2) JL [5 20 =) + 6h 0= ‘72)]

X [2112y) + V(23221 + 23224y) + 253755 + 2(1 — v)z,,2,,] dQ
2.4.7)

with ||6u|| = [0E| + |6h||,.«, and since g, is linear in E,

la4(2)] < max (Eio,%)mz) oul

and

|a5.(2)| =

1 ) L
ﬂ,, 1ol — 2 [PEHORY + EGR)® + 3k oh OF
+ 3h O (6h)* + OE (6h)’]
x [(21)? + 22,,2;, + (295)* + 2(1 — ¥)(z,)*] dQ

< (C|8hl{-)a,2)
< C|iohll L 6ull a,(z)
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for sufficiently small ||6u). Since |6h||, . — 0.as ||ou| — 0, Egs. (2.4.3) and
(2.4.5) are verified.

Plane Elasticity. Consider a plane elastic slab with admissible design
space U = {u = he L*(Q): h(x) = h, > 0 a.e. in Q}. A formal variational
calculation, as in Eq. (2.2.74), leads to

2
4, (2, 2) = f f [ 3 oij(z)sij(f):| Sh dQ (2.4.8)
QLlLij=1

1
l95,(2)f < 7 —110h]l - a,(z)
0

so Eq. (2.4.3) holds. Also, since a,(z) is linear in u, a},(z) = 0, and Eq. (2.4.5)
holds trivially. This completes the proof. H

In Section 2.1.1 and above, the consistency of operator and bilinear
functional properties for a class of structural systems governed by linear
elliptic boundary-value problems is apparent. In the next section, thesc
properties are used to prove that the inverse operator associated with Eq.
(2.4.1) is Fréchet differentiable (Appendix A.3) with respect to the design
vector u.

2.4.2 Differentiability of Inverse State Operator

THEOREM 2.4.2 (Fréchet Differentiability of the Inverse State Operator) Let
the operator 4, and bilinear form a,(*, *) correspond through the identity

az,2) = (A,z,2). (2.4.9)
for all z € D(A,) and all Z € Z, where the space Z is dense in LX(Q). Further,
let

az) = vlzl3 (2.4.10)

for y > 0 and for all z € Z. Let aj,(z) be the Fréchet differential of a,(z) with
respect to u, with the property

las,(2)] < ey(u)(|ou]| a(z) (24.11)

where ¢,(u) is a constant that depends on u, and let aj,(z) be the remainder
term with the property

|a5,(2)|

la, 4 5(2) — a2} — a,(2)]

< e,(u, ou) ||ouf a,(z) (2.4.12)

A
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where e,(u, du) > 0 as |dul| > 0. Then the Fréchet derivative of A; ! with
respect to u exists and is given as

A5t = =G 'Cyu, su)G ! (24.13)

where the self-adjoint and invertible operator G, and continuous operator
C,(u, du) are defined as part of the proof that follows.

ProoF As a result of Eq. (2.4.10) (Kato, [13], Thm. V.3.35), there is a
nonnegative, self-adjoint invertible operator G, (the square root of 4,) such
that G,G, = 4, and

az, 2) = (G,z, G,3) (2.4.14)

The domain of G, is exactly the domain of the bilinear form a,(-, +), which
contains D(A4,). Further, as a result of Eqs. (2.4.11) and (2.4.12) and Lemma
VI1.3.1 of Kato [13], there are continuous operators C,(u, éu) and C,(u, du)
from L*(Q) into L*(Q) such that

dj (2, 2) = (C,(u, 6u)G, 2, G,Z) (2.4.15)
ds (2, 2) = (C,(u, 5u)G,z, G, ) (2.4.16)

where C,(u, du) is linear in du, since aj,(z, ) is linear in du, and the norms of
C,(u, 6u) and C,(u, éu) are bounded by

1Cy(u, ou)l| < ey(u)[|ou]

(2.4.17)
1Cau, du)|| < e(u, Su) || dull
Note that for every z in the domain of 4, ,,,
(Au+5u2.2) = y45(2.2) = a,(z, 2) + a3,(2,2) + a5,(2,2)
= (G, + C,G, + (,6,)z,G,2)
=G + C, +(C,)G,z,2) (2.4.18)

for all Z ¢ Z, where the arguments of the operators C,(u, du) and C,(u, éu)
have been suppressed for notational convenience. Since Z is dense in I*(Q)
and from the definition of Z,}

Au+¢§u = Gu(I + Cl + CZ)Gu (2.4.19)
Since
ICy + Coll < Gyl + 1G5l < [ey(w) + e,(u, 6u)] || Oul]

'From Eq. (2.4.18), D(4,,,) < DIG(I + C; + C;)G,), but 4,,,, is defined to be the
maximal operator such that the first equality in Eq. (2.4.18) holds. Thus, the domains are in fact
equal.
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for sufficiently small || dul/, I + C, + C, has an inverse. Thus,

AL, = GrWI + €y + C) G (2.4.20)
Note that
Alu— AT+ GUICTIG =G T+ €+ €))7 - 116G,
+ G, 'C,G ! (24.21)
Thus
A7k = At + GGG < NGTHPIT + € + G =1+ G|
(2.4.22)

Manipulating and applying the triangle inequality,
I+ C+C) =T+ Cl=[I+C+C) " —I+C +C—GCf
SI+C+C) ' =1+C+ Gl +1G]
(2.4.23)

For ||6u| sufficiently small, |C , + C,| <4, and the theory of Neumann
series [13] can be applied to obtain the bound

1€, + Goli?
L—C + G

<2|C, + G?

I+ C,+C)) "' —IT+C+ G <

The triangle inequality now yields

I+ Cy+ C)™ =T+ Cp + Gy S 2|C17 + 4ICHICH + 21G,)°
(2.4.24)

Thus, Egs. (2.4.11), (2.4.12), (2.4.16), (2.4.21), and (2.4.23) yield
14adsn — Ac' + G ICy(w, 0G|
< 16 1P {20€3 ) + 2e,(W)ey(u, Su) + e(u, 5u)] [|ou)l? + ey(u, Su) ||dul}

(2.4.25)
= |G, I*{2[ed(w) + 2e,(u)ey(u, u) + e3(u, ou)] [|0ull + e,(u, ou)} ||Sull
= ey(u, ou) || ou|| (2.4.26)

and ey(u, du) — 0 as [|dul — 0. Thus, A, ! is Fréchet differentiable, with the
differential —G, 'C,(u, 5u)G, ', and the proof is complete. Il

2.4.3 Differentiability of Static Response
As shown in Section 2.1.1, the solution of the structural equation is

z(x;u) = A; Yf(u) (2.4.27)
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where f € I3Q). Theorem 2.4.2 establishes differentiability of A, . If f
depends on u in a differentiable way, then the product rule of differentiation
establishes differentiability of z. Since f(u) is a mapping from the space of
designs, f(u) is Fréchet differentiable if there exists a mapping f;, that is linear
in éu and

1/ + ou) — f(u) — filliz < eq(u, Ou) | Oull (2.4.28)

where e (u, du) - O as ||ou| — 0.

To see that load dependence can be Fréchet differentiable, consider the
self-weight loads on the beam in Eq. (2.2.15) and on the plate in Eq. (2.2.41),
both of the form

J) = F(x) + yh(x) (2.4.29)
where u = h. Formally, one obtains the first variation as
d
Jon=F[F +yh+ o]l =y Sh (2.4.30)
=0

To see that Eq. (2.4.28) is satisfied, note that
I f(h + k) — f(h) = fall = |F + y(h + 6h) — F — yh — y 6h| = 0

The chain rule of differentiation establishes the following result.

THEOREM 2.4.3 (Fréchet Differentiability of Static Response) Let the oper-
ator A, and associated energy bilinear form a,(+, ) satisfy the hypotheses of
Theorem 2.4.2, and let f(u) be Fréchet differentiable. Then z(x; u) is Fréchet
differentiable, with differential

2= AuN+ A
= -G, 1C(u, 6u)G, 'f + A 'S}, (2.4.31)
where operators G, and C, are defined in the proof of Theorem 2.4.2.

The importance of this result is theoretical at this point, since the explicit
forms of G,, G 1, and C,(u, 6u) are not known and in fact may not be readily
computable. Computation of explicit design derivatives of functionals in-
volved in a variety of structural problems is carried out using the adjoint
variable method in Section 2.2.2. An alternative derivation is given in Section
244,

An extension of the results presented here to forcing functions f(x) that are
not in I*(Q) is presented by Haug and Rousselet [46]. This is of value for
problems in which applied loads are modeled as concentrated loads and
moments. These forcing functions must be viewed as distributions, or
bounded linear functionals, acting on displacement fields in H}(Q) or HX(Q).
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These spaces of distributions are denoted H™'(Q) and H~%Q), so the
operators A, must be viewed as mappings from H{(Q) to H™{(Q) (i = 1 or 2).
While the analysis presented by Haug and Rousselet [46] for this extension is
technically more complex, the same results proved here for f e I3(Q) are
shown to be valid. For illustrations, see Section 2.2.3.

2.4.4 An Alternative Derivation
of Design Sensitivity

Consider a typical functional
Vv = y(u,z) (2.4.32)

that is a differentiable mapping from U x Z into the reals, where the I?
Hilbert space structure is employed on U and Z. The differential of  is

¥ = (. 0u) + (¥, 2) (2.4.33)
Using the result of Eq. (2.4.31),

V' = (. 0u) — (b, G ' C(u, SWG ) + (Y, A7 'S5
Using self-adjointness of G, and the fact that G,G, = A,, manipulation yields

Y = (b, ou) — (G, C,(u, 50)G ') + (GJ Y, G M3
=Mﬁm—mmﬁ%£wﬁWbﬁfH-uWﬁ%Jw
= (W, 6u) = (G, A7 'Y, C(u, 60)G,2) + (A M, fi) (24.34)

Defining A 'Y, = 4, or equivalently, 1 as the solution of the adjoint
equation

A=, (2.4.35)
and using Eq. (2.4.15), Eq. (2.4.34) may be rewritten as
v = (Y, 0u) — a,(z, ) + (4, f5) (2.4.36)

which is written explicitly in terms of du. Since the load functional in Section
2.1.1 is I(2) = (f(u), 2), then I}, (4) = (f;,, 4), and Eq. (2.4.36) is exactly the
same as the result obtained in Eq. (2.2.14) by a different approach.

2.5 DIFFERENTIABILITY OF EIGENVALUES

Consider now the variational eigenvalue problem with an eigenvalue { that
is repeated m times; that is, there exist y' € Z (i = 1, ..., m) such that

a(y §) =Ly forall jeZ i=1...,m  (25.1)



2.5. DIFFERENTIABILITY OF EIGENVALUES 157

and
dy,y)=98; Lj=1...,m .52

where §; = 1ifi = jand §; = 0ifi # j.

It is clear that changing v changes { = {(u). The question addressed here is
twofold: How regular is { as a function of 4?7 And how can derivatives of { be
calculated, presuming they exist?

2.6.1 Differentiability of Energy Bilinear Forms

Differentiability of the bilinear form a,(y, y) for the beam, plate, and plane
elasticity operators is demonstrated in Section 2.4, where formulas for the
differential a},(y, y) are given. These derivations may be easily repeated for
a,(*, *) associated with the string and membrane and for d,(+, -) in each of the
examples discussed in Section 2.1.2. Formulas for a}(y, #) and dg,(y, y) are as
follows:

Vibrating string, u = [h(x) TT1%:

1
a5 y) = 6T_[ Vi Ve dX (2.5.3)
(4]

1
4u,5) = [ @k 37 dx (254
0
Vibrating beam, u = [h(x) E p]™:

1 1
a5y, y) = (6E) on~ h2y, . V.. dx + Eaf 2h (6h) y P dx  (2.5.5)
0 0

' 1 1
Gty 3) =39 [ oy dx -+ p [ (@) 37 dx (2.56)
0 0
Buckling column, u = [h(x) E]™:
1 1
a5, (», 3) = (6E) aJ hzyxxjrxx dx + Eozf 2h (Bh) y,, Y dx  (2.5.7)
o 0

d5(,y) = 0 (2.5.8)

Vibrating membrane, u = [h(x) T1%:

dul ) = 6T f f (155 + ¥272) dQ (2.5.9)
9]

(0 9) = ﬂn(éh) 30 (2.5.10)
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Vibrating plate,u = [h(x) E p]":

h 6E Eh? 8h
5y, J) = ﬂ [12(1 i ‘,2)] (2.5.11)

X Dyudu + v022311 + Yiib22) + Y22¥a2
+ 2(1 = V)y;,5;,] dQ

dy, 7) = 8 f f hyp dQ + p f (6h) y7 dQ2 (2.5.12)

Apart from the algebraic structure of the bilinear forms and their
differentials, the mathematical properties of each of the examples is the same.
Eigenvalue differentiability is proved using only a common set of operator
theoretic properties. The result is applicable to each of the examples
discussed here and to any other problem that can be put in the same
variational form. As shown by Fichera [35], virtually all problems of linear
elasticity fall into this category, as do many other partial differential
equations arising in mathematical physics.

The eigenvalue problem is stated in variational form in Egs. (2.5.1) and
(2.5.2). In order to bring to bear powerful results on perturbation of linear
operators [13], it is helpful to state the eigenvalue problem in an equivalent
operator form. Let A, and B, be Friedrichs extensions of the formal
operators 4, and B, introduced in Section 2.1.2, defined by

A, 9 = a7 forall yeZ
(B,y,y) =dy.y) forall jeZ

(2.5.13)

where D(A4,) = D(B,) is the domain of the operators. With these operators,
the eigenvalue problem of Eqgs. (2.5.1) and (2.5.2) can be equivalently written
as

A,y = lwB,y i=1...,m

. (2.5.14)
(Buyl’yj)=5ij’ la]= 19 J= 1,---am

Using the foregoing formulas, it was shown in Section 2.4 that the inverse
A, ! of operator A,, as a mapping from u to an element of #(L?),! is Fréchet
differentiable with respect to design. In all examples except the buckling
column, the operator B, is in #(L?) and is trivially Fréchet differentiable with
respect to design, so that 47 !B, is Fréchet differentiable. The operator B,
associated with the column requires a separate analysis, which was presented
by Haug and Rousselet [46].

t #(L?) denotes the space of bounded operators from L2 into L2



2.5. DIFFERENTIABILITY OF EIGENVALUES 169

2.5.2 Regularity of the Operator
versus Regularity of the Eigenvalues

The repeated cigenvalues occurring in Chapter 1 and the following matrix
example (borrowed from Kato [13]), show that analysis of regularity of
eigenvalues needs some care and precaution. Consider the symmetric matrix

X X
Alxy, x,) = [X’ _; J
2 1

where [x, x,]" € R% The matrix A is analytic with respect to [x, x,]"
However, the eigenvalues {, = +./x? + x3 are not Fréchet differentiable at
[0 077, even though A is symmetric. The difficulty arises because 4 depends
on two real parameters. Putting x, = 0, the eigenvalues of A(x,,0) are found
to be {; = x, and {, = —x,, which are analytic functions of x,. The partial
derivatives with respect to x, of these eigenvalues are 1 and —1. Note,
however, that by selecting {; = |x;|and {, = —[x,|, ({, {,) are still equal to
the eigenvalues of A(x,, 0), but they are no longer differentiable at [0 0]".

This example shows that more than directional differentiability of repeated
eigenvalues can not be expected, which means that differentiable functions of
a real parameter can be selected that are equal to the eigenvalues of a self-
adjoint operator but which are not differentiable if they are ordered accord-
ing to increasing magnitude. Setting

i _

> 0

{=
(as introduced by Kato [13]) this is the weighted mean of a clustered group of
eigenvalues, which is differentiable at zero (the result is general). This latter
property may be considered, together with the fact that {is an approximation
of the two eigenvalues (for small values of the parameter), to be of numerical
interest.
The foregoing considerations suggest first showing the continuity and then
the directional differentiability of the eigenvalues.

2.5.3 Continuity of Eigenvalues

THEOREM 2.5.1 (Continuity of eigenvalues) Let {(,,...,{,} be n eigen-
values (counted with multiplicity such that n > k) of the generalized eigen-
value problem of Eq. (2.5.14) [equivalently, Egs. (2.5.1) and (2.5.2)], with
operators A, and B,. For every neighborhood W of {{,,...,{,} in the real
line that contains no other eigenvalue, there exists a neighborhood § of u (in
the space U of the design variables) such that for every u + éu € S there are
exactly n eigenvalues of (4, 5., B, + ;) (counted with their multiplicity) in W.
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ProoF Since the mapping of u — A4, !B, is Fréchet differentiable, it is also
continuous, in the sense of bounded operators and thus in the sense of
generalized convergence of closed operators (Theorem 1V.2.23 of Kato [13]).
Continuity of eigenvalues of 4, 'B,, as stated in the theorem, then follows
from Section IV.3.5 of Kato [13]. The continuity of the eigenvalues of (4,, B,)
is proved by noting that they are reciprocals of the eigenvalues of 4, 'B,,
which are never zero. W

2.5.4 Differentiability of Eigenvalues

THEOREM 2.5.2 (Differentiability of Eigenvalues) Let the operator 4, have a
bounded inverse that is Fréchet differentiable with respect to u € U and let
the operator B, either be bounded and Fréchet differentiable with respect to u
or be unbounded with B = B, independent of u and A ! B bounded. Let {(u)
be an eigenvalue of Eq. (2.5.14) [equivalently, of Egs. (2.5.1) and (2.5.2)] of
multiplicity m. Then the group of m eigenvalues of Eq. (2.5.14) associated
with operators A,,,, and B, ,,, for ||dul| small enough, is directionally
differentiable at u in the direction du (for any du) and there exist repre-
sentations of the eigenvalues {(u + 7 éu) (j = 1,..., m) such that

Cfu +10u) = L) + w,ou) +o(x), j=1....m (2515

where ((u, ou) = —(C(u))za;(u, ou) and o(u, 6u) are the eigenvalues of

d .
Pn —'Cu sou I)ll
l:(ds e >s=0]

restricted to the subspace of Z that is spanned by the eigenfunctions of C,;
where C, = A7'B, and P, is its spectral projector’ associated with
a(u) = 1/{(u). If {{u+tdu) (j=1,...,m) are the eigenvalues written in
increasing order of magnitude, then Eq. (2.5.15) is valid only for 7 > 0.
Moreover, the directional derivative of the smallest eigenvalue is the smallest
of all the directional derivatives of the group of m eigenvalues.

The proof of this theorem is rather technical, involving use of the resolvent
R C) = (Cu — {)7*, for { in the complex plane, and the Dunford integral
representation. It is given in Section 2.5.5.

CoRroLLARY 2.5.1 (Fréchet Derivative of Simple Eigenvalue) Under the
hypothesis of Theorem 2.5.2, if {(u) is a simple eigenvalue, it remains simple
for 7 small enough (by Theorem 2.5.1) and its derivative at t = 0 is given by

0 = a5y, y) — Uwds(p, y) (2.5.16)

! The spectral projector is the operator projecting Z onto the subspace of Z spanned by
eigenfunctions of C, associated with the eigenvalue «(u). Since C, is self-adjoint for the scalar
product d,, this projection is orthogonal with respect to d,.
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where y satisfies
Ay ={wB,y
(2.5.17)
(Buyv Y) =1

Proor Note first that
Au+t¢§uyu+téu = C(u +71 6u)Bu+r6uyu+r6u
if and only if

_ 1
Au+ltéuBu+réuyu+t6u = myu+t&u

Since A, and B, are self-adjoint, 4 ' B, is self-adjoint for the scalar product
(B,y, y)- Thus, for a simple eigenvalue, P, is the orthogonal projector for the
scalar product (B, y, y) on the line spanned by y; that is, for any y € Z,

P,y =(B,J,y}y

Since the range of P, is a scalar multiple of y, it is clear that y is an eigenvector
of P[(dC,,,;./d5),- o] P,: that is,

d .
Pu|:<—d_gcu+séu> :|Puy = }y

Thus, since (B, y, y) = 1, the eigenvalue of P,[(dC,, ,./ds),-o] F,, which by
Theorem 2.5.2 is «'(u, du), is equal to

d
o'(u, du) = (B P [(ds Cu+s6u>s=0:] Py, y)

Now, Eq. (2.4.13) for the derivative of A;' (e, 4;' = -G, 'C,G "),
noting that A7 'G, = G ! and that

d Ay -1 i ’
<£Cu+séu>'s = (Aéul )Bu + (Au lBéu)

leads to the conclusion that,!

o'(u, 0u) = (R,[-4,'G,C(u,0u)G,A; 'B, + A;'B;1y, B,y)
(2.5.18)

Now, forall y € Z,
(FFB,y,y) = (B,y, F,j) = (B,J,)(B,y,y) = (B,¥,y) = (B,, ))

! For the buckling problem, a generalization presented by Haug and Rousselet [46] is
employed, but the same result holds.
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and since Z is dense in 1.2,
F!B,y = B,y
Thus, Eq. (2.5.18) may be written in the form
«(u, 6u) = ([—A;'G,C,(u,6u)G,A; 'B, + A7'By;,1y, B, y)
= (=G, C,(u, 0u)G, A 'B,y, A7 'B,y) + (Bs,y, A, 'B,Y)
Using A, !B,y = (l/C(u))y yields

o'(u, ou) = 2( G, Ci(w, 0u)G,y, y) + C( %) (Bsu: y)

)

or in terms of design derivatives of the bilinear forms,

1 1
o (u, Su) = —Wa;u(y, y) + md.’su(y, y)

and Eq. (2.5.16) follows from this last formula, noting that
{ = {(u,0u) = —((@)’a'(u, 6u) W

CoRroLLARY 2.5.2 (Directional Derivatives of Repeated Eigenvalue) Under
the hypothesis of Theorem 2.5.2, if {(u) is an m-fold eigenvalue of Eq. (2.5.14)
[equivalently, Eqgs. (2.5.1) and (2.5.2)], its directional derivatives are the m
eigenvalues of the matrix .# with general term

‘/”ij = a:su(yia ,VJ) - C(u)d:iu(yla ,V"), l9.] = la o m (2'519)

where ' satisfies

A ] = ]
) “wB.y, j=1...,m (2.5.20)
(B“y', y) = 6fjs
Proor As for simple eigenvalues, P, is the orthogonal projector for the
scalar product (B, y, y) on the eigenspace associated with {(u) of multiplicity
m, where y' (i = 1,..., m) denotes a basis of this eigenspace that is orthonor-
mal with respect to the (B, y, y) scalar product. Thus, for any j € Z,

By =Y (B3 )
i=1
The eigenvalues of the operator P,[(dC,, ;5./ds)=o]P, must be found to
use Theorem 2.5.2. Note that the range of the operator has dimension m.
Hence, the eigenvector j corresponding to the eigenvalue o'(u, du) of the
operator can be expressed as
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where not all of a’ are zero. Hence,

m[[d A . moo
2 a’ﬁ[(gcws.s.,) ]ﬂ y=o(u,ou) Y a'y’ (2.5.21)
s=0 J

ji=1 i=1

Taking the scalar product of Eq. (2.5.21) with B,y (i = 1,2,...) gives

moo d . o .
Z aJ<BuPu[<_Cu+séu> :IPuyJ, yl) = al(u’ 6“)“2 i= 19 2a <.y
i=1 ds s=0

(2.5.22)
For the above system of equations to have a nontrivial solution
a=[a' a®* --- a"", o'(u, 6u) must be an eigenvalue of the matrix N with
components

d . o
o= (1 () o) -t
S s=0

As for the simple eigenvalue case,

(j_sé"”"“)s:o = -G 'C,(u,6u)G; 'B, + A, 'B;,
so that
N; = (B,R[—G, 'C\(u,0u)G; 'B, + A;'B; 1R, y.y')
Forallj e Z,

(P¥B,Y.5) = (B,Y\ P,})

= Y (B.Y, ¥)(B.3, ) = (B,, ¥) = (J, B,Y)

i=1
so that P*B,y' = B,y which is clear since P, is self-adjoint with respect to
the (B, y, y) scalar product. Thus,

N; =[G, 'C,(u,6w)G; 'B, + A;'B,, 1y’ B,y)
= (—A4;'G,C,(u, 0u)G,A; 'B,y’ B,y)) + (4, ' B,y B, )
Using the self-adjointness of A, ! and
1
A;7'B,yl =
() )
yields

1 .
s~ (B3, 34 Y)

N; = 2( G,Cy(u,0u)G,y’, y') + @

Y L)
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By recalling {' = {'(u, du) = —{(u)*«'(u, 6u), it is concluded that {'(u, Su)
are the eigenvalues of the matrix with elements .#;; = —{(u)>N;, which gives
Eq.(2.5.19). H

2.5.5 Proof of Theorem 2.5.2

The purpose of this section is to state and prove a proposition that is used
to prove Theorem 2.5.2. In the rather technical proof, #(X) is the set of
bounded operators from a Hilbert space X into itself, C(u) is an element of
#(X) that depends on an element u of a Banach space U, and M(u) is the
invariant subspace associated with C(u) and {(u), that is, the subspace of X
spanned by the eigenvectors of C(u) that are associated with {(u).

ProposITIoN Let W be a zero' neighborhood in a Banach space U and X
be a Hilbert space. Consider a Fréchet differentiable mapping from W to
2(X): u — C(u). Let o, be an eigenvalue of €(0) of multiplicity m and M(0) be
the associated invariant subspace. Then there exists a neighborhood W’ < W
and a mapping from W’ to #(X):u — C(u) that is Fréchet differentiable at
u = 0, such that the following hold:

1. M(0) is an invariant subspace associated with C(u) for all u € W’;

2. the eigenvalues of the restriction of the operator C(u) to M(0) are equal
to the m eigenvalues of C(u) neighboring og; and C'(O)u = C'(O)u, where a
prime denotes Fréchet derivative.

ProoF The first step is to show that the spectral projector associated with
the eigenvalues neighboring o, is continuous and is Fréchet differentiable at
zero. Rs(C) denotes the resolvent set of the operator C, and R(&, u) is the
resolvent of C(u). Here, R(£) = R(£,0) and R(& u) = (C(u) — &' for
¢ e Rs(C(u)), which is a subset of the complex plane.

It is first to be shown that

IR, u) = R() + RE u)(C'©0) wRE)| = o(luly)  (2.5.23)

where lim . o(llully)/llully =0, uniformly in & in a compact set of
Rs(C(0)).
To show this, note that
R(&) — R(&,u) = R(&,u)(C(w) — ENRE) — RE, u)(C(0) — EDR(E)
or
R(&) — R(¢,u) = R(&, u)(C(u) — CO)HR(&) (2.5.24)

! For convenience and without loss of generality, the design perturbation is taken about zero
and is denoted as u (u|| small), rather than éu.
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$O
R(&) = R(& w)I + (Cuw) — CO)R()]
and if
~ A 1
[[Cu) — CO)| < TROT
the inverse of the operator [I + (C(u) — C(O)R(¢)] exists, so

R(&,u) = RO + (Clu) — COYRE] !

The operator R(£) is uniformly bounded on every compact subset of Rs(C(0)).
Recalling the formula (Eq. 4.23, Section 1.4.4.4 of Kato [13])

7|

L
I+ T =11 S

where T is any bounded operator with | T| < 1,

IR, u) — REOI < IR + (Cw) — COYREI™ — 1|

1Cw) — CO) IRE)
— ICw) — CO IRE)

< nR(c)u'1

which approaches zero uniformly for ¢ in a compact subset of Rs(C(0)) as
[uly — 0.

The use of C(u) = C(0) + C'(O)u + C,(u), with C,(u) = o(|ully), leads to
the conclusion from Eq. (2.5.24) that

RE,u) — R(E) = —RE u)(C'(OR(E) — RE wC(W)R(E)

so Eq. (2.5.23) follows.

The continuity and Fréchet differentiability of the spectral projector is now
to be shown. Let y be a simple closed (smooth) curve enclosing «, (and no
other eigenvalue), which is included in Rs(C(0)) and positively oriented. The
spectral projector (for |u], small enough) associated with the m eigenvalues
of €(u) neighboring a, is given by (see the proof of Theorem I11.6.17 of Kato
[13D)

PU) =~ [ RE.w e
i J,

Since R(&,u) approaches R(¢) uniformly for ¢ in a compact subset of
Rs(C(0)), P(u) is continuous at zero (a similar argument could show the
continuity at every point of W, but this will not be needed). The Fréchet
differentiability at zero follows, in the same manner, from Eq. (2.5.23).
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The final step is to construct C(u) with the required properties, mapping
W > B(X):u— C(u), where W' is included in W. The key is to construct a
bijective mapping H(u) that sends M(0) onto M(u).

Set Q(u) = (P(u) — P(0))%. For |ju||, small enough, the following operator
is well defined:

H(u) = [P@)PO) + (I — P)(I — PO)IUI — Q))~ "2
and it can be verified that (see Section 1.4.6 of Kato [13])
H(w)™! = [P(O)P(u) + (I — PO)(I — P)I(I — Q(u))~?
and
P(u) = Hu)P(O)H(u)~*
Define
C(u) = Hu) *C(u)H(u) (2.5.25)
Since P(u) commutes with C(u) (because so does the resolvent),
Cw)P(0) = H(u)~'C(u)H(u)P(0)
= H(u)~'C(u)P(u)H(u)
= H(u)~"'P)C(w)H(u)
= P(0)H(u)~*C(u)H(u)
= P(O)C(w)

Thus, C(u) commutes with P(0), and the two subspaces M(0) = P(0)X and
M'(0) = (I — P(0))X are C(u)-invariant. Thus, eigenvalues of C(u), restricted
to M(u), are equivalent to those of C(u), restricted to M(0). Moreover, the
eigenvalues of C(u)|yy,, and C(u)]yy,o, are the same, and the spectral projectors
and the spectral nilpotent are connected through the formulas (Section
VII.1.3 of Kato [13]

B(u) = H)™'P@H(w)
Dfu) = H(u)™'D{u)H(x)

To complete the proof, regularity of the mapping u — C(u) is to be shown.
Continuity follows from continuity of u — P(u) (shown above) and from
continuity of u = (I — Q(u))~ /2. The argument used is similar to that used
to show differentiability. The formulas (2P(0) — I)(P’(O)u) =0 and
2P(0)P'(0)u = P’(O)u are derived from P%(u) = P(u). If F(u) = (I — Q(u))~ '/,
then F'(0)u = (I — Q(1))Q'(O)u, but Q'(0)u = 0, so that

H@Qu=20
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Similarly,
H YOu=0
and
C'(u = C'(O)u
This completes the proof of the proposition.

To complete the proof of Theorem 2.5.2 now requires a proof that the
eigenvalues of the restriction of C(u) to M(0) are directionally differentiable.
Since M(0) is finite-dimensional and invariant with C(u), Theorem I1.5.4 of
Kato [13] need only be applied to get the desired result.

2.6 TRANSIENT DYNAMIC RESPONSE
DESIGN SENSITIVITY

Design sensitivity of transient dynamic response of distributed parameter
systems has had little attention on the literature [47], in contrast to the
massive literature in design sensitivity analysis and optimization of dynamic
control systems. A development by Rousselet [42] provided the beginning
foundation for design sensitivity analysis of this class of problems, but work
remains to be done. Since the theory of dynamic, distributed-parameter
structural design sensitivity analysis is not as well developed as that for static
response and eigenvalues, a more formal treatment of the subject is presented
in this section. A variational formulation of structural dynamics problems is
initially outlined, and examples arc given. Under assumptions of design
differentiability of the state, the adjoint variable method presented in Section
2.2 is extended to the transient dynamic response problem and analytical
examples are presented.

2.6.1 Variational Formulation
of Structural Dynamics Problems

Equations of structural dynamics can be written in the form
m(u)z,, + Wz, + A,z = f(x,t,u) (2.6.1)

where m(u) and c(u) represent mass and damping effects in the structure, both
taken to be design dependent, and f(x, t, u) is the dynamic applied load. The
operator A4, is a spatial differential operator of the form encountered in static
and eigenvalue behavior of elastic systems. The design u(x) is independent of
time, but may be a function of the spatial variable x. The state variable
z = z(x, t;u) is a function of both space and time, and since the differential
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equation of Eq. (2.6.1) depends on design, so does the solution z. Boundary
conditions for the problem are left unspecified at the present time, since they
depend on the nature of the specific structural system. Initial conditions are
of the form

2(x, 05 u) = 2°(x),

x e (2.6.2)
z{x,0;u) = 2%x),

While more general settings can be considered, attention here is limited to
structural components that involve a scalar displacement variable z, such as
strings, beams, membranes, and plates. A variational equation can be derived
associated with Eq. (2.6.1) by multiplying through by an arbitrary virtual
displacement Z and integrating over both space and time to obtain

J;T JL [zZm(u)z,, + zc(u)z,] dQ dt + J;)T an ZA,zdQdt = LT JL ijdQ dt

(2.6.3)

Since the integral involving the operator A, on the left side of Eq. (2.6.3) is
defined as the bilinear form of the structure, Eq. (2.6.3) may be written in the

form
J;T{ﬂ; [Zm(u)z,, + Zc(u)z,] dQ + a,(z, E)} dt = LT f L zf dQ dt
(2.6.4)

which must hold for all z e Z, the space of kinemtically admissible
displacements for the structure. A rigorous mathematical theory of such
variational equations may be found in the pioneering text by Lions and
Magenes [48]. Roughly speaking, the variational form of Eq. (2.6.4), with the
initial conditions of Eq. (2.6.2), is equivalent to the initial-boundary-value
problem originally posed. To be more concrete, it is helpful to consider
specific examples.

STRING

The equation of motion of a vibrating string in a viscous medium is given
in the form
m(u)z, + c(u)z, — szx = f(x, 1, u), O0<t<T, xeQ

(2.6.5)
z(x, t;u) = 0, 0<t<T xel

where m(u) is the mass per unit length along the string, c(u) the damping
coefficient per unit length, and T tension in the string. Initial conditions are
asin Eq. (2.6.2), and the space Z of kinematically admissible displacements is
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H)(0, 1), that is, the set of all functions in Sobolev space H!(0, 1) that vanish
at the endpoints of the interval. The energy bilinear form for this problem is
given in Eq. (2.1.48) as

1
afz,2)=T f 2,3, dx (2.6.6)
0
BEAM
The equation of motion of a beam in a viscous fluid is
m(u)z,, + cu)z, + (El(u)z, ). = f(x,t,u) (2.6.7)

where m(u) is the mass per unit length of the beam and c¢(u) the damping
coefficient per unit length. Initial conditions are as in Eq. (2.6.2), and
boundary conditions may be any reasonable set of boundary conditions
in Egs. (2.1.16)-(2.1.18). For the clamped-clamped beam, Z = H3(0, 1).
The energy bilinear form for the beam is given in Eq. (2.1.51) as

1
alzz) = f Elwz, .z, dx (2.6.8)
0

MEMBRANE
The equation of motion of a membrane in a viscous fluid is
m(u)z, + c)z, — TVz = f(x,t,u), 0<t<T, xeQ 2.69)
z(x, t;u) = 0, 0<t<T xeTl

where m(u) is the mass per unit area of the membrane and c() the damping
coefficient per unit area. Initial conditions are as in Eq. (2.6.2), and the space
Z of kinematically admissible displacements is Hj(Q). The energy bilinear
form for this problem is given in Eq. (2.1.56) as

af(z,2)=T f f (2,2, + 2,2,) dQ (2.6.10)
Q

PLATE
The equation of motion of a plate in a viscous fluid is
mu)z, + c()z, + [DW)zyy + v230)]5; + [DW)(zz; + vz4))]a,
+2(1 = W[D()z,,],; = flx, 1, w) (2.6.11)

where m(u) is the mass per unit area of the plate and c(u) the damping
coefficient per unit area. Initial conditions are as in Eq. (2.6.2), and boundary
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conditions are as in either Eq. (2.1.19) or Eq. (2.1.23). For a clamped plate,
Z = HX(Q). The energy bilinear form for the plate is given in Eq. (2.1.59) as

alz,z) = J] D()[zy,2y; + vz22)y + 222755 + V24425,
o

+ 2(1 = v)z,,2,,]1 dQ (2.6.12)

Equations for other structural systems can be written in the same general
form, with the energy bilinear form arising in static response and eigenvalue
problems also appearing in the variational dynamic formulation. For each
instant in time, the energy bilinear form a,-,-) is positive definite.
Considering the complete bilinear form in z and Z on the left side of Eq.
(2.6.4), however, it is not positive definite.

2.6.2 Adjoint Variable
Design Sensitivity Analysis

Consider a general integral functional of the form

Y = J;T JL g(z,Vz,u) dQ dt (2.6.13)

Since the solution z of the structural equations is design dependent,
dependence on design in such a functional appears both explicitly and
through the argument z. As in the static response and eigenvalue problems,
something must be known about the nature of the dependence of state on
design [i.e., z = z(x, t; u)]. Under slightly more restrictive hypotheses than
employed in Section 2.4 for the static response problem, it has been shown by
Rousselet [42] that z is Fréchet differentiable with respect to u. This fact will
be used in this section to develop explicit expressions for sensitivity of a
functional ¥ of Eq. (2.6.13) with respect to design u, much as was the case in
development of similar sensitivity results for static problems in Section 2.2.
To begin, take the variation of Eq. (2.6.13) to obtain

=0

T
Vo= ;_‘CI:J J] g(z(x, t;u + t ou), Vz(x, t; u + 1 du),u + 1t du) dQ dtJ
o Yo

T
=f J lg.2 + gy, VZ + g, 6u] dQ dt (2.6.14)
0 JJa

The objective is to rewrite the first two terms on the right side of Eq. (2.6.14)
explicitly in terms of variation in design.

Presuming that m(u), c(u), f(u), and a,(-, -) are differentiable with respect to
design and that the solution z of the dynamics problem is differentiable with
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respect to design, take the variation of both sides of Eq. (2.6.4) to obtain
T
J {J]. [Zm,z, + Zc,z, — Zf,] du dQ + aj(z, 2)} dt
0 Q

T
+f {jj {Zmz;, + Zcz;] dQ dt + a (2, 2)} dt =0 forall zeZ
o (Jia
(2.6.15)

To take advantage of this equation, terms in the second integral may be
integrated by parts to move time derivatives from z’ over to z. To carry out this
calculation, interchange the order of integration, carry out the integration by
parts with respect to time, and again change the order of integration to
obtain

! T
f {J:[ [2mz, — Z'cz] dQ + a,(z, Z')} dt + fj [Zmz, — z,mz’ — zc2']| dQ
0 0 o .
T
=j {ff [2f, — Zm,z, — Zc,z,] Ou dQ — a4 (z, z)} dt forall zeZ
o (o
(2.6.16)

Note that as a result of the initial conditions of Eq. (2.6.2), for which the right
side does not depend on u, the variation yields

Z'(x,0;u) =0,

Q 2.6.17
406, 0;u) =0, @617)

which eliminates initial terms in Eq. (2.6.16) that arose due to integration by
parts,

To take advantage of the identity of Eq. (2.6.16), which must hold for all
z € Z, define an adjoint variational equation by replacing z’ by an arbitrary
virtual displacement 4 € Z in Eqs. (2.6.16) and (2.6.14), defining the vari-
ational adjoint equation for 4 € Z as

f { f J [AmA, — Ac,] dQ + a (4, /T)} dt
(o] Q

T
=f f (9.4 + g,.Vi]dQdt forall ieZ (2.6.18)
0 0

where the additional terminal condition on 4 is defined as
Ax, T;u) =0,
Adx, Ty u) = 0,

xeQ (2.6.19)
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The terminal conditions of Eq. (2.6.19) are introduced to eliminate terms that
due to integration by parts had arisen at t = T in Eq. (2.6.16).

Since Eq. (2.6.16) must hold for all Z € Z, this equation may be evaluated at
Z = A, using Eq. (2.6.19), to obtain

T
f {J] [Zmi, — z¢cA] dQ + a4, z’)} dt
o e

T
=f {U [Af, — im,z,, — ic,z,] du dQ — aj (4, z)} dt
o (2.6.20)

Similarly, Eq. (2.6.18) must hold for all 4 € Z,so evaluate this equation at
A = Z' to obtain

T T
f { f j [Z'mi, — z'cA,] dQ + a,(4, z’)} dt = J Jf (9.2 + gy, V2] dQ dt
0 Q o JJa

(2.6.21)

Note that the right side of Eq. (2.6.21) consists of exactly the terms in Eq.
(2.6.14) that are to be rewritten in terms of du. Furthermore, the left sides of
Egs. (2.6.20) and (2.6.21) are identical, so

T
J Jf [g,2 + g,,Vz]dQdt
0 vV
T .
=J {U CAf, + Am,z, — Ac,z,] ou dQ — df (4, z)} dt
o (Jg

+ ff A(x, 0; wym, 2%(x) du dQ (2.6.22)
Q

where an integration by parts has been carried out and the initial conditions
of Eq. (2.6.2) have been used to reduce the order of differentiation of z with
respect to ¢ that is required in the evaluation. Substituting this result into Eq.
(2.6.14) yields

T
v =f {U lg, + A, + A,m,z, — Ac,z,] ou dQ — aj (4, z)} dt
o (Wa

) ; 30 .6.23
+ JL/(x, 0; uym, 2°(x) ou dQ (2.6.23)

Note that the variational adjoint equation of Eqs. (2.6.18) and (2.6.19) is
not the same as the variational equation for the state in Egs. (2.6.3) and
(2.6.2). Two fundamental differences arise. First, while the state equations
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include initial conditions of Eq. (2.6.2), the adjoint equation has terminal
conditions of Eq. (2.6.19). Second, the sign of the damping term in Eq. (2.6.3)
is different from that of the damping term in Eq. (2.6.18). These facts
somewhat complicate calculations associated with dynamic design sensitivity
analysis. That is, the adjoint dynamic problem is different from the original
dynamics problem. As will be seen in examples of the following section,
however, there exists more similarity of form than meets the eye.

2.6.3 Analytical Examples

STRING

Consider first the elementary example of a vibrating string with mean
square displacement as the functional; that is,

1 T p1
¥ = —J J 22 dx dt (2.6.24)
T Jo Jo
The adjoint equations for this problem, from Egs. (2.6.18) and (2.6.19), are
T 1 1
f {J [Ahd, — 2B /hA) dx + Tf hohy dx} dt
0 0 0
1 T pl _ _
= —j J 2z2 dx dt, leZ (2.6.25)
0 Yo

T

and
Ax, T) = A(x,T) =0, 0<xgl1
A0,t) = A(1,0) = 0, 0<t<T

(2.6.26)

where the mass density m is taken as h and the damping coefficient is
proportional to the square root of k. The energy bilinear form for the string
of Eq. (2.6.6) has been employed. An integration by parts in Eq. (2.6.25),
using the boundary condition of Eq. (2.6.26) and the fact that 1 satisfies the
same boundary conditions, yields

T 1 R 2 _ _
'[ J {hl,, — BShi = Thyy — = z}l dxdt=0 forall 1eZ
0 (4]
(2.6.27)

Since 4 is arbitrary, except for boundary conditions, its coefficient in Eq.
(2.6.25) must be zero, yielding the differential equation

. 2
Wiy = B/, — Thy = 22 (2.6.28)
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Note that this differential equation differs in form from Eq. (2.6.5) only by the
algebraic sign of the damping term and the load.

To see that the adjoint problem of Egs. (2.6.26) and (2.6.28) can be
rewritten in a form closer to that of the physical structure [Egs. (2.6.2) and
(2.6.5)], a backward time t = T— ¢t may be defined. With this variable,
d/dt = —d/dt, and the terminal conditions of Eq. (2.6.26) for the ¢ variable
become initial conditions in the 7 variable. Thus, the backward time initial-
boundary-value problem for the Ax, )= Mx, T —t)is

" s a2
hi,,+ﬂ\/ﬁl,—Tlxx=?z(x,T—r), 0<1<T, 0<x<1

20,7) = i(1,7) =0, 0<t<T (2.6.29)
A(x,0) = —i(x,0) =0, 0<x<1

Thus, the adjoint structure is physically the same as the original structure, but
with a backward clock and an applied load 2z(x, T — 1)/T.

If the load f in Eq. (2.6.5) is self-weight of the string plus an excitation
F(t, x), then f = gh + F(t, x), where g is the acceleration of gravity, and Eq.
(2.6.23) yields the sensitivity of the functional ¥, of Eq. (2.6.24) as

¥ =JT{L1|:Ag+AZ; 2\/_:|6hdx—5Tf A zxdx}dt
0

1
+ f A(x, 0)2%(x) oh dx (2.6.30)
0

Since dh depends on x and not on ¢, the order of integration in the first term
of Eq. (2.6.27) may be reversed, yielding the explicit relation

Y = J: {(fr[gi + Az, -3 \/_] dt + Ax, 0)z°(x))} oh dx
U f Az, dx dt] (2.6.31)

Note that the sensitivity coefficient of §h is explicitly a function of x since the
time variable has been integrated in calculating the coefficient of éh. This
fortunate circumstance now permits collapsing time from the design sensi-
tivity formula, which is natural since the design vector u = [h(x) T]" is
dependent only on x.



2.6. TRANSIENT DYNAMIC RESPONSE DESIGN SENSITIVITY 175

BEAM

Consider next dynamics of a clamped-clamped beam, with the functional
¥, being the mean over time of the square of displacement at a given point %,

1 T 1 T ~t
¥, = kf 2%, 1y dt = ——J f 8(x — X) 22(x, ) dxdt (2.6.32)
T 0 T 0 Yo

with cross-sectional area h as design, m = ph, ¢ = ﬁﬁ, I = ah? and
f = vh + F(z, x). In this case, the adjoint equation of Eq. (2.6.18) is

T 1 1
f { f [pihi, — B/hik] dx +j Eah*2, ], dx} dt
0 0 0

T pl
2 4 - -
= j f —=0(x ~ X) zA dx dt forall 1eZ (2.6.33)
[ V) T
with terminal and boundary conditions for a clamped —clamped beam,
AMx,T)=2{x,T) = 0, 0<x<1

MO0 = if0,0=Alt)=Ai(,0=0 0<t<T

To reduce the variational equation of Eq. (2.6.33) to a differential
equation, carry out integration by parts, using the boundary conditions of
Eq. (2.6.34), to obtain

T 1_ 2 R N
J f }t{phin — B SR, + (Eah?i,),, — T 3(x — %) z} dxdt =0
0 vo

forall ieZz (2.6.35)

(2.6.34)

Since this equation must hold for all 1 satisfying boundary conditions, its
coefficient must be zero, leading to the differential equation

2 .
phiy, — B/hi + (Exh?i,),, = 200 = %) (2.6.36)

which, except for the sign of the damping term, is just the beam equation with
a point load 2z(%,t)/T applied at the point £. As in the case of the string, a
backward time 7 could be defined and the equations rewriten as in Eq. (2.6.29),
to obtain the equations for the adjoint structure with a backward time
variable, in exactly the same form as the basic structural equations.

The design sensitivity result from Eq. (2.6.23) may thus be directly written

as

T B iz,

v, =f {[M + phz, — = :I(Sh dx J 2Eoh 5h Ay Zox dx}
0 2 f

1
+ J x, 0)pz°(x) Sh dx (2.6.37)
0
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Interchanging the order of integration in the first integral of Eq. (2.6.37)
yields

1 T
W, = f { f [yl +phz, B _ 2Eozh}txxzxx} dt + A(x, O)péo(x)} Sh dx
o LJo 2. /h
(2.6.38)

which again provides the design sensitivity coefficient of 6h as a function of x
only.
MEMBRANE

As a third example, consider the vibrating membrane with mean square
displacement as the functional

b= [ ' [#aa (2:6.39)
[ Q

In this case, the adjoint variational equation of Eq. (2.6.18) is
T
f {ﬂ [Ahd, — AB/hi] dQ + Tﬂ (A4 Ay + Ayd,) dQ} dt
0 Q Q

T
_L f ﬂ 2zAdQdt forall AeZ (2.6.40)
T 0 Q

with terminal and boundary conditions
Ax, Ty = A(x,T) =0, xeQ
Alx,t) =0, 0<t<T xeTl

where m = h,¢c = ﬂﬁ, and u = h(x).

To reduce the variational equation of Eq. (2.6.40) to a differential
equation, carry out integration by parts, using the boundary conditions of
Eq. 2.6.41, to obtain

T
f ﬂ ;I{hz,, — B Shi, — TV — %z} dQdt =0 forall leZ
0 Q
(2.6.42)

(2.6.41)

Since 1 is arbitrary, except for boundary conditions, its coefficient must be
zero, yielding

. 2
Wiy, — B /hi, — TV = ok (2.6.43)

This is the membrane equation, except for the sign of the damping term and a
different load. As in the case of a string, a backward time t could be defined
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to get a backward time initial-boundary-value problem, which is exactly the
same membrane equation but with a different load.

For a given load f(x, t), one may obtain design sensitivity for y, from Eq.
(2.6.23) as

W, = JJ][/lz, ﬁlz‘]éhdﬂdt+j Ax, 0)2°(x) 5h dQ

(2.6.44)

Since dh is independent of ¢, interchanging the order of integration in the first
term of Eq. (2.6.44) yields

V= ﬂ {f [l'z' Bf}] dt + A(x,0)2 x)} Shdx  (2.6.45)

PLATE

As a last example, consider the dynamics of a clamped plate with damping
coefficient zero, a given load f{(x, t), variable thickness h, and m = ph. The
functional y, considered is the work done by the applied loads during
motion of the plate; that is,

T
Y, =f J Sz, dQ dt (2.6.46)
o Q
Presuming that the load function f is differentiable with respect to time

and that f(x,0) = f(x, T) = 0, integrate the term on the right side of Eq.
(2.6.46) by parts with respect to time to get

Ve = L Tfn fzdQdt (2.6.47)

The adjoint variational problem of Eq. (2.6.18) becomes, in this case,

T - -~ - - — -
f {ﬂ Aphi,, dQ + ﬂ DW)[Ay A1y + Az2dzs + ¥(Apadyy + A11ds,)
0 Q Q
+ 2(1 — V)i ,44,] dQ} dt

T
=f f fAdQdt  forall ieZ (2.6.48)
0 Q

with boundary conditions for the clamped plate and terminal conditions

oA
/'l(x,t)=é;(x,t)=0, 0<t<T xeTl

(2.6.49)
Mx, Ty = A[x,T) =10, xeQ
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Using the definition of the plate operator and spatial integration by parts on
the left of Eq. (2.6.48) yields

T
f f A{phi, + A4 + £} dQdt = 0 (2.6.50)
0 Q

which must hold for arbitrary virtual displacements 1 that satisfy the
boundary conditions. Therefore, the differential equation for 1 is
phi, + A0 = —f, (2.6.51)

which is of essentially the same form as the basic plate equation without a
damping term.

Using the solution 4 of the adjoint equations, write the design sensitivity
for Y, directly from Eq. (2.6.23) as

T
Yy = J] [J {pd,z, — Ehz[z“i“ + 235455 + V(222441 + 24142))
al Jo

+ 21 — v)z,,41,/[4(1 — v3)]} dt + A(x, 0)pz'°(x):| Sh dQ
(2.6.52)



3

Structural Components
with Shape as the Design

Chapter 2 treats design sensitivity analysis of structural components
whose shapes are defined by cross-sectional area and thickness variables. In
such systems, a function that specifies the shape of a structural component is
defined on a fixed physical domain. This design function, or design variable
u, then appears explicitly in the variational equation of the problem and may
appear explicitly in a performance functional of the form given in Eq. (2.2.8),
where integration is taken over a fixed domain Q.

There is an important class of structural design problems in which the
shape of a two- or three-dimensional structural component (the domain it
occupies) is to be determined, subject to constraints on natural frequencies,
displacements, and stresses in the structure. Such problems cannot always be
reduced to a formulation that characterizes shape with a design function
appearing explicitly in the formulation. For such problems, it is the shape of
the physical domain  of the structural component that must be treated as
the design variable. The material derivative idea of continuum mechanics
and the adjoint variable method of design sensitivity analysis (similar to that
presented in Chapter 2) are applied in this chapter to obtain a comput-
able expression for the effect of shape variation on functionals that arise in
the design problem. In order to alleviate technical complexities and to
give a clear idea of shape design sensitivity, variation of the conventional
design variable u treated in Chapter 2 is suppressed. The effects of simul-
taneous shape and conventional design variable variation are treated in
Chapter 4.

179
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3.1 PROBLEMS OF SHAPE DESIGN

In order to be specific about the properties of shape design sensitivity
analysis, it is helpful to formulate the variational equations for typical
problems, as in Section 2.1. However, in shape design sensitivity analysis,
expressions for the effect of shape variation on functionals are given as
boundary integrals, using integration by parts and boundary and/or interface
conditions. Hence, instead of variational equations that hold for all kin-
ematically admissible displacements, variational identities without regard to
boundary conditions will be formulated. These variational identities will
then be used to transform a domain integral to a boundary integral and
obtain shape design sensitivity expressions in terms of a shape perturbation
of the boundary.

Numerical calculation of shape design sensitivity expressions in terms of
the resulting boundary integrals requires stresses, strains, and/or normal
derivatives of state and adjoint variables on the boundary. Hence, accurate
evaluation of this information on the boundary is crucial. For systems with
non-smooth loads and interface problems, results of finite element analysis
on the boundary may not be satisfactory. To overcome this difficulty, a
domain method is developed in which design sensitivity information is
expressed as domain integrals instead of boundary integrals. Results ob-
tained with the domain method are analytically equivalent to the boundary
expressions. However, when numerically evaluated, these expressions may
give quite different results.

BEAM

Bending and vibration of a beam were considered in Section 2.1. The
formal operator equation for bending is given as

Az = (Eah*(X)z.),, = f, xeQ=(0,)) (3.1.1)
where E is Young’s modulus, he C'[0,7], h(x) > hy > 0, and f e C'[0,]] is
distributed load. Results obtained in this chapter require that coefficients and

right sides of differential equations for static response be smooth.
For vibration, the formal operator eigenvalue equation is

Ay = (Eah*(X)yen)ex = (ph(x)y = (By, xeQ=(0]) (3.1.2)
where { = w? w is natural frequency, and p is mass density.
As in Section 2.1, both sides of Eq. (3.1.1) can be multiplied by an arbitrary

function Z(x) that is twice continuously differentiable and integrated by parts
to obtain

i i i
f Eah®z,.z.. dx — fff dx = [Eah’z,. 7, — (Eah?z,,).z]| (3.1.3)
0 0

(o}
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Note that in Eq. (3.1.3), z and Z are not required to satisfy kinematic
boundary conditions. As in Section 2.1, Eq. (3.1.3) can be extended to a
variational formulation in which Eq. (3.1.3) holds for all e H*(0,1). In a
variational formulation, derivatives that appear in Eq. (3.1.3) must be
interpreted as distributional derivatives [35,36]. For the mathematically
oriented reader, the variational formulation follows from Green’s formula for
bilinear forms [9]. If a boundary-value problem that contains the kinematic
boundary conditions given in Egs. (2.1.1), (2.1.16), (2.1.17), or (2.1.18) (note
that beam length 7 is not normalized in this chapter) is treated, the variational
equation is

] i
ao(z, 2) Ef Eoh?z, z,. dx = fﬁ dx=1y2) forall zeZ
0 0
(3.1.4)

where the elements of Z satisfy the kinematic boundary conditions.
For the eigenvalue problem, the variational identity is

i i i
f By o dx — f phyy dx = [Eah®y,, 5, — (Eah?yes).7]

(4] 0 0
forall ye H*0,1) (3.1.5)

If kinematic boundary conditions are given as in Egs. (2.1.1), (2.1.16),
(2.1.17), or (2.1.18), the variational eigenvalue equation is

i i
4oy, 5) = f Eah®y,, s, dx=cfphyy dx=ldo(n§) forall jez
0 0
(3.1.6)

where elements of Z satisfy the kinematic boundary conditions.

BUCKLING OF A COLUMN

Buckling of a column was considered in Section 2.1.2. The formal operator
eigenvalue equation is

Ay = (Bah?(N)yedex = —0ee =By, x€Q =01 (.17

where E and h are the same as in the beam problem. As in beam vibration,
both sides of Eq. (3.1.7) may be multiplied by an arbitrary element
7 € H*(0,1) and integrated by parts to obtain the variational identity
1 1 i
f Eahzyxx.)_}xx dx — Cf yx.}—)x dx = [Eahzyxx.vx - (Eahzyxx)x.)-) - ny)_}]
] V] 0

forall ye H*0,]) (3.1.8)
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If kinematic boundary conditions such as in Egs. (2.1.1), (2.1.16), (2.1.17), or
(2.1.18) are given, Eq. (3.1.8) becomes the variational eigenvalue equation

i i
a3, 3) = f Eah®y,, 5. dx = { f iy dx = tdo(y,5)  forall jeZz
0 0
(3.1.9)

where elements of Z satisfy the kinematic boundary conditions.

MEMBRANE

Consider the membrane shown in Fig. 3.1.1, with uniform tension 7, mass
density h(x) € C(Q)) per unit area, and applied lateral load f € CYQ), where
Q s the closure of Q. The formal operator equation for membrane deflection
1s

Az = —TV?*z = f(x), xe (3.1.10)

For harmonic vibration of the membrane, the formal operator eigenvalue
equation is

Ay=-TV¥» =(h(x)y =By, xeQ (3.1.11)

where { = w?, w being the natural frequency.
The variational identities for these formal operator equations are

Tff VzTVZdQ—ff deQ:TféEEdF forall ze HYQ)
Q 0 ran
(3.1.12)

Fig. 3.1.1 Membrane of variable mass density h(x).



3.1 PROBLEMS OF SHAPE AND DESIGN 183

for the static response problem, where n is the outward unit normal to Q, and

Tﬂvﬂwmn—qywwg=ff@yﬁ forall ye HY(Q)
Q Q r

on
(3.1.13)
for the eigenvalue problem. As in Section 2.1, if the kinematic boundary
conditions z =0 on I and y = 0 on I" are given, Egs. (3.1.12) and (3.1.13)
become the variational equations
aglz, 2) = TJ] V2T Vz dQ = ff fZ2dQ = 1(2) forall Ze Z = H)Q)
[¢] Q
(3.1.14)

for static response and

w5 =1 L vrvda = ¢| L hyy dQ = Ldef, )

forall jeZ=H)Q) (3.1.15

for eigenvalue response.

TORSION OF AN ELASTIC SHAFT

Consider the problem of torsion of the elastic shaft shown in Fig. 3.1.2.
A torque T is applied to the shaft at its free end, resulting in a unit angle of
twist 6. From the St. Venant theory of torsion [34], elastic deformation of the
system is governed by the formal boundary-value problem

Az=-Vz=2 xeQ (3.1.16)

z=0, xel (3.1.17)

where z is the Prandtl stress function. The torque—angular deflection relation
is given by T = GJO, where G is the shear modulus of the shaft material and J

Fig. 3.1.2 Torsion of elastic shaft.



184 3. STRUCTURAL COMPONENTS WITH SHAPE AS THE DESIGN

is torsional rigidity of the shaft, given by [34]

J= 2ﬂ9zdﬂ (3.1.18)

Comparing Egs. (3.1.10) and (3.1.16), note that they are exactly the same if
f/T = 2, which is the basis for the membrane analogy [34]. Hence, the
variational identity for the shaft is

ff VzTidQ—fofdﬂzijEdF forall ze H\(Q)
Q Q ran
(3.1.19)

If the kinematic boundary condition given in Eq. (3.1.17) is imposed, the
variational equation is
agl(z,7) = .U VzTVzdQ = Z.U zdQ=lyz) forall zeZ = H)Q)
4] Q
(3.1.20)

PLATE

Bending and vibration of a plate were considered in Section 2.1. With
thickness h(x) > hy > 0, the operator form of the boundary-value problem is
given in Eq. (2.1.19) as

Az = [D(zy; + vz0)111 + [D(z2y + v241)]a,
+2(1 = v)[Dz,,)y, =f, xeQ (3.1.21)

where D = ER*/[12(1 — v?)] is the flexural rigidity of the plate, E is Young’s
modulus, v is Poisson’s ratio, and f e CY(Q). For vibration, the formal
operator form of the eigenvalue problem is given in Eq. (2.1.57) as

Ay = [D(yyy + w22ty + [D(az + wii)laz + 2(1 — v)[Dyy,]42
={phy=(By, x€Q (3.1.22)

where { = w? w is natural frequency, and p is mass density.

As in Section 2.1, both sides of Eq. (3.1.21) may be multiplied by an
arbitrary 7 € H*(Q) and integrated by parts to obtain the variational identity
[35, 49]

J:[ blzy, + vZ32)Zyy + (222 + vZi)Z3; + A1 — v)z1,2,,]1 dQ “J] fzdQ
Q 0

=f zNz dIlr +J. % Mz dr forall ze H¥Q) (3.1.23)
r ron
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where

2 2
Mz — ,5[‘3_2 + v(l% + ‘?.E)] (3.1.24)

on? ron  0s?
r is the radius of curvature of the boundary I" and

Nz = —{[D(zy; + vz30)liny + [Dlzo; + vz,)]ony + (1 — W(Dzy,);my

" 0 (A 0%z
+ (1 = v)(Dzy,)n — (1 — v)a—S<D o 6s> (3.1.25)
Given the boundary conditions
z=0, oz/on = 0, on I' (3.1.26)
for a clamped plate, or
z =0, Mz =0, on I (3.1.27)
for a simply supported plate, or
Mz =0, Nz =0, on T (3.1.28)

for a free edge, the variational equation is
ag(z,2) = JI Dl(z1y + vz32)Z1y + (222 + vZ11)Z22 + 21 — v)21221,] dQ
Q

- f f f7dQ =15 forall ZeZ (3.1.29)
Q

where elements of Z satisfy the kinematic boundary conditions.
For vibration of a plate, the variational identity is

J:[ Dl(yy1 + wa2)iny + 2z + Wi + 2(1 — V)yi2512] dQ
o

-{ ff phyy dQ
Q
=j FNy dT" + J % Mydl  forall je HXQ) (3.1.30)
r r

If y and y satisfy any pair of boundary conditions given in Egs. (3.1.26)-
(3.1.28), the variational eigenvalue equation is

agly, y) = J] DLy + w22)P11 + (a2 + wWig)¥az + 2(1 — V)y1251,] dQ
Q

—¢ f L ohyp = tdo(,5) forall jeZ (3.1.31)

where elements of Z satisfy the kinematic boundary conditions.
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LINEAR ELASTICITY

The three-dimensional linear elasticity problem for a body of arbitrary
shape, shown in Fig. 3.1.3, was discussed in Section 2.1.1. The strain tensor
was defined as

i) =3z +z), ij=123 xeQ (3.1.32)

where z = [z' z? z3]7 is displacement. The stress—strain relation (general-
ized Hooke’s law) is given as [34]

3
Y. CiMH(z), Lik!=123 xeQ (3.1.33)

k=1

\° r°

>X2

Fig. 3.1.3 Three-dimensional elastic solid.

where C is the elastic modulus tensor, satisfying symmetry relations
CiM = Cikl gnd CM = CU (i, j k, | = 1,2, 3). The equilibrium equations are
[34]

- Z of(z) = i=123 xeQ (3.1.34)

with boundary condluons

2 =0, i=123 xeI® (3.1.35)

3
Tz = Y ¢z =T, i=123 xel? (3.1.36)

j=1
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and boundary segment I'' is traction free, where n; is the jth component
of the outward unit normal, f=[f' f2 f3]"e[C]? and T =
[T' T T*]" e [CYD)]>.

The foregoing formal operator equation (3.1.34) may be reduced to a
variational identity by multiplying both sides of Eq. (3.1.34) by an arbitrary
displacement vector z = [z! 22 z3]T e [HY(Q)]? and integrating by parts to

obtain
f j L [.-,,-21 gif(z)e"f(z)] dQ — f f L [.-:1 ffzf] dQ

=H[i a“’(z)n,-z']dr forall ze[H(QI]® (3.1.37)
rlLij=1

If the boundary conditions given in Egs. (3.1.35) and (3.1.36) are imposed
and I'! is traction free, the variational equation is

ag(z,z) = ﬂL I:i,,i::1 o"j(z)eij(f)] dQ
- f f L [2‘1 f"zi} dQ + f L 2 L; T"Z"] il = Ioz)  forall (23 ¢ fg)

where Z is the space of kinematically admissible displacements; that is,
Z={ze[H@Q]: #=0 i=123 xeI% (3.1.39)

As shown in Section 2.1.1, for plane elasticity problems in which either all
components of stress in the x5 direction are zero or all components of strain
in the x, direction are zero, Eqs. (3.1.37) and (3.1.38) remain valid with limits
of summation running from 1 to 2 and an appropriate modification of the
generalized Hooke’s law of Eq. (3.1.33), as given in Egs. (2.1.30) and (2.1.31).

INTERFACE PROBLEM OF LINEAR ELASTICITY

Consider two elastic bodies with different elastic modulii in three-
dimensional space, as shown in Fig. 3.1.4, where body 1 occupies domain Q'
and body 2 occupies Q2. Here, Q = Q! U y U Q2, y is the boundary of Q,
and T is the boundary of Q. Therefore, the boundary of Q%isy U I

Denote displacement as z = [z! z* z*]7 for x € Q and let the restriction
of z to Q! be z* and the restriction to Q? be z**; that is, z* = z|p: and
z** = z|q2. The strain tensors are then defined to be

gl(z*) = 4z + z}), ij=123 xeQ! (3.1.40)
i) = 3@ + %), ij=1,23, xeQ (3141
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Fig. 3.1.4 Interface problem.

and the stress—strain relations (generalized Hooke’s law) are

3
ol(z*) = ) C*MH(z¥), ijk1=123 xeQ!
Ki=1
(3.1.42)
3
GizH) = 3 CHMHER i jk1=123, xeQ
ki=1 (3.1.43)

where C* and C** are elastic modulus tensors in Q! and Q?, respectively.
The equilibrium equations are

3
=Yooz =/  i=123 xeQ (3.1.44)
j=1
3 s .
— Y oz =, i=123 xeQ (3.1.45)
ji=1

where f = [f! f2 3] € [CYQ)]® is the body force, with f* = f | and
** = f|q2. Boundary conditions are

Z** = (), i=123 xeI® (3.1.46)

3
Tri(z**) = Y o¥(z**m =T, xeI? (3.1.47)

i=1
and I'! is traction free, where n; is the jth component of the outward unit
normal to Q2 as shown in Fig. 3.1.4,and T = [T! T? T?]" e [C}()]°. The
interface condition on 7 is that displacement and traction are continuous;

that is,
PAE A i=123 xey (3.1.48)
3 3

di(z¥)n; = Y 6¥(z**)n;, i=123 xey (3.1.49)
) j j
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As in the linear elasticity problem, the foregoing formal operator equations
(3.1.44) and (3.1.45) may be reduced to variational identities by multiplying
both sides of Eqs. (3.1.44) and (3.1.45) by arbitrary displacement vectors
z* € [HY(Q")]? and z** e [HYQ?)]°, respectively, and integrating by parts to

obtain
ﬂLl I;’él aij(Z*)aij(f*)] Q — J] fm |:i§3:1 f*if*i:| 40

- j J [ i a"f(z*)n,.z*"] dr  forall z*e[HYQY]?
rLij=1 (3.1.50)

and
L[5 e [ [ ]

- f f [i a"f(z**)n,.z**i] dr  forall z** e [HY(Q3)]?
yurlLij=1 (3.1.51)

If the boundary conditions given in Egs. (3.1.46) and (3.1.47) are imposed,
with ! traction free and the interface conditions given in Egs. (3.1.48) and
(3.1.49), adding Eqs. (3.1.50) and (3.1.51) yields the variational equation

f f L 1 Lél aif(z*)a*f(z*)] dQ + f f L 2 [,il aff(z**)sff(z**)] 0
= f f L. Lil f*fz*'] iQ + ﬂL z [i; f**ff**"] dQ + f L 2 [é sz**"] dr

which can be rewritten as

ag(z, 2) = fj J [ 23: a”(z*)a”(é*)] aQ + [” |: i a”(z**)e"j(z'**)] aQ
ol ij=1 i, j=1
3 3
=J]] [Z f"i']dQ +_U I:Z T"Zi]dl" forall zeZ.
ali=1 rzli=1 (3.1.52)

Z = {Z = {Z*, z**} € [HI(QI)]3 X [HI(QZ)]3: Z*i — Z**i,

i=123 xey and z** =0, i=123, xel?%
(3.1.53)

where

is the space of kinematically admissible displacements.
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The interface problem in plane elasticity can be defined by limiting the
summation in Egs. (3.1.50)—(3.1.52) on i and j from 1 to 2 and an appropriate
modification of generalized Hooke’s law of Eqs. (3.1.42) and (3.1.43).

As in Section 2.1, the Freidrichs extension A of the elasticity operators of
Eqs. (3.1.44) and (3.1.45) can be defined by

ae(z, 2) = (Az, 2) forall zeZ

The symmetry, strong ellipticity, and bounded invertibility of A4 follow, as in
Section 2.1.

It is important to note that even though a variety of physical problems
have been discussed in this section, they all have the same basic variational
form. The importance of the variational formulation of problems of linear
mechanics will be seen in the shape design sensitivity analysis carried out in
subsequent sections. The variational formulation of prototype problems
discussed in this section serves as the principal tool in developing a broadly
applicable and rigorous shape design sensitivity analysis method.

3.2 MATERIAL DERIVATIVE
FOR SHAPE DESIGN
SENSITIVITY ANALYSIS

The first step in shape design sensitivity analysis is the development of
relationships between a variation in shape and the resulting variations in
functionals that arise in the shape design problems of Section 3.1. Since the
shape of the domain a structural component occupies is treated as the design
variable, it is convenient to think of Q as a continuous medium and utilize the
material derivative idea of continuum mechanics. In this section, the basic
definition of material derivative is introduced, and several material derivative
formulas that will be used in later sections are derived.

3.2.1 Material Derivative

Consider a domain Q in one, two, or three dimensions, shown schemati-
cally in Fig. 3.2.1. Suppose that only one parameter t defines the transfor-
mation T, as shown in Fig. 3.2.1. The mapping T x — x,(x), x € Q, is given
by

x, = T(x,1)
Q. =TQ,1)

The process of deforming Q to Q, by the mapping of Eq. (3.2.1) may be
viewed as a dynamic process of deforming a continuum, with t playing the
role of time. At the initial time ¢ = 0, the domain is Q. The trajectories of

(3.2.1)
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I

T

1y )

/

Fig.3.2.1 One-parameter family of mappings.

points x € Q, beginning at T = 0 can now be followed. The initial point
moves to x, = T(x, 7). Thinking of 7 as time, a design velocity can be defined
as [50]

dx, dT(x,7) 0T(x,1)
dt ~ dt ot
since the initial point x does not depend on 7. This velocity can also be
expressed in terms of position of the particle at time 7. If it is assumed that
T~ ! exists, that is, x = T~ '(x,, 1), then the design velocity at x, = T(x, 1) is
dx,
dt
The design trajectory of the particle that was at x at 7 = 0 is now defined by
the initial-value problem

V(x,,17) =

(3.2.2)

Vot = 2 = ST =1x, 9, (3.23)

(3.24

where X, = dx /dr. Thus, if T is given, the design velocity V' can be
constructed. Conversely, if the design velocity field V(x,, 7) is given, T can be
defined by

T(x,7) = x(x)

where x_ is the solution of the initial-value problem of Eq. (3.2.4).
In a neighborhood of t = 0, under certain regularity hypothesis,

oT
T(x, 1) = T(x,0) +tg(x,0)+ cee=x 4+ 1V(x,0) + - -

Ignoring higher-order terms,
T(x,7) = x + tV(x) (3.2.5)

where V(x) = V(x, 0). In this text, the transformation T of Eq. (3.2.5) will be
considered, the geometry of which is shown in Fig. 3.2.2. Variations of the
domain Q by the design velocity field V(x) are denoted as Q, = T(£2, 1), and
the boundary of Q, is denoted as T, . Henceforth, the term “design velocity”
will be referred to simply as “velocity.”
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I;

Fig. 3.2.2 Variation of domain.

Let Q be a C*-regular open set; that is, its boundary T is a compact
manifold of C* in R" (n = 2 or 3), so that the boundary T is closed and
bounded in R" and can be locally represented by a C* function [51]. Let
V(x) € R" in Eq. (3.2.5) be a vector defined on a neighborhood U of the
closure Q of Q and V(x) and let its derivatives up to order k > 1 be
continuous. With these hypotheses, it has been shown [52] that for small z,
T(x,1) is a homeomorphism (a one-to-one, continuous map with a con-
tinuous inverse) from U to U, = T(U, 1) and that T(x,t) and its inverse
mapping mapping T~ !(x,, t) are C* regular and €, is C* regular.

Suppose z(x,) is a smooth classical solution of the following formal
operator equation on the deformed domain Q,:

Az, = f, xeQ,
s (3.2.6)
z, =0, zel

Then the mapping z,(x,) = z,(x + tV(x)) is defined on Q, and z/(x,) in Q,
depends on 7 in two ways. First, it is the solution of the boundary-value
problem on Q.. Second, it is evaluated at a point x, that moves with 7. The
pointwise material derivative (if it exists) at x € Q is defined as

I:z,(x + tV(x)) — z(x):I

= lim
=0

z2=13(x;Q,V) = ditz,(x + tV(x)) .

t=0

(B.2.7)

If z, has a regular extension to a neighborhood U, of Q,, denoted again as
z,, then
#x) = 2'(x) + VzTV(x) (3.2.8)

where

7 =2(X;QV) = 1213)[2—(-’94;@] (3.2.9)

is the partial derivative of z and Vz = [z, z, z;]".



3.2 MATERIAL DERIVATIVE FOR SHAPE DESIGN SENSITIVITY ANALYSIS 193

If z,(x,) is the solution of the variational equation on the deformed domain
Q.,

ag (2., Z,) = lo(Z,) forall z e Z, (3.2.10)

where Z, < H™((),) is the space of kinematically admissible displacements,

thenz e Z, =« H™Q,). For z, € H™(Q),), the material derivative  (if it exists) at
Q is defined as

lim zd{x + TV(x)) — z(x)
t~0 T

=0 (3.2.11)

H™()

— 2(x)

Note that for z, € H™((,), the pointwise derivative of Eq. (3.2.7) is mean-
ingless. It was shown by Zolesio [52] that since T(x, 1) is a C* homeomor-
phism, the Sobolev space H™(Q), for m < k, is preserved by T(x, 1); that is,

H™Q) = {z,(x + tV(x)): z, € H™(Q)} (3.2.12)

This fact is used in Section 3.5 to prove the existence of the material
derivative 2z in the problems treated in Section 3.1.

If m > n/2, then by the Sobolev imbedding theorem (Appendix A.2), the
vector space H™(Q,) is a topological subspace of C°(€},), and the pointwise
material derivative can be defined. However if m < n/2, then z, is only
defined almost everywhere on €., and the pointwise derivative makes no
sense.

For z, € H™(Q,), Adams [36] showed that for a C*-regular open set Q, and
for k large enough, there exists an extension of z, in a neighborhood U, of Q,,
and hence the partial derivative z’ is defined as in Eq. (3.2.9). In this case, the
equality in Eq. (3.2.9) must be interpreted in the H™Q) norm, as in Eq.
(3.2.11). The reader who is interested in the exact condition on k to have an
extension of z, in a neighborhood U, of Q, is referred to Adams [36].

One attractive feature of the partial derivative is that, with smoothness
assumptions, it commutes with the derivative with respect to x because they
are derivatives with respect to independent variables; that is,

oz Y 0
= —(z =123 3.2
(ax) @ i=12 (3.2.13)

3.2.2 Basic Material Derivative Formulas

A number of technical material derivative formulas that are used through-
out the remainder of the text are derived in this section. The reader who is
interested primarily in applications may wish to concentrate on the results
rather than the derivations. The most important results obtained are stated
as lemmas.
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Let J be the Jacobian matrix of the mapping T{(x, 7); that is,
oT; aV;
J=|=—|=1+1 =
0x; Ox;
= I 4+ tDV(x) (3.2.19)

where I is the identity matrix and DV(x) is the Jacobian of V(x). Then,
Jli=0 = J " '|;=0 = I. From Eq. (3.2.14),

d
% = DV(x)
=0 (3.2.15)
4T ;
—_ = DV(x)
dr |,=¢

where superscript T denotes transpose of a matrix. By taking the derivative
of JJ7! =1,

d aJ dJj—!
0=—UJ ! =—J1
dT( )r=0 de g t=0+J dr =0
Since J|,—o = J " !|,=o = I, Eq. (3.2.15) and the above equation give
dJ~!
= —DV(x) (3.2.16)
dt |-
Similarly,
dJ-T
= —DV(x)T (3.2.17)
dT =0

where J~T = (J™YT = (JT)™ L. Denoting |J| as the determinant of J, it can be
verified by direct calculation that

d .
Ll =divvi) (3.2.18)
d‘l.' t=0
where divV = Y7_, V/0x;. Taking the derivative of [JJ 1| = 1,
d d d
0= =Py LAV
drl |t=0 |J Idrl']l ,=o+|JldrlJ |t=o

Since |J||,=0 = I/~ !|l.=0 = 1, Eq. (3.2.18) and the above equation give

= —div V(x) (3.2.19)

t=0

d -1
EU |

Let n be the unit normal to the infinitesimal area dI" of the parallelogram
shown in Fig. 3.2.3, with two edges dx and Jx in the undeformed surface T
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T(x,7)

Fig. 3.2.3 Transformation of area.

Let n, be the unit normal in the deformed surface T, to the infinitesimal area
dr, of the parallelogram, with edges dx, and éx, (Fig. 3.2.3). Since Q and Q,
are C* regular, n and n, are C*~? regular.

Here, dx, and Jx, are given as

dx, = Jdx
(3.2.20)
ox, = J 6x
$O
dx = J Vdx,
(3.2.21)
ox = J 1 dx,
Then, using the vector product,
ndll = dx x 6x 392
n, dI, = dx, x dx, (3-222)
or, in cartesian rectangular components,
n; I’ = e,-j,‘ de 5xk (3'2.23)

n, dIl = e, dxt, 6xx,

where summation is taken over all repeated indices and ey is a permutation
symbol, defined as

0 when any two indices are equal

)+l when i,j, k are 1,2, 3 or an even (3.2.24)
Cijk = permutation of 1,2, 3
-1 when i, j, k are an odd permutation of 1,2, 3
From the first equation of Eq. (3.2.23), using Eq. (3.2.21),

0x;
n,dT = ey a% g;-"— dx,, ox, (3.2.25)
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Multiplying both sides of Eq. (3.2.25) by dx;/dx,, and summing on i,

0x; 0x; 0x; 0x
5xt,n dr = i”‘a i js x:

dx,, dx, (3.2.26)

13

For any 3 x 3 matrix with elements a,,,,
ey det[amn] = €j.a, 05505 (3:2.27)
Hence, for the Jacobian J,

0x,, 0x,, 0X,,
st 0%, 6x, ox,

0x; 0x; 0x;
ok G, ox,, dx,, 0x,,

Using the second equation of Eq. (3.2.28) in Eq. (3.2.26) and the fact that
=M1

eijli | =
(3.2.28)

el 7 =

0x;
0x

n dl' = |J|" te,, dx, ox,,

which can be rewritten, using (Eq. 3.2.23), as
n dr, = |J|J" Thdll (3.2.29)
Normalizing n_,
et
T T T xdn()

where |a| = (a'a)!? is the Euclidean norm. Applying Eq. (3.2.30) to Eq.
(3.2.29),

(3.2.30)

dr, = [J||IJ ™ (x)n(x)| 4T (3.2.31)
Using Eq. (3.2.17),
d - T d -T - T,\1/2
—I" x| =" "n, I Tm)Y = —(DVn, n)
dt =0 dt i=0
(3.2.32)

where (a, b) = a"b. Equations (3.2.17), (3.2.30), and (3.2.32)and J " T| .o = I
now give

(@ T/don ||~ Tl — I~ Tn(d/d7)||J " Tn|
=0 B “JﬁTnHz =0

=DVa,mn = DV"'n=(nDV™m)n — DV'™n  (3.2.33)
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Also, using Egs. (3.2.18) and (3.2.32),

d .
—(J1 1~ Tnll) =divV — (DVn,n) (3.2.39)
d‘t t=0
LEmMMA 3.2.1 Let y, be a domain functional, defined as an integral over
Q,
= [ saa (3.2.39)
Q.

where f, is a regular function defined on Q.. If Q is C* regular, then the
material derivative of Y, at Q is

¥ = JI f(x)dQ +f SV Tn) dT (3.2.36)
Q r
ProoF By transforming variables of integration in Eq. (3.2.35) [53],

0= L £x)do, = [ f A + V)] dQ

The material derivative of y, at Q is, using Eqgs. (3.2.8) and (3.2.18),

i = g [| st + Voo an

=0

= J:L [f(x) + f(x) div V(x)] dQ
= J:L Lf'(x) + Vf(x)TV(x) + f(x) div V(x)] dQ

= JL [f(x) + div(f(x)V(x))] dQ (3.2.37)

If Q is C* regular, the divergence theorem [53] yields Eq. (3.2.36). W

It is interesting and important to note that it is only the normal component
(V' n) of the boundary velocity appearing in Eq. (3.2.36) that is of importance
in accounting for the effect of domain variation. In fact, it is shown by
Theorem 3.5.3 (Section 3.5.7) that if a general domain functional  has a
gradient at Q and if Qis C** ! regular, then only the normal component (V Tn)
of the velocity field on the boundary needs to be considered for derivative
calculations. The basic idea behind this result is that I(V,) =T for all 1,
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where V, is the component of the velocity field V of Eq. (3.2.3) that is tangent
to the boundary I That is, the tangential component ¥, of the velocity field

does not deform the domain Q.
Next, consider a functional defined as an integration over I,

vy = f g{x) dT,

where ¢, is a regular function defined on I,. Using Eq. (3.2.31),

Vs =f g(x) dT, = f gdx + V)W 1~ Tn] dT

T

and the material derivative of ¥, at Q is, using Eq. (3.2.34),

d
s = 5 | 9dx + VeI dr
TJr =0

= J;[g(x) + g(x)(div V(x) — (DVn, n))] dT

(3.2.38)

(3.2.39)

(3.2.40)

Suppose the mapping V — g is linear and continuous. Then Eq. (3.2.40)
implies that y, has a gradient at Q and by Theorem 3.5.3 (Section 3.5.7), if Q
is C¥*! regular, only V = vn needs to be considered, where v is a scalar
C*-regular function. If Q is C***! regular, then n is C* regular and V = vn is

C*regular. For V =vn,on T’
DV =n Vo™ + vDn
Since n is the unit normal,
0=4%4V(n"n)=Dn"n
Hence, from Eq. (3.2.41),
DV™n = Von"™n + vDn™n = Vv
From Egs. (3.2.33) and (3.2.43), with normal velocity V = vn,

_dn,

n =, DV™nn — DV™n = (Vv'n)n — Vo

T odt =0
and

divV — (DVn,n) = Vo™n + vdivan — Vo™n = vdivn
It is now to be shown that

divh=H

(3.2.41)

(3.2.42)

(3.2.43)

(3.2.44)

(3.2.45)

(3.2.46)
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where H is the curvature of ' in R? and twice the mean curvature of I
in R3.

For the proof, consider first R% where I is locally the graph of a regular
function f, say x, = f(x,). Suppose Q lies below the graph of f. The normal is
given by

n(xy, f)) = (1 + fH712[=f" 177
A direct calculation gives
divn(xy, f(x)) = —(1 + f'2)7 33" (3.2.47)

which is the curvature of I This verifies Eq. (3.2.46) for R2.

In R} T is a regular surface. For a point x eI, consider the
R3-orthonormal basis {e,, e,, n} shown in Fig. 3.2.4, where ¢, and e, are
vectors tangent to I' at x, such that [54]

Dne; = —kie;,, i=12 (3.2.48)

The parameters k; and k, are principal normal curvatures of I" at x, and the
vectors ¢, and e, are unit vectors in principal directions. In a neighborhood
of x, with x taken as the origin, I' may be represented by the graph of
w = f(y,, y,) in the (y{, y,, w) coordinate system, as shown in Fig. 3.2.4.

Fig. 324 Local representation of the boundary T

Since the divergence operator is invariant under translation and rotation
[55], div n can be written in (y,, y,, w) coordinates; that is,

2
divn = ) (Dne;,e;) + (Dnn,n)

i=1

Thus, using Eqgs. (3.2.42) and (3.2.48),
divn = —(k; + ky) (3.2.49)

which is twice the mean curvature of I" [54]. This completes the proof of Eq.
(3.2.46).
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If the velocity is normal to I, V = vn. Then, from Eq. (3.2.45),
divV — (DVn,n) = vH (3.2.50)

The choice of n, as directed outward from the domain Q, defines the
orientation of the boundary T If the orientation of T is changed, then n is
changed to —n.and H must be changed to —H.

From Eq. (3.2.40), using Eq. (3.2.50),

v = f [4(x) + Hg()(V ")) dT
=f [g'(x) + VgTV + Hg(x)(VTn)] dr
r

- fr [9'(x) + (Vg™ + Hg(x)(V ™n)] dT

This proves the following lemma:

Lemma 3.2.2 Suppose g, in Eq. (3.2.38) is a regular function defined on I,
and the mapping V — ¢ is linear and continuous. If Q is C¥*! regular, the
material derivative of i, in Eq. (3.2.38) at Qis

Wy = J;[g’(x) + (Vg"n + Hg(x))(V™n)] dT (3.2.51)

Equating the right sides of Eqs. (3.2.40) and (3.2.51) and using
g(x) = g'(x) + VgV, the following useful relationship for any regular vector
field ¥ and regular function g on R" is obtained:

f VgV dl = —f g(x)[div V(x) — (DVn,n)] dT’
r r

+ f (Vg™n + Hg(x))(V Tn) dT" (3.2.52)
r
Finally, consider a special functional that is defined as an integration over
I as

s = | hx)Tn,dT, (3.2.53)

I

where h, is a regular field defined on I, hence hTn, is a regular function on I;.
From Eq. (3.2.40), using hln, instead of g,,

W = J;[h(x)Tn + h(x)Ta + h(x)Tn(div V(x) — (DVn, n))] dT"
(3.2.54)
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where 7 is given by Eq. (3.2.33). If the mapping V — h is linear and
continuous, then Eq. (3.2.54) implies that i3 has a gradient at Q and, by
Theorem 3.5.3 (Section 3.5.7), if Q is C**?! regular, only V = vn needs to be
considered, with a C*-regular scalar function v. Then, using Egs. (3.2.44) and
(3.2.50), Eq. (3.2.54) becomes

Vi = J;[h(x)Tn + h(x)T(Vv™n)n — Vo) + (h(x)"n)Hv] dT"  (3.2.55)
Using Eq. (3.2.52) and substituting h for V and v for g,
J;hT Vodll = — J; v[div h — (Dhn, n)] dI" + J;_(Van + Hv)(h'n) dT
Hence, Eq. 3.2.55 becomes

v = f [h(x)™n + (divh — (Dhn, n))v] dT'
r
= j [(W(x) + DhV)™n + (div h — (Dhn, n))v] dT"
r
=J [W(x)™n + v(Dhn, n) + (div h — (Dhn, n))v] dT"
r

- f [H(x)™n + div k(v )] dT
r

Thus, the following lemma has been proved:

Lemma 3.2.3 Suppose h_in Eq. (3.2.53) is a regular field defined on I', and
the mapping V — h is linear and continuous. If Q is C**! regular, the
material derivative of y, in Eq. (3.2.53) at Q is~

W = fr [H()™n + div h(V™n)] dT (3.2.56)

3.3 STATIC-RESPONSE SHAPE DESIGN
SENSITIVITY ANALYSIS

As séen in Section 3.2, the static response of a structure depends on the
shape of the domain. Existence of the material derivative z, which is proved
in Section 3.5, and material derivative formulas derived in Section 3.2 are
used in this section to derive an adjoint variable method for design sensitivity
analysis of general functionals. As in Chapter 2, an adjoint problem that is
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closely related to the original structural problem is obtained and explicit
formulas for shape design sensitivity analysis are obtained. Numerical
methods for parameterizing boundary shape and calculating shape design
sensitivity coefficients are obtained and illustrated.

3.3.1 Differentiability of Bilinear Forms
and Static Response

Basic design differentiability results for energy bilinear forms and static
response, for the problems treated in Section 3.1, are proved in Section 3.5,
These differentiability results are used here to develop shape design sensi-
tivity formulas. This order of presentation was selected, as in Chapter 2,
because technical aspects of existence of design derivatives of the structural
state do not contribute insight into the adjoint variable technique. However,
as noted in Chapter 2, the delicate question of existence of design derivatives
should not be ignored.

The variational equations of the problems of Section 3.1, on a deformed
domain, are of the form

ag (z,,z,) = J] clz,,2)dQ, = f Sz, dQ, = 1o (2) forall z e Z,
Q Q.
(3.3.1)

where Z, = H™(,)) is the space of kinematically admissible displacements
and c(-, ) is a bilinear mapping that is defined by the integrand of the
variational equation. It is shown in Section 3.5.4 that the load linear forms
lo (Z,) for the problems of Section 3.1 are also differentiable with respect to
design.

A powerful result from Section 3.5.4 is that the solution of Eq. (3.3.1) is
differentiable with respect to design. That is, the material derivative z defined
in Eq. (3.2.11) exists. Note that the material derivative Z depends on the
direction V (velocity field). As shown in Eq. (3.5.36), 2 is linear in V and in
fact is the Fréchet derivative with respect to design, evaluated in the direction
V. This linearity and continuity of the mapping V — ? justify, by Theorem
3.5.3 (Section 3.5.7), use of only the normal component (V7n) of the velocity
field V in the derivation of the material derivative, as in Egs. (3.2.51) and
(3.2.56).

Taking the material derivative of both sides of Eq. (3.3.1), using Eq.
(3.2.36), and noting that the partial derivatives with respect to 7 and x
commute with each other,

[agz, D] = aifz, 2) + aglz,2) = IZ) forall zeZ,  (3.3.2)
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where, using Eq. (3.2.8),
[ag(z, 2)) = J f [c(z, Z') + c(z, 2)] dQ +f c(z, 2)(Vn) dT’
Q r

= ﬂ [c(z, 2 — VETV) + ¢ — V2TV, 2)] dQ + f c(z, 2)(V Tny dT
Q r

(3.3.3)
and

IAZ) = f fn 17 dQ + fr f3V ™) dT

- f L £ - VEV) 0 + fr f2(V ™) dT (3.34)

The fact that the partial derivatives of the coefficients, which depend on
cross-sectional area and thickness, in the bilinear mapping (-, -) are zero has
been used in Eq. (3.3.3), and /' = 0 has been used in Eq. (3.3.4). For z,, let
Z{x + tV(x)) = Z(x), that is, choose Z as constant on the line x; = x + tV(x).
Then, since H™Q) is preserved by T(x, 1) [Eq. (3.2.12)], if Z is an arbitrary
element of H™(Q)) that satisfies kinematic boundary conditions on I, Z, is an
arbitrary element of H™(Q),) that satisfies kinematic boundary conditions on
I.,. In this case, using Eq. (3.2.8),

:=z+V:W=0 (3.3.9)
From Egs. (3.3.2), (3.3.3), and (3.3.4), Eq. (3.3.5) may be used to obtain

ay(z, ) = —fj [e(z, VZTV) + c(VZTV, 2)] dQ + J c(z, Z)(V™n) dT
Q r

(3.3.6)
and

Iz) = — f L f(VZTV) dQ + fr %V ) dT (3.3.7)

Then, Eq. (3.3.2) can be rewritten to provide the result
aglz, 2) = h(2) — aylz, 2)

= Jf [e(z, VZTV) + c(VZ"V, 2) — f(VZ2TV)] dQ

+ f [fz — c(z,2)](V™n) dT forall zeZ (3.3.8)

Note the similarity of Egs. (3.3.8) and (2.2.7). As noted in Chapter 2, if the
state z is known as the solution of Eq. (3.3.1) at Q and if the velocity field V'is
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known, Eq. (3.3.8) is a variational equation with the same energy bilinear
form for z e H™), which satisfies kinematic boundary conditions. Indeed,
for second-order problems (membrane, shaft, elasticity), kinematic boundary
conditions are imposed only on z, s0if zz =0on I, then Z =0on I and 2
satisfies kinematic boundary conditions. For higher-order problems, such as
clamped plates, Z can be shown to satisfy kinematic boundary conditions.
Indeed, for the clamped-plate problem, the boundary condition z = 0
on I' implies 2=0 on I. Also, z=0z/0n=0 on T implies Vz =
(0z/dm)n + (0z/0s)s = 0 on I', which in turn implies (Vz)' =0 on I'. By Eqgs.
(3.2.8) and (3.2.13),

z\’ 0%z
<5€T> - 0x )+ z 1 0X; E)x
0 2 0z
= —Z —V/
6xi( Z@x V) Z@x 6x

0
- V27<%), i=12 (3.3.9)

Hence, (6z/0x;) =0 (i=1,2) on I' implies that V2 =0 on I. Thus,
0z/0n = 0 on T" and ? satisfies kinematic boundary conditions.

Note that the right side of Eq. (3.3.8) is linear in Z, and the energy bilinear
form on the left is Z elliptic. Thus, Eq. (3.3.8) has a unique solution z € Z [9].
The fact that there is a unique solution of Eq. (3.3.8) agrees with the
previously stated result that the design derivative of the solution of the state
equation exists. As in Chapter 2, Eq. (3.3.8) can be used in the adjoint
variable method of design sensitivity analysis.

3.3.2 Adjoint Variable Design
Sensitivity Analysis

Consider a general functional that may be written in integral form as

¥ = ﬂg{ g(z;, Vz,) dQ, (3.3.10)

where z e HY(Q), Vz = [z, z, z5]%, and the function g is continuously
differentiable with respect to its arguments. In the case z € H*Q), second
derivatives of z may appear in the integrand of Eq. (3.3.10). This case will be
treated as specific applications arise. Note that i depends on Q in two ways.
First, there is the obvious dependence of the integral on its domain of
integration. Second, the state z, depends on the domain Q,, through the
variational equation of Eq. (3.3.1).
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Taking the variation of the functional of Eq. (3.3.10), using the material
derivative formula of Eq. (3.2.13) and Eq. (3.2.36),

Y = J]‘Q[gzz' + gy, V2’1 dQ + J;g(VTn) dar (3.3.11)

where gy, = [0g/0z, 0g/0z, 0g/0z;]. Using Eq. (3.2.8), Eq. (3.3.11) can be
rewritten as

‘Il’ = J.J- [gzi + Ggv: Vi — gz(VZTV) — gy V(VZTV)] 40 +'[ g(VTn) dr
¢ r
(3.3.12)

Note that z and V: depend on the velocity field V. The objective here is to
obtain an explicit expression for ' in terms of the velocity field V, which
requires rewriting the first two terms of the first integral on the right side of
Eq. (3.3.12) explicitly in terms of V, that is, eliminating z.

Much as in Chapter 2, an adjoint equation is introduced by replacing
z € Z in Eq. (3.3.12) by a virtual displacement £ € Z and equating the sum of
terms involving 1 to the energy bilinear form, yielding the adjoint equation for
the adjoint variable A,

ag(, 1) = JI [g.f + gy.VA]dQ  forall 1leZ (3.3.13)
Q

Note that the adjoint equation of Eq. (3.3.13) is the same as the one in Eq.
(2.2.10). This fact is advantageous when both conventional design and shape
design variation are considered simultaneously, as will be done in Chapter 4.
As noted in Section 2.2., the Lax—Milgram theorem [9] guarantees that Eq.
(3.3.13) has a unique solution A, which is called the adjoint variable
associated with the constraint of Eq. (3.3.10).

To take advantage of the adjoint equation, evaluate Eq. (3.3.13) at
X = 2z € Z to obtain the expression

ag(4,z) = JL [g:7 + gv. Vi] dQ (3.3.14)

Similarly, the identity of Eq. (3.3.8) may be evaluated at Z = A, since both are
in Z, to obtain

ag(z, ) = I(2) — aylz, A) (3.3.15)

Recalling that the energy bilinear form ag(+, ) is symmetric in its arguments,
the left sides of Eqgs. (3.3.14) and (3.3.15) are equal, thus yielding

J f [6.7 + go. VE]dQ = I(3) — dy(z, 2) (3.3.16)
Q
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Using Eqs. (3.3.8) and (3.3.16), Eq. (3.3.12) yields

W = IAd) — dy(z, 1) — ﬂ [9.V2"V) + gy, V(V2TV)] dO2 + J gV Tn) T
(e) I
- f f [e(z, VATV) — f(VATV) + c(V2™V, 4) — gV2"V) — go, V(VZTV)] dQ
Q

+ f (g + f2 — c(z, H1(V™n) dT (3.3.17)
T

where the integral over Q can be transformed to a boundary integral by using
the variational tdentities given in Section 3.1 for each structural component
and boundary and/or interface conditions. This will be done for each
structural component type encountered. The fact that the design sensitivity
¥’ can be expressed as a boundary integral gives significant advantages in
numerical calculations, if accurate boundary information can be calculated.

Note that evaluation of the design sensitivity formula of Eq. (3.3.17)
requires solution of the variational equation of Eq. (3.3.1) for z. Similarly, the
variational adjoint equation of Eq. (3.3.13) must be solved for the adjoint
variable A. This is an efficient calculation, using finite element analysis, if the
boundary-value problem for z has already been solved, in which case it
requires only evaluation of the solution of the same set of finite element
equations with a different right side (adjoint load).

3.3.3 Analytical Examples
of Static Design Sensitivity

The beam, membrane, torsion, and plate problems of Section 3.1 are used
here as examples with which to calculate design sensitivity formulas, using
the adjoint variable method. Linear elasticity problems will be considered in
Section 3.3.4, and computational considerations will be discussed in sub-
sequent sections. The variation of a conventional design variable u (cross-
sectional area or thickness, considered in Chapter 2) is suppressed in the
discussions of this chapter, and even though there is self-weight in addition to
externally applied load, the total applied load will be expressed as f(x).

BENDING OF A BEAM

Consider the beam of Section 3.1, with Q = (0,1) = R! and I(x) = ah*(x).
Several structural response functionals are of concern. Consider first the
weight of the beam, given as

¥ =_[)yh dx (3.3.18)
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Taking the variation, using Eq. (3.2.36) with (yh) = 0,
1
Y = yhV| = yh(V({) — yh(0)V(0) (3.3.19)
4]

where V(0) and V(1) are perturbations of endpoint locations for the beam,
positive if ¥(0) and V(l) cause the endpoints to move in the positive x
direction. Note that this direct variation gives the explicit form of variation
of structural weight in terms of variation of shape. Thus, no adjoint problem
needs to be defined.

Consider as a second functional the compliance of the structure, defined as

i
Y, = sz dx (3.3.20)

Note that the integrand of Eq. (3.3.20) depends on the load f. However, since
f' =0, Eq. (3.3.20) can be treated as the functional form of Eq. (3.3.10).
Hence the adjoint equation of Eq. (3.3.13) is

i
ag(i, ) = J;fi dx forall 1eZ (3.3.21)

Since the load functional on the right side of Eq. (3.2.21) is precisely the same
as the load functional for the original beam problem of Eq. (3.1.5), in this
special case A = z, and from Eq. (3.3.17) with g = fz,

Y = f’ [Eah™(z,V )ix 20 — 2f (2. V)] dx + [2fz — Eah”(zxx)ZJle
0
’ (3.3.22)

The variational identity of Eq. (3.1.3) may be used, identifying (z, V) in the
integral of Eq. (3.3.22) with Z in Eq. (3.1.3), to obtain

i
¥; = 2Eah’z,,(z,V),

- 2(Eahzzxx)x(sz)“ + [2fz - Eahz(z,x)ZJV‘l
° (3.§.23)

For a clamped—clamped beam, using boundary conditions of Eq. (2.1.1)
(note that beam length ! is not normalized in this chapter), Eq. (3.3.23)
becomes

0

i

Y = Eah?(z,,)*V (3.3.24)

0

As noted in Section 3.3.2, the design sensitivity in Eq. (3.3.24) is expressed as
a boundary evaluation and is given explicitly in terms of design velocity
(perturbation) of the boundary.
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As an example that can be calculated analytically, consider a uniform
clamped-clamped beam with & = h, and uniform load f;,. The displacement
under this load is

fo

) = 57 0 = 7]

The compliance of the beam may be calculated from Eq. (3.3.20) as

3 f0275
V2 = 720Eah?

Consider beam length | as a design variable. Since the beam has uniform
cross-sectional area h, and uniform load f,, varying either endpoint x = 0 or
x =1 will have the same effect on compliance. Hence, the variation of
compliance with respect to [ is

foz 4 R
[//é = '2
144Eoh?

Using Eq. (3.3.24), V(1) = 81/2, and V(0) = - d1/2,

i

o 4 g
r_ 2 2 _ 2
U = Eah0[12Eah(2,(l 6lx + 6x2) [ V

0
2j4
0 l

=25l
144Eoh? 0

which is the correct result.
For other boundary conditions in Egs. (2.1.16)—(2.1.18), the shape design
sensitivity formula in Eq. (3.3.23) for compliance is valid because (as
mentioned in Section 2.1.1) the variational equation of Eq. (3.1.4) is valid for
all z satisfying corresponding kinematic boundary conditions. To obtain a
sensitivity formula for the simply supported case, boundary conditions of Eq.
(2.1.16) in Eq. (3.3.23) can be used to obtain
]

Yh = —2Eah2zxxxsz (3.3.25)

0
For a cantilevered beam, applying boundary conditions of Eq. (2.1.17) to Eq.
(3.2.23),

Yy = —Eah*(z.,)*V + 2fzV

x=0

(3.3.26)

x=}
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For a clamped-simply supported beam, applying boundary conditions of
Eq. (2.1.18) to Eq. (3.2.23),

V5 = —Eah*(z,,)*V — 2Eah*z, .z, V (3.3.27)

x=0 x=1

Consider next a functional that defines the value of displacement at an
isolated fixed point x € (0,1); that is,

¥ = z(X) = folé(x — X)zdx (3.3.28)

For the purpose of evaluating the functional y;, the point X does not move,
and y; on the deformed domain Q, is the value of displacement at the same
point x. Since m =2 and n = 1, m > n/2 and by the Sobolev imbedding
theorem [36], z, € C°%,). The functional of Eq. (3.3.28) is thus continuous,
and the foregoing theory applies.

Since §(x — %) is defined on a neighborhood of [0, ] by zero extension and
% is a fixed point, §'(x — %) = 0. Thus, Eq. (3.3.28) can be treated as the
functional form of Eq. (3.3.10) and the adjoint equation is, from Eq. (3.3.13),

i
ag(A, 1) = J S(x—%)Idx forall leZ (3.3.29)
4]

As noted in Section 2.2.3, since the right side of this equation defines a
bounded linear functional on H*(0,1), Eq. (3.3.28) has a unique solution A,
where superscript (i) associates A with the constraint ;. Note that A is the
displacement due to a unit load at X. That is, with smoothness assumptions,
the variational equation of Eq. (3.3.28) is equivalent to the formal operator
equation

(Eth?1.,).. = 0(x — %), x€(0,]) (3.3.30)
with 1 satisfying the same boundary conditions as the original structural

response z. From Eq. (3.3.17) with g = é(x — %)z,

i
lpl; =f [Eahzzxx(lgcs)V)xx _f('lgcs)V) + Eahz(sz)xxlgcsx) - S(X - *)(ZXV)] dx
0

1
+ [fA® — Eah?z, iV (3.3.31)
0

The variational identity of Eq. (3.1.3) may be used twice to transform the
integral in Eq. (3.3.31) to a boundary integral (boundary evaluation in the
one-dimensional case). To do so, first identify (1>V) in the first two terms of
the integral in Eq. (3.3.31) with Z in Eq. (3.1.3). Next, identify A, (z,V), and
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8(x — %)in the second two terms of the integral in Eq. (3.3.31) with z, Z, and f
in Eq. (3.1.3), respectively. Then, from Eq. (3.3.31),
i

Vs = [Eah’z (G3V), — (Eah’z,) OV)]

0
1

+ [Eah?iQz V), — (Eah®20),(z. V)]

0
i

+ [f4® — Eah?z, i3V (3.3.32)

0

For a clamped beam, using the boundary conditions of Eq. (2.1.1), Eq.
(3.3.32) becomes
i

W, = Eah?z, 0V (3.3.33)

0

To illustrate the use of this result, consider the clamped—clamped beam
studied earlier in this section. If design sensitivity of displacement at the
center of the beam is desired, ¥ = 7/2. From Eq. (3.3.28) and

203) = 272 1570 = 7]

the functional ¥, is

f074
l/13 = —————2
384Euhg

and the shape design sensitivity is

r f073 5]
Vs = 96Eah? ol

The adjoint load from Eq. (3.3.29) is just a unit point load at the center of
the beam. The adjoint variable is thus obtained as

1 T\? ;
A = REai? |:8 <x - §> —4x’ + 31x2:|

0 for 0<x<<=

where



3.3 STATIC-RESPONSE SHAPE DESIGN SENSITIVITY ANALYSIS 21

Using this information, the shape design sensitivity of /5 is obtained, using
Eq. (3.3.33), as

W = EmeOW[OZ — 6lx + 6x?)(24x — 61)V
]

x=0

+ (1% = 6lx + 6x3)(24x — 181V

N

since V(0) = —481/2 and V(1) = 81/2. Note that this is the same result as before.

For simply supported, cantilevered, or clamped-simply supported beams,
the sensitivity formula in Eq. (3.3.32) is valid, where z and A‘® are solutions of
Egs. (3.1.4) and (3.3.29), respectively, and Z is the appropriate space of
kinematically admissible displacements. Appropriate boundary conditions
for z and A® can then be applied to Eq. (3.3.32) to obtain useful sensitivity
formulas. For a simply supported beam, boundary conditions in Eq. (2.1.16)
can be used for both z and A® in Eq. (3.3.32), to obtain

1

_ S
"~ 96Eah?

Y3 = —[Eah?(A3, 2, + 2, APV (3.3.34)

0

For a cantilevered beam, applying boundary conditions in Eq. (2.1.17) for
both z and A? to Eq. (3.3.32),
(3.3.35)

Wy = —Eah?z, A3V + fA®yY

x=0 x=1

For a clamped—simply supported beam, applying boundary conditions of
Eq. (2.1.18) to Eq. (3.2.32),

¥y = Eah®z A0V | = [Eah®(AC) 2, + Zux AS)IV

x=0
The shape design sensitivity results in Eq. (3.3.32) or Egs. (3.3.33)—(3.3.36)
for each boundary condition are valid for the functional 5 that defines the
value of displacement at a fixed point X. The case in which i; on a deformed
domain Q, is the displacement at point X, = X + tV(X) will be considered in
Section 3.3.6.
Consider another functional that is associated with strength constraints,

(3.3.36)

x=1

i
Ve = f Bh'?Ez . m, dx (3.3.37)
0
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where fh'/? is the half-depth of the beam and m, is a characteristic function
defined on a small open subinterval (x,, x;), such that [x,, x,] < (0,1). The
characteristic function m, is positive and constant on (x,, X), zero outside of
(x,, xp), and its integral is 1. Consider the average stress on the fixed interval
(x4, Xp); that is, m, in Eq. (3.3.37) does not change with 7. It is possible to
extend m, on R' by extending it to zero value outside (0, 1). Then, m, = 0.
Taking the variation of Eq. (3.3.37), using Eqs. (3.2.13) and (3.2.36) and
B =0,
1

i
v = Lﬁh”zEz;xmp dx + ph'*Ez,.m,V .

= fl BhPE[(2)ex — (2:V)edm, dx (3.3.38)
)

since m,(0) = mp(i) = 0. As in the general derivation of the adjoint equation
of Eq. (3.3.13), the adjoint equation may be defined by replacing Z in the first
term on the right side of Eq. (3.3.38) by 4, to define a load functional of the
adjoint equation, obtaining

:
ag(4, 4) = J. ph'*Ej,.m,dx  forall ieZ (3.3.39)
0

As in the adjoint equation of Eq. (3.3.13), the adjoint equation of Eq. (3.3.39)
1s the same as Eq. (2.2.32). As noted in Section 2.2.3, since the right side of
this equation is a bounded linear functional on H*(0, 1), Eq. (3.3.39) has a
unique solution A¥. With smoothness assumptions, the variational equation
of Eq. (3.3.39) is equivalent to the formal operator equation

(Eth®})ex = (BHY2Em,),,, x € (0,]) (3.3.40)

with A satisfying the same boundary conditions as the original structural
response z. As in Eq. (3.3.30), the derivative on the right side of Eq. (3.3.40) is
a derivative in the sense of the theory of distributions [35, 36, 56]. Expanding
the derivative,

(BhY2Em,),. = ﬁE{(hl/z)xxmp + m,[(h")(x,) 8(x — x,)
— (W"2),(x3) 8(x — X) + h3(x,) 8.0x — x,)
— h'%(x,) 8.(x — x,)1}

Thus, the adjoint load consists of a distributed load on the interval (x,, x;),
point loads at x, and x,, and point moments at x, and x,. By the same
method used in Section 3.1, a variational identity is obtained for the adjoint
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system from Eq. (3.3.40) as

i ]
f Eah?} 4. dx — f Bh'?EJ  m, dx
] 1]

i 1
= [Bah®d, k. — (Eah?A) 71| + [(BHEm,). ] — Bh*Em, 7]
0 0

forall 1e H?*0,1) (3.3.41)
Since 2 € Z, Eq. (3.3.39) may be evaluated at 1 = 2 to obtain

i
ag(A®, 3) = J BhY2E(2),.m, dx (3.3.42)
0

Similarly, the identity of Eq. (3.3.8) may be evaluated at z = A¥), since both
are in Z, to obtain
ag(z, A¥) = [,(A®) — djfz, A¥) (3.3.43)

Since the energy bilinear form ag(-, -)is symmetric, Eqgs. (3.3.38), (3.3.42), and
(3.3.43) yield

Vi = LG — diz, 29) J :ﬂhmazx V), d
which can be rewritten, using Eq. (3.3.8), as
Yy = f [Eah?z (APV ) — fODV) + Eoh(2, V) A8
0
— Bh'2E(z,V),.m,] dx

i

+ [fA® — Eah?z, 24V (3.3.44)
0

The variational identities of Eq. (3.1.3) and (3.3.41), identifying (V) in the
first two terms of the integral in Eq. (3.3.44) with Z in Eq. (3.1.3) and A* and
(z,V) in the second two terms of the integral in Eq. (3.3.44) with 4 and 4 in
Eq. (3.3.41), respectively, may be used to obtain

l/’llt = [Eahzzxx(lr)V)x - (Eahzzxx)x( X

+ [Eah?38(z, V), — (Eah?22), (2,

! i
+ [ — Eah?z, 250V

0
(3.3.45)

+ [(BRY2Em,),(z,V) — PRYZEm |z, V)x]
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Since [x,, x,] < (0,1) and m, = 0 in neighborhoods of x = 0 and x = [, Eq.
(3.3.45) becomes
i

Wi = [Eah®z, (APV), — (Eah?z.,),(A¢V)]

[
i

+ [Eah?/ENz, V), — (Exh®23). (2, V)]

Q
i

+ [fA® — Eah?z iV (3.3.46)

0

For a clamped beam, using the boundary conditions of Eq. (2.1.1) and the
fact that A satisfies the same boundary conditions, Eq. (3.3.46) becomes
]

Wi = Eah?z A4V (3.3.47)

0

As before, for simply supported, cantilevered, or clamped-simply supported
beams, the shape design sensitivity formula of Eq. (3.3.46) is valid, where z
and 2 are solutions of Egs. (3.1.4) and (3.3.39), respectively, and Z is the
appropriate space of kinematically admissible displacements. Appropriate
boundary conditions for z and A can be applied in Eq. (3.3.46) to obtain
useful shape design sensitivity formulas.

For a simply supported beam, the boundary conditions in Eq. (2.1.16) can
be used for both z and A* in Eq. (3.3.46) to obtain
H

Vi = —[Eah*Gz, + 2o iV (33.48)

0

For a cantilevered beam, applying the boundary conditions in Eq. (2.1.17)
for both z and A to Eq. (3.3.46) yields
Vi = Eah’z, AQV

+ fi®y (3.3.49)

x=0 x=]

For a clamped-simply supported beam, applying boundary conditions of
Eq. (2.1.18) for both z and A* in Eq. (3.3.46) yields

l//‘,t = - Eahzzxx igc)V

— [Eah?(A®, 2, + 2, AONV
x=0 x=1

1
(3.3.50)
As in the displacement functional s, the shape design sensitivity results in
Eq. (3.3.46) or Egs. (3.3.47)-(3.3.50) for each boundary condition are valid

for the functional ¥, that defines the average stress on a fixed interval (x,, x;).
The case in which y, is averaged stress on the moving interval (x,_, x; ) in a
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deformed domain Q, will be considered in Section 3.3.6. Another assumption
that is used for the average stress functional is that the interval (x,, x,), on
which stress is averaged, is taken such that [x,, x,] < (0,1). Hence, x, # 0
and x, # 1. The case in which either x, = 0 or x, = | will be considered in
Section 3.3.6.

DEFLECTION OF A MEMBRANE

Consider the membrane of Fig. 3.1.1, with mass density h. The area of the
membrane is

Yy = ﬂﬂ dQ (3.3.51)

Taking the variation and using Eq. (3.2.36),

Y, = L(VTn) dr (3.3.52)

Note that this direct variation calculation gives the explicit form of variation
of area in terms of the normal velocity (V' ™n) of the boundary. Thus, for this
functional, no adjoint problem needs to be defined.

Consider a second functional that respresents strain energy of the
membrane,

T
V=o ﬂ V2T VzdQ (3.3.53)
[¢]

From Eq. (3.1.14), the strain energy y, is equal to half of the compliance, so
that

Yy = %ﬂn fz dQ (3.3.54)

Note that the integrand of Eq. (3.3.54) depends on the load f. However, since
=0, Eq. (3.3.54) can be treated as the functional form of Eq. (3.3.10).
Hence, the adjoint equation of Eq. (3.3.13) is

1
aol4, A) = 3 f f7dQ  forall ZeZ (3.3.55)
Q
The load functional on the right side of Eq. (3.3.55) is precisely half the load

functional for the original membrane problem of Eq. (3.1.14). Hence, in this
special case, 4 = z/2, and from Eq. (3.3.17) withz = Oon I}

vy = f f [F(V2T V(V2TV) — f(V2'V)] dQ — £ f (V2T V2)(V ") dT
“ 2 (3.3.56)
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The variational identity of Eq. (3.1.12), identifying (VzV) in the integral of
Eq. (3.3.56) with Z in Eq. (3.1.12), may be used to obtain

v, =T f o (VzTV)dIr — I f (V2T V2)(V Tn) dT" (3.3.57)
ron 2 Jr
Since z = 0 on I Vz = (6z/dn)n on I, which yields the simplified result

. T (0z\?
Yy = 5L<5—n> (V) dr (3.3.58)

As noted in Section 3.3.2, the shape design sensitivity in Eq. (3.3.58) is
expressed as a boundary integral, and only normal movements (V' Tn) of the
boundary appear.

TORSION OF AN ELASTIC SHAFT

Constder torsion of the elastic shaft of Fig. 3.1.2. The torsional rigidity in
Eq. (3.1.18) can be considered as a response functional; that is,

Y= ZJLz aQ (3.3.59)

The adjoint equation is, from Eq. (3.3.13),
ag(i, 1) = 2[[ 4dQ forall 1eZ (3.3.60)
Q

Thus, in this special case A = z. Comparing this with the membrane problem,

/g =f <g—2>2(VTn) dar (3.3.61)

As an example that can be calculated analytically, consider the elastic shaft
with circular cross section (Fig. 3.3.1) and radius a as a design parameter.
The Prandtl stress function z for a circular cross section is [57]

2= 4@~ i - xh = 4@ = 1)
Using polar coordinates, the torsional rigidity of Eq. (3.3.59) is

2n pa 4
!/I=f (az—rz)rdrd()=H
o Jo 2

Considering the radius a as a design parameter, the variation of torsional
rigidity with respect to a is

V' = 2na’ da
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Fig. 3.3.1 Circular cross section of an
elastic shaft.
Using polar coordinates, on the boundary T,
n=_[cos@ sin@]"
and
V=[V' V2T = [6rcos § drsin 0]"
Also,
Vz'n = 8z/or = —r

Hence, from Eq. (3.3.61),

= 2na’® da

2n
" a2
W—L (—r)* érrdf

r=a

which is the correct result.

BENDING OF A PLATE

Consider the plate of Section 3.1 with thickness h(x) > hy > 0 and
constant Young’s modulus E. The functional defining weight of the plate is

¥ = f L vh dQ (3.3.62)

where 7y is weight density of the material. Taking variation, using Eq. (3.2.36)
with (yh) = 0,

Y = Lvh(VTn) dr (3.3.63)

Thus, no adjoint variable is necessary and the explicit design derivative of
weight is obtained.
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Consider next the compliance functional for the plate,

Yy = ﬂn fz dQ (3.3.64)

As in Eq. (3.3.52), since f* = 0, Eq. (3.3.64) can be treated as the functional
form of Eq. (3.3.10), so from Eq. (3.3.13), the adjoint equation is

ag(4, 4) = J QfI daQ forall 1eZ (3.3.65)
In this special case, A = z, and from Eq. (3.3.17) with g = fz,
Y5 = f n{215[(z11 + v230) (V2 V)yy + (222 + v21))(VZTV),,
+ 2(1 = v)z,,(V2"V),,] = 2f(Vz"V)} dQ
+ J;{Zfz — D[(z1; + vz35)z1, + (232 + v211)Z25

+2(1 — 22,13V Tn) dT (3.3.66)

The variational identity of Eq. (3.1.23) may be used, identifying (VzTV) in the
domain integral of Eq. (3.3.66) with z in Eq. (3.1.23), to obtain

/e 2f (Vz"V)Nz dI' + Zf i(VzTV)Mz dr
r ron

+f {2fz = D[(zyy + vz32)71y + (222 + vZ11)222
r

+ 2(1 = v)zE, ]}V ) dI (3.3.67)

For the clamped part I < T of the boundary, using boundary conditions of
Eq. (3.1.26), Vz = 0 on I.. Also,

2
%(VZTV)= Y. (Vizyn; + Vizin)

1AM
i,j=1
Since Vz = 0 on I, this becomes
S W) = Z Vigm = & (VT )+ﬁ(VTs) (3.3.68)
on - on ds >

where the second equality of Eq. (3.3.68) can be verified by expanding the last
term of Eq. (3.3.68). Since dz/0n = 0 on I, (0/0s)(0z/dn) = 0 on I, and Eq.
(3.3.68) becomes

0%z

on®

%(VZTV)= VT, xelg (3.3.69)
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Also, since dz/ds = 0 on I, 6°z/8s* = 0 on I, so

[ 0%z 10z 0% . [0%z
M . —_—— —_— = —_— 3.3.
2 D[anz + v(r =4 852>:| D<an2>, xelg (33.70)

where r is the radius of curvature of the boundary I.. Using boundary
conditions of Egs. (3.1.26) and (3.3.67), the sensitivity formula due to a
variation of the clamped boundary I is

NG
A =f D{2<ﬁ) = [(z11 + vza2)ziy + (222 + vzyy)z2
I'c

+2(1 - v)zfzj}(VTn) r (3.3.71)

which is valid for variable thickness h(x). As before, the design sensitivity in
Eq. (3.3.71) is expressed as a boundary integral, and only the normal
movement (V Tn) of the boundary I, appears.

It was shown by Mikhlin [32] that if the boundary conditions of Eq.
(3.1.26) are satisfied, then

Jf (z1; — Z11222) dQ =0
Q

Hence, if the thickness h(x) of the plate is constant, then the variational
equation of Eq. (3.1.29) is simplified to

ag(z, 2) = D j J (V22)(V?2) dQ = Jf f2dQ=1y2) forall zZeZ

Proceeding exactly as before, instead of Eq. (3.3.71), a simplified ex-
pression is obtained:

Yy = fr ﬁ[z(?%)z - (sz)Z](VTn) dr

« 02z\?
=D (F) (VTn) dar (3.3.72)
I'c n

As an analytical example, consider a clamped circular plate with constant
thickness h, radius a, and concentrated load f = p §(x) at the center of the
plate, as shown in Fig. 3.3.2. The displacement of the plate is given as [58]

__P 2 .2 a
z*l6nl§[a r <1+2lnr>]
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)
P

P .

[*)
a

Fig. 3.3.2 Circular plate with concentrated load.
where r* = x2 + x%. From Eq. 3.3.64 the compliance functional of the plate
is
28 2,2
pox)| , a p‘a
= < - 1+ 2n-)1dQ = ~
V2 ﬂn 162D [" A 162D

Considering the radius g of the plate as a design parameter, the variation of
compliance with respect to a is

2
pra
A = == 5
& 8nD ?
Expressing Eq. (3.3.72) in polar coordinates, with (V™n) = ér and
0%z/on* = 0%z/0r? on the boundary of the circle, gives

A 2n azz 2

DJ‘0 (F) orrdf .

— [ L (—am® + 4] 2r v
B 162D nr g

which is the same result.

For other boundary conditions in Eqgs. (3.1.27) and (3.1.28), the sensitivity
formula in Eq. (3.3.67) for compliance is valid because the variational
equation of Eq. (3.1.29) is valid for all Z that satisfy corresponding kinematic
boundary conditions. To obtain a sensitivity formula for variation of the
simply supported part Iy = T of the boundary, from boundary conditions of
Eq. (3.1.27), z = 0 on I} implies dz/ds = 0 on I, so Vz = (¢z/dn)n. Thus,
from Eq. (3.3.67),

oz ~
V3 =f {2<%>NZ — D[(z1; + vz32)z1,
I's

Z}

r=a

+ (222 + vzy)zpe + 2(1 — v)zfzj}(VTn) ar  (3.3.73)
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For the free edge I = T of the boundary, applying boundary conditions of
Eq. (3.1.28) to Eq. (3.3.67),

Y3 =1 {2fz — D[(zy; + v222)z11 + (222 + VZ11)222
I'e

+ 21 — 22,1} (V™) T (3.3.74)

If I'=1I;uI5uTIE, the complete shape design sensitivity formula is
obtained by adding terms from Egs. (3.3.71), (3.3.73), and (3.3.74).
Consider next displacement at a discrete point X, written as

Y3 = ﬂn o(x — %) zdQ (3.3.75)

where X € Qs a fixed point and §(x) is the Dirac measure in the plane, acting
at the origin. Since m = 2 and n = 2, m > n/2. By the Sobolev imbedding
theorem [36], z, € C%Q,). The functional of Eq. (3.3.75) is thus continuous,
and the foregoing theory applies.

Since §(x — %) is defined on a neighborhood of Q by zero extension and %
is fixed, §'(x — %) = 0. Thus, Eq. (3.3.75) can be treated as the functional
form of Eq. (3.3.10), and from Eq. (3.3.13) the adjoint equation is

a4, 7) = ” d(x —%)2dQ  forall 71eZ (3.3.76)
Q

Equation (3.3.76) has a unique solution A®), which is the displacement due
to a unit load at X. With smoothness assumptions, the variational equation
of Eq. (3.3.76) is equivalent to the formal operator equation

[D(Ay; + vA2,)]is + [D(Aaa + vA11)]a2
+2(1 = WDl Ji2 =d8x — %), xeQ (3.3.77)

with 1 satisfying the same boundary conditions as the original structural
response z. From Eq. (3.3.17), with g = o(x — %) z,

v = ff (Bl(z1; + v22)(VADTVYy, + (235 + v JVAOTY),,
£}

+ 2(1 — )z, (VADTV), 5] — fF(VADTY)

+ DIGY + vAED(V"V)yy + (AR + vAD)VZ"V),,

+ 2(1 = WAR(VZTV),,] — 6(x — %)(VZTV)} dQ

+f {fA® = Dl(z1y + v222) A + (222 + vzy1)A%)
I

+ 201 — V)zy, AYTHV 1) dT (3.3.78)
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As in the beam problem [Eq. (3.3.32)], the variational identity of Eq. (3.1.23)
may be used twice to transform the domain integral of Eq. (3.3.78) to a
boundary integral, obtaining

vy = f l:(VA“’TV)Nz + —a%(V,l“’TV) MZJ dr
r
+ f [(VzTV)Nl‘3’ + a—an(VzTV)Ml“’:l dr
r

+f {f1® = Dl(zy; + vz2 )2} + (222 + v211)AY
r

+2(1 — vz, A3}V Th) 4T (3.3.79)

Using boundary conditions of Eq. (3.1.26) and the fact that Eqgs. (3.3.69) and
(3.3.70) hold for A® as well as z, the sensitivity formula due to a variation of
the clamped boundary I is

. 0%z\ [9%4®
8 =f D{2<—z><—> = [(z11 + vz22)AY + (222 + vz41)AS}
I'c

on? J\ on?
+ 201 — v)zlzl‘f’z)]}(VTn) dr (3.3.80)

which is valid for variable thickness h(x). As in the compliance functional, if
the thickness h(x) of the plate is constant, a simplified expression is obtained:

Y, =D (&)(@)(wn) dr (3.3.81)
I'c

on® J\ on?

As an analytical example, consider a clamped circular plate of constant
thickness h, radius g, and linearly increasing axi-symmetric load f = (q/ao)r,
as shown in Fig. 3.3.3, where a, is the present design.

f R
a_
9o

4

a

L—'o

r

Fig. 3.3.3 Circular plate with axisymmetric load.
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The displacement of the plate with radius a is given as [58]

qa 4 2,2 re
=94 (34 _5 -
Za 450Da0( @ 2a)

Taking % as the center of the plate, i1, in Eq. (3.3.75) is

qa’

Vs = 150Da,

Considering the radius a of the plate as a design parameter, the variation of
i3 with respect to a, evaluated at the present design a,, is

r o 6¢3 _ qag
Vs =5, % ree 30D 0%

To use Eq. (3.3.81), the adjoint response of Eq. (3.3.71) must be found,
where the adjoint load is a unit point load at the center of the plate. The
adjoint displacement is for a plate with radius a [58]

1 a
23) g2 = b
A 70 [a r (1 + 2in r)]
Expressing Eq. (3.3.81) in polar coordinates,
L2 3%2\ (0%
1=D — || ~=5— ) orrdf
lll3 J;) <8r2>< arZ ) rr

"
bl 9 (100 + 40 ) | Lo (=an® + 4) |2nr 5
—D[(450)Dao< 10a* + 0a>][16n0 4Inr+ nr or

3
_ 49
= 30p %%

r=ag,a=ag

r=ap,a=ap

which is the correct result.
For other boundary conditions in Egs. (3.3.27) and (3.1.28), proceeding as
in the compliance functional yields

A ~
¥s =f {(—)Nz + <?>Ni‘3’ = Dl(zyy + vz22)4Y
Ts

on n
+ (255 + vz )AY) + 2(1 - v)zlz/lﬁ’]}(VTn) dlC  (3.3.82)

for the variation of a simply supported part I3 = I of the boundary. For the
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variation of a free edge I}: = I of the boundary, from Eq. (3.3.79),
Yi=| {(fA% — D(zy, + v22) + (225 + vz11)AS)
I'e

+ 2(1 — v)z;,437}(VTn) dT (3.3.83)

IfT = I u Iy u T, the complete shape design sensitivity formula can be
obtained by adding terms in Egs. (3.3.80), (3.3.82), and (3.3.83).

As in a beam displacement functional, the sensitivity results in Eq. (3.3.79)
or Egs. (3.3.80)—(3.3.83) for each boundary condition are valid for displace-
ment at a fixed point X. The case in which y; is the displacement at a moving
point X, = X + V(%) in a deformed domain Q, will be considered in Section
3.3.6.

The maximum stress in a thin plate occurs on the surface of the plate and is
given in the form [33]

Eh
o'l = —m(zu + vz3,)
Eh
0'22 = —2—(1——T2)(222 + VZII) (3.384)
Eh
12 _
d 20 + )12

The von Mises failure criterion is [33]

g(o) = [(@"" + 6?%)* + 3(6"* — 6?%)% + 12(¢'%)*]'? — 40, < 0
(3.3.85)

where g, is a given yield stress. Instead of the von Mises failure criterion, for
simplicity assume that the stress ¢!! in Eq. (3.3.84) is taken as a strength
constraint. With this done, the idea can be extended to the von Mises failure
criterion.

As in the case of the beam, since a pointwise stress constraint is not
meaningful, the characteristic function approach of Eq. {3.3.36) may be used.
That is, define a function m,(x) that is positive and constant on a small open
subset Q, such that S—)p < Q, zero outside of Q,,, and its integral is 1. Then, the
average value of ¢! over this small region is

Yy = J:L Gllmp dQ

Eh
B —ﬂn 21 =7 e+ vaadhm, dQ (3.3.86)
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If the average stress on the fixed region Q, is of concern, m, in Eq. (3.3.86)
does not change with 7. It is possible to extend m, to R? by defining it to be
zero outside Q. Then, m, = 0.

Taking the variation of Eq. (3.3.86), using Eqs. (3.2.13) and (3.2.36) and
h = 0, yields

J]‘ 2(1 _ 11 + V(Z )zz]m dQ
f 21 (211 + vzy0)my(VTn) dU
ﬂ 2(1 —— (D + V(@22 — (V2TV)yy — w(VZTV)z0)m, dQ

(3.3.87)

since m, = 0 on I'. As in the general derivation of the adjoint equation of Eq.
(3.3.13), the adjoint equation may be defined by replacing 2 in the first two
terms on the right side of Eq. (3.3.87) by 1 to define a load functional for the
adjoint equation, obtaining

ag(4, 1) = ‘U 2(1 (A“ + viy)m,dQ  forall leZ
(3.3.88)

Note that the adjoint equation of Eq. (3.3.88) is the same as Eq. (2.2.63).
Recalling the norm in H%(Q) of Eq. (2.1.22), it can be shown that the linear
form in Z on the right side of Eq. (3.3.88) is bounded in H*(Q2). Hence, by the
Lax—Milgram theorem [9], Eq. (3.3.88) has a unique solution A¥.

With smoothness assumptions, the variational equation of Eq. (3.3.88) is
equivalent to the formal operator equation

[D(Ayy + vAz2)1i1 + [D(Ags + vig)lz2 + 2(1 = v)[Dig2]s

Eh Eh
_[————2(1 — vz)mp]u - v|j———-2(1 — vz)m‘,:L2 (3.3.89)

with A satisfying the same boundary conditions as the original structural
response z. As in the adjoint equation of Eq. (3.3.40) for the beam problem,
the derivatives on the right side of Eq. (3.3.89) are in the sense of
distributions. Moreover, the distributional derivatives m, and m,,_ (i,j = 1,2)
depend on the equation that represents the boundary Q,. (The reader is
referred to Kecs and Teodorescu [56] for a detailed treatment of the
distributional derivative.) By the same method as in Section 3.1, a variational
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identity for the adjoint system can be obtained from Eq. (3.3.89) as

f j Bllys + vA22) it + (g + vz + 201 = WigaAy] 2

ﬂ 2(1 (’u + viz)m, dQ

=fzmdr +f§fmdr
r ron

+f Eh )] Eh ing, + Eh myvi,h
P20 =) T o = | T g =y

Eh
- [mmp]zvinz} dr  forall Ze HYQ) (3.3.90)

Since z € Z, Eq. (3.3.88) may be evaluated at 4 = Z to obtain

Aol 2) f f 2(1 @+ v@ulmd (339D

Similarly, evaluating the identity of Eq. (3,3.8) atz = A, since both are in Z,
yields
gz, A9) = (D) — dy(z, 24) (3.3.92)

Since the energy bilinear form ag(-, -) is symmetric, Egs. (3.3.87),(3.3.91), and
(3.3.92) yield

Eh
o= 509) = e, 1) + [ STV + TV )dm, 4
T

which can be rewritten, using Eq. (3.3.8), as
wi=| {ﬁ[(zu £z VATV, + (2 + vz (VAOTV ),
Q
+ 2(1 = )21 o(VA®TV)y4]
— f(VAYTY) 4 DIGAE + vASD(VZ"V) + (A5 + vA)(Vz™V),,
+2(1 = »AYVZTV),1]

Eh

+ m[(VZTV)u + v(VzTV)“]mp} a0

+ f (A9 = Bl(zyy + v )il + (232 + vz )i
T

+2(1 = vz APV ) dT (3.3.93)
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As in the beam problem [Eq. (3.3.45)], the variational identities of Egs.
(3.1.23) and (3.3.90) may be used to transform the domain integral of Eq.
(3.3.93) to a boundary integral, obtaining

Vi = f [(VA‘“’TV)NZ + %(VA“‘”V)Mz] dr
r

+J. [(VZTV)N).“"’ + ;(VZTV)MA“"J dar
r

n
Eh Eh
+ J;{z—(l——_—vz)mp(VZTV)lnl - [mmp]l(vaV)nl
Eh Eh
+ 2(1__‘}23mpv(VZTV)2n2 P I:mmp:lz\’(vaV)nz} ar

+ f (F39 — Dl(zyy + vzg)d® + (223 + var)i)
T

+ 2(1 = )z, A8V ) dT (3.3.94)
Since Q, = Q, m, = 0 in a neighborhood of T; and Eq. (3.3.94) becomes

v, = f [(W‘*)TV)NZ + -%(VA“"TV)MZ] dr
r

+ f [(VzTV)NA“) + %(VZTV)MA“‘)] dr
r

+ f (79 = Dz, + vza)d® + (225 + vz1)A8)
r

+ 21 — )z, A4V ) dT (3.3.95)

As in the displacement functional case, the sensitivity formulas due to
variation of clamped, simply supported, and free edges of the boundary are

. 0%z (022
A ﬁf D{z(‘_z> <—> — (211 + vZ22) AP + (222 + vz11)AS)
I'c

on? J\ on?

+ 21 = v)z,,48 }(VTn) dr (3.3.96)

, 0A® AT, 4 )
l,b4 =J‘ an Nz + é; N)., - D[(le + V222)).11 + (222 + vzll))'ZZ
I's

+2(1 - v)z,zi(l“z’]}(VTn) dr (3.3.97)
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and

Yy = {fl“) - ﬁ[(zu + szz)/l(l“l) + (22 + Vzu)/l(z‘tz)
I'e

+ 2(1 = V)2, A4V ) dT° (3.3.98)

respectively. For I' = T U I u I, the complete shape design sensitivity
formula is obtained by adding terms in Egs. (3.3.96)—(3.3.98).

As in the beam problem, the shape design sensitivity results of Egs.
(3.3.95)—(3.3.98) for average stress are valid for the fixed region Q,. The case
in which y, is average stress on the moving region Q, = T(Q,, 1) will be
considered in Section 3.3.6. It has been assumed that Qp < Q, so that the
boundary T, of Q, does not meet the boundary I" of Q. The case in which T,
intersects I" will be considered in Section 3.3.6.

3.3.4 Elasticity Problems

Shape design sensitivity analysis of the linear elasticity and interface
problems of Section 3.1 is carried out in this section using the adjoint
variable method. For plane stress or plane strain problems, the formulas
derived in Section 3.1 remain valid, with limits of summation running from 1
to 2 and an appropriate modification of generalized Hooke’s Law.

LINEAR ELASTICITY

Consider the three-dimensional elasticity problem of Section 3.1, with a
mean stress constraint over a fixed test volume Q,, such that Q, = Q,

v = fﬁng(a(z»m, dQ (3.3.99)

where ¢ denotes the stress tensor, Q, is an open set, and m,, is a characteristic
function that is constant on Q,, zero outside of Q,, and whose integral is 1.
The function g is assumed to be continuously differentiable with respect to its
arguments. Note that g(s(z)) might involve principal stresses, von Mises
failure criterion, or some other material failure criteria. While the integrand
in Eq. (3.3.99) could be written explicitly in terms of the gradient of z, as in
the plate problem of Section 3.3.3, it will be seen that it is more effective to
continue with the present notation.

For boundary perturbation in the elasticity problem, it is supposed that
the boundary I' = T'® U I'! U I'? is varied, except that the curve éI'? that
bounds the loaded surface I"? is fixed, so the velocity field V at "2 is zero.
For the case in which 6I'Z is not fixed, variation of the traction term in Eq.
(3.1.38) (given as an integral over I"?) gives an additional term that was not
discussed in Section 3.2.2. For this case, the interested reader is referred to
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Zolesio [59]. Two kinds of boundary loads may be considered. One is a
conservative load that depends on position but not the shape of the
boundary. The other is a more general nonconservative load that depends
not only on position but also on the shape of the boundary.

Consider first the conservative loading case in which the traction T¢ in Eq.
(3.1.36) depends on position only. Taking the variation of Eq. (3.1.38), using
Egs. (3.2. 13) (3.2.36), and (3.2.51) and the fact that f* = T' = 0,

J:[ z [6(z")e(Z) + a%(2)e(Z) dQ +ff [ i a""(z)a"j(f)](VTn) dar
rlii=1

Qij=1

2] ff. [ Erefrmer

J];z |:.Z Tz ':Idl" + J];Z Z [V(Tz)™n + H(T'z)](V "n) dT

forall zeZ (3.3.100)
Using Eqs. (3.2.8) and (3.3.5), Eq. (3.3.100) can be rewritten as

agl2,2) = J:UQ [i,él aij(z')eif(f)] aQ

=ﬂf i [6¥%(2)e(VZ"V) + o¥(VzTV)e¥(2)] dQ
Q

i,j=1

L[ el 5 o
* ﬂ;l uT? |:i=il fiz_i:'(VTn) @

+ f i (= T{VZ"V) + [V(T'%)"n + H(T'Z)]J(Vn)} dT

r2i=1
forall zeZ (3.3.101)

As in Eq. (3.3.8), Eq. (3.3.101) is a variational equation for Zz € Z. That is,
2 e [HY(Q)]?, and ? satisfies kinematic boundary conditions.

Taking the variation of the functional of Eq. (3.3.99), using material
derivative formulas of Eqgs. (3.2.8) and (3.2.36) and m,, = 0,

v=[I. [i g¢u<z)a"f(z')]m,, 4@ + [[ gtotem, ) ar

=ﬂ i 9ol 2)[6Y(2) — 6¥(VZ"V)]Im, dQ (3.3.102)

Qi j=1
because m, = Oon I
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As in the general derivation of Eq. (3.3.13), the material derivative of state
Z € Z may be replaced by a virtual displacement 7 in the first term on the
right side of Eq. (3.3.102), to define a load functional for the adjoint equation,
as in Eq. (3.3.13), obtaining

ag(4, 1) = f J j I; i gau(z)a"j(l)]mp aQ forall 7eZ
QLi,j=1
(3.3.103)

The linear form in 7 on the right side of Eq. (3.3.103) is bounded in [H{Q)]>.
By the Lax—Milgram theorem [9], Eq. (3.3.103) has a unique solution for a
displacement field A, with the right side of Eq. (3.3.103) defining the load
functional.

With smoothness assumptions, Eq. (3.3.103) is equivalent to the formal
operator equation

3 3
- Y ajH=-3 ( Y o z)C"'”m) i=123 xeQ
J

ji=1 J=1\kiI=1
(3.3.104)
with boundary conditions
=0, i=123 xeI® (3.3.105)

3
Y, 6(n; =0, i=123, xeltuTI? (3.3.106)
j=1

As in the adjoint equation of Eq. (3.3.89) for the plate problem, the derivative

on the right side of Eq. (3.3.104) is in the sense of distributions. The

distributional derivatives m,, (j = 1,2,3) depend on the equation that

represents the boundary of Q, [56]. By the same method used in Section 3.1,

a variational identity can be obtained for the adjoint system from Eq.

(3.3.104). That is, by multiplying Eq. (3.3.104) by £ € [HYQ)]? and integrat-

ing by parts,

J]L [iél aif(l)/ﬁ':l aQ — JJ; [i,jzi:l Jij(l)njzi:l T
.Ug l: 23: i(2) CFm ],IJ' do
Lj=1 L=

J [ Z gakl Z)C“Um :ln Il dr
rij=1_Lk,i=1
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Since 6"(1) = ¢#(1) and C*¥ = C*i the above equation becomes, using Egs.
(3.1.32) and (3.1.33) for 1, a variational identity,

ﬂfn[, Rl )] dQ - ﬂL[Z grA2)" I)Jm dQ

j=1

ﬂ[ a(i)n; 1*] dr — f [ gk,<z)ck"fmp]1‘n,- dr
rLi,j=1 rij=1 kl 1

forall 1e[HYQ)®  (3.3.107)

Note that by imposing the boundary conditions of Egs. (3.3.105) and
(3.3.106) and using the fact that m, = 0 on T the variational equation of Eq.
(3.3.103) is obtained.

Since 2 € Z, Eq. (3.3.103) may be evaluated at A = Z to obtain

o), 2) = f f L [ ]Zlg,,.j(z)a” z)]m dQ (3.3.108)

Similarly, since Z € Z and A € Z, Eq. (3.3.101) may be evaluated at z = A to
obtain

an(z, 1) = J J i [6'U(2)eH(VATV) + ¢"(VZTV)eH(2)] dQ

Qi j=1

jﬂn [ 2/ (V’VTV)] 40 - ﬂr Lél a"f(z)a"f(ll)] (V'Tn) dT
[, S ow]emar

3
+f S {=T{VA™V) + [V(T)n + H(T')](V Tn)} dT
ri=t
(3.3.109)

By the Betti’s reciprocal theorem [34],

ag(z, %) = f f L [.-,,-21 a‘f(z)s‘f(i)} dQ

J]'J. l i ij(z)gij(z) ’ aQ = (I_Q(E, Z) for all z, zZe [ 1( )]3
Qlij=1 H S!
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Thus, ag(2, 1) = ag(4, 2), and Eqgs. (3.3.102), (3.3.108), and (3.3.109) yield

3
Y= f f Y [692)e(VATY) + 6¥(D)e¥(V2TV)] dQ

Qij=1

J]L':Z S l(V”TV)] dQ — ff 23: [9,1(2)a(VZ2TV)]m,, dQ

Qij=1

- [ y 'f(z)a"(z)](vw ar+ff [Z f.-l.-](VTn) ir

3
+ f Y {=T{VA"V) + [V(T'A)"n + H(T'A)}(VTn)} dT
rzi=1

(3.3.111)
As before, the variational identities of Eqs. (3.1.37) and (3.3.107) may be
used to transform the domain integrals of Eq. (3.3.111) to boundary integrals
by identifying Z in Eq. (3.1.37) and / in Eq. (3.3.107) with (VATV) and (Vz"V)

in Eq. (3.3.111), respectively, obtaining

3
y' = ﬂr [ Zl aif(z)nj(V,l"TV)] dr
H{ ai(Dny(VzV) — Z [ i 9o kz(z)Ck’ijmp]nj(VziTV)} dr’
r (,j=1 i,j=1LkiI=1

[l [§refpan

+f i {=T{VA™V) + [V(T'A)Tn + H(T'2)](V Tn)} dT
rzi
(3.3.112)

Since Q, = Q, m, = 0 on I. Using boundary conditions of Egs. (3.1.36) and
(3.3.106), Eq. (3.3.112) becomes

¢'=,U Z L% (VA"V) + 6¥(A)n(VZ"V)] dT
o

e ;
—J:[ [ Y a'j(z)a""(i):l(VTn) dr +J] [Z f‘}l‘](VTn) dar
rLij=1 rnror2f|i=1
f Z [V(T'2)Tn + H(TY](VTn) dT (3.3.113)
2

On I'% z = A = 0 implies Vz' = (Vz"'n)n and VA = (VA" n)n. Hence, Eq.
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(3.3.113) becomes

Y = f Z [6%(2)n (VA" n) + a(A)n(Vz"n)](V "n) dT
1o ;

[ 3 t]wmars [ [3 rofomar
J];—: Y [V(T'A)™n + H(T'A)](V ™) dT (3.3.114)

which is the des1red result.

As in the plate problem, the stress sensitivity result of Eq. (3.3.114) for
average stress is valid for a fixed region Q,, with Q, = Q. The case in which
is average stress on the moving region Q, = T(Q,, ) will be considered in
Section 3.3.6. The case in which a part of I, intersects I" will also be
considered there.

Next, consider the more general nonconservative loading case. For
example, in pressure loading traction is given as

Tix) = —p(¥)nfx), xeI? (3.3.115)

Substituting T* into Eq. (3.1.38) and taking the variation of both sides, using
Egs. (3.2. 13) (3.2.36), and (3.2.56) and the fact p' = 0 and /¥ = 0,

[, 3 weria) + atenda + [ [i;lov(z)sff(z)](wn) ar

Qij=1

i el [ o
- ﬂrz Lil P "i?’] dr’ — ﬂrz [div(p2)](V'n) dT (3.3.116)

Comparing Eq. (3.3.116) with Eq. (3.3.100), with the same adjoint equation
of Eq. (3.3.103), Eq. (3.3.114) yields

Y’ =f i [o¥(z)n, (VAT n) + a(A)n(Vz""n)](V "n) dT
o

i,j=1 . .

- ff [ Y aij(z)aij(i)](VTn) dr + J] [Z f W](VTn) dr
rLij=1 rnourzli=1

- f [div(pA)](V"n) dT° (3.3.117)
r2

which is the desired result. As in the conservative loading case, the stress
sensitivity result of Eq. (3.3.117) is valid for a fixed region Q, such that
Q, Q.
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INTERFACE PROBLEM OF LINEAR ELASTICITY

Consider the interface problem of linear elasticity of Section 3.1. Let
F=T°uTI'uTI? be fixed and the interface boundary y be varied.
Extension to the case in which I' is varying can be done easily. The mean
stress over a fixed test volume Q,, such that Q, = Q', is

Y= wﬂ g(o(z*)m, dQ (3.3.118)

where m,(x) is a characteristic function that is positive on Q,, zero outside
Q,, and has integral equal to 1. Similarly, for the case Q, = Q?, since the idea
is exactly the same, derivation will be carried out only for Eq. (3.3.118).

Taking the variation of Eq. (3.1.52), using Eqgs. (3.2.13), (3.2.36), and
(3.2.5) and the fact thatV = QonTand f¥ = T = (,

Jﬂm Y [6%(z*)e(z%) + o¥(z*)el(z*)] dQ

i,j=1

_ f f L ) aij(z*)ﬁij(f*)](VT”) dr

J:[ N Z [aij(z**’)sij(é**) + oij(z**)aij(i**')] dQ

iL,j=1

+ J:f l; Zl o.ij(z**)eij(z**)J(VTn) dr
J]L l;z [z ] aQ + ﬂ;z I:IZ T'_‘] dar forall zeZ

(3.3.119)

where Z is given in Eq. (3.1.53). From Eq.(3.3.5), 2 = ' + Vz"V = 0. Hence,
=12 =0onI,since V = 0 on I’ Thus, Eq. (3.3.119) can be rewritten, using
Eq. (3.2.8), as

3 3
ag(z, 2) = Jff [ y aij(é*)sij(i*):l aQ + Jff [ Y aij(z'**)gij(z"**):l aQ
Qi j=1 Q2] i,j=1
3
= J.f . Z [o¥i(z*)e(Vz*TV) + ¢¥(VZ*TV)eU(z%)] dQ

f f S [ HVETY) + gV ]
02

i,j=1

ﬂL [,Z fi V"TV)] dQ + ﬂ; i,él [oU(z%)eli(z%)

oU(z* ¥ (VT dIT forall zeZ (3.3.120)
As in Eq. (3.3.8), Eq. (3.3.120) is a variational equation for z € Z.
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Taking the variation of the functional of Eq. (3.3.118), using material
derivative formulas of Eqgs. (3.2.8) and (3.2.36) and m;, = 0,

v=|| L- [z g,u(z*)a"f(z*')] myde - | f 9(o(z)m,(V Tn) dT

3
B J] Y, G.ilz¥)[c(z*) — ¢¥(VZ*TV)]m, dQ (3.3.121)
Qtij=1

since m,(x) = O on y.

As in the general derivation of Eq. (3.3.13), by replacing the material
derivative 2 of state in the first term on the right side of Eq. (3.3.121) by a
virtual displacement 1, to define a load functional for the adjoint equation,

a4, 2) = ‘”‘j [ 23: gdij(z*)a‘j(l*)]mp dQ forall leZ
Ql

i,j=1
(3.3.122)

As in the linear elasticity case, it may be shown that the linear form in 1 on
the right side of Eq. (3.3.122) is bounded in [H}(Q")]3 x [H(Q?)]°. Hence, by
the Lax—Milgram theorem [9], Eq. (3.3.122) has a unique solution 4.

With smoothness assumptions, as in the linear elasticity problem, it can be
shown that Eq. (3.3.122) is equivalent to the formal operator equation

3
S =3 (5 guonm), i=123 xeq
= i

ji=1 \ki=1
(3.3.123)
3 s
- Y dii**) =0, =123 xeQ? (3.3.124)
with boundary conditions
AF¥ = (), i=123, xeI?® (3.3.125)

3
Y o =0, i=123 xel'ul? (3.3.126)
Jj=1

and interface conditions

JH = gakl i=123, XEY (3.3.127)
3 3
Y ¢WA¥)n; = Y o¥(a**)n;, i=1273, xey (3.3.128)
i=1 i=1

where A* = 1| and A** = A|q..
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The derivative on the right side of Eq. (3.3.123) is, as in the linear elasticity
case, in the sense of distributions. As before, variational identities can be
obtained by multiplying both sides of Egs. (3.3.123) and (3.3.124) by
arbitrary displacement vectors 1* ¢ [H'(Q!)]® and i** e [H(Q?)]3 re-
spectively, and integrating by parts, to obtain

L e [ o]
[ ]
y Lij= 1

f I: Y Goa(z*)C*im ]n A dT
y i,j=1

ki=1
forall i* e [H'QY]?  (3.3.129)

3 3
ﬂf [ Z oij(/l**)sij(}{**)] aQ = f f [ Z aiju**)nj Z**i:l dr
Q2 ij=1 yuT Lij=1
forall I**e[HYQY)]®  (3.3.130)

Imposing boundary and interface conditions of Egs. (3.3.125)-(3.3.128),
using the fact that m, = 0 on y, and adding Eqs. (3.3.129) and (3.3.130), yields
the variational equation of Eq. (3.3.122).

Since z € Z, Eq. (3.3.122) may be evaluated at 1 = 7 to obtain

ag(4, 2) = J]L;[ 23: g,,fj(z*)aij(é*)Jmp dQ (3.3.131)

ij=1
Similarly, since Z and 4 are in Z, Eq. (3.3.120) may be evaluated at Z = 4 to
obtain an expression for ag(Z, 1), which is equal to ag(4, 2) in Eq. (3.3.131),
due to symmetry of the bilinear form ag(-, -). Hence, from Egs. (3.3.120),
(3.3.121), and (3 3.131),

Y = J] Z [a¥(z*¥)i(VA*TV) + ¢¥(A*)e¥(Vz*TV)] dQ
Qt

111

J‘J\ 2 Lo (z**)i(Vi**TV) + GY(2**)e¥(Vz**TV)] dQ
Q2

J]] [:Z fl(V;L'TV):l aQ — J:[ i [gqij(Z*)O'ij(VZ*TV)]mp 40
o atij=1
+_f __Z [o¥(z*)i(A%) — a¥(z**)ed(A**)1(V Tn) dT (3.3.132)

The variational identities of Eqgs. (3.1.50), (3.1.51), (3.3.129), and (3.3.130)
can be used to transform the domain integrals in Eq. (3.3.132) to boundary
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integrals by identifying 7* and A** of Egs. (3.1.50) and (3.1.51) with (VA*T))
and (VA**TV), respectively, and 1* and 1** of Egs. (3.3.129) and (3.3.130)
with (Vz*TV) and (Vz**TV), respectively, obtaining

3
v == T [oHm@ ) + Hanm @y dr

y i,j=1

+f Y. Lo )n(VA**"V) + YA n(V2*V)] dT

yuTlij=1
3 3 .
+ J Z |: Z go‘"’(Z*)C*klljmp]nj(vz*iTV) dF
vy L,j=11lkl=1

3
+.[ 2 [o¥E)e (%) — o)1V dE - (3.3.133)

On 1y, interface conditions of Eqs. (3.1.48) and (3.3.127) imply
(Vz** — V2*)TV = (Vz** — Vz*)Tp(V Tn), )
(VA** — VAHTY = (Vix* — V}L*")Tn(VTn),} =123
because the directional derivatives of z**' and z*' along the tangent to y are

the same for i = 1, 2, 3. The same is true for A** and A*', Hence, Eq. (3.3.133)
becomes, using ¥V = 0on I'and m, = O on y,

3
'V =f Z [aij(z*)nj(V;t**i _ Vl*i)Tn + o"'j(;t*)nj(Vz**i _ VZ*i)Tn
Y i,j=1

+ a¥(z*)e¥(3*) — a¥(z**)eY(A**)](V Tn) dT (3.3.134)
which is the desired sensitivity formula due to the variation of interface
boundary y. If the boundary I is varied, then the results of Egs. (3.3.114) or
(3.3.117), can be added to Eq. (3.3.134), depending on the loading case, by
replacing z and A with z** and A**.

As before, the stress sensitivity result of Eq. (3.3.134) is valid for a fixed
region Q,, such that Q, = Q. The case in which y is defined on a deformed
domain Q, as the average stress on the moving region Q, = T(Q,, 1) will be
considered in Section 3.3.6. The case in which a part of T, intersects y will
also be considered there.

3.3.6 Parameterization of Boundaries

As in Chapter 2, before proceeding from analytical design sensitivity
formulas to numerical implementation, it is helpful to consider numerical
aspects of computations. It is important to define an effective para-
meterization of the boundary for use in shape design sensitivity analysis.
Presume that points on the boundary T are specified by a position vector
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x(ot; b) € R™ (n = 2, 3) from the origin of the coordinate system to point x on
the boundary, as shown in Fig. 3.3.4. Here, « € R" (n = 2, 3) is a parameter
vector that defines points on T.

When the vector b = [b; b, -+ b,]T of design parameters has been
defined, shape design sensitivity formulas can be expressed in terms of a
variation éb. To do this, first denote

b.=b+16b (3.3.135)
where b defines the boundary I' of Q and b, defines the boundary I of the
deformed domain .. The velocity field at the boundary is defined as [Eq.
(3.2.2)]

Vix) = %[x(a;b,)] = Z—;(a;b) éb (3.3.136)

=0

Then the shape design sensitivity formula can be expressed as

v = f fr G(z, )V Tn) dT"

=[ f f G(z, )n" a—x(oc;b) dr] sb (3.3.137)
- b

where the variation 8b can be taken outside the integral since it is constant.
This expression gives design sensitivity coefficients of i associated with
variations in design parameters. Hence, only numerical calculation of the
integral in Eq. (3.3.137) is required, once the state and adjoint variables have
been determined.

A piecewise-linear boundary represents the simplest example of boundary
parameterization. There are two principle disadvantages to this boundary

X3 n
r
X

X {a;b)

Fig. 3.3.4 Parametric definition of I
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representation. One is that for manufacturing, piecewise-linear segments are
not practical. Instead, parameterized curves may be desired. The second
problem is inaccuracy of finite element analysis, as predicted by the so called
Babuska paradox [5, 60-64].

The Babuska paradox states that when a straight-line element is used to
approximate a curved boundary, the solution for displacements, strains, and
stresses normal to the boundary may not be accurate. Strang and Fix [5]
clearly showed that a “boundary layer effect” exists in such cases and that
solutions in the direction normal to the boundary will almost always
converge to the wrong answer. On the other hand, to numerically calculate
shape design sensitivity results of Eq. (3.3.137), stresses, strains, and/or
normal derivatives of state variables and adjoint variables must be used on
the boundary. Accurate evaluation of this information on the boundary is
crucial for calculation of accurate shape design sensitivity information.
Krauthammer [64] showed that when isoparametric elements are used, even
a simple clement configuration will yield results that may be of acceptable
accuracy. Boundary stresses and strains can be calculated by linearly
extrapolating values at optimal Gauss points to the boundary, to obtain
accurate values on the boundary [65, 66].

3.3.6 Shape Design Sensitivity Analysis
of Displacement and Stress

In Section 3.3.3, analytical shape design sensitivity formulas for the
functional that defines displacement at an isolated fixed point % € Q was
derived for beams and plates. For the purpose of shape design sensitivity
analysis of this displacement functional, it was assumed that the point does
not move, that is, the displacement functional on the deformed domain Q, is
the value of the displacement at the same point X.

For numerical implementation of shape design sensitivity analysis, the
finite element method can be employed as a computational tool. Nodal
points are the natural choice for evaluation of displacement. If the shape
(geometry) of domain Q is perturbed, then the finite element grid will be
perturbed and nodal points will move. For this case, a new design sensitivity
formula must be derived.

Shape design sensitivity of the mean stress functional over a fixed small test
region Q,, where Qp c Q, was considered in Sections 3.3.3 and 3.3.4 for
beam, plate, and elasticity problems. To define the mean stress functional, it
was assumed that the functional value on the deformed domain €, is the
mean stress value at the same region Q, and the boundary T, of Q, does not
intersect the boundary I of the domain Q. As in the displacement case, when
the finite element method is used for analysis, finite elements are a natural
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choice for Q,. Then Q, will move as the finite element grid moves, due to
domain perturbation, and the boundary I, of Q, may meet the boundary T’
of Q. For this case, new design sensitivity formulas must be derived.

DISPLACEMENT FUNCTIONAL

Consider the displacement functional
Y = z2(%) = H d(x — %)z dQ (3.3.138)
Q

where point x is moving to X, = X + tV(%). By taking the material derivative
of Eq. (3.3.138),

¥ =28 + V2TV = ﬂ S(x — R dQ + Vz(H)TV(R)
(3.3.139)

Note that the first term on the right side of Eq. (3.3.139) is the one used in
Section 3.3.3 to derive Eq. (3.3.32) for the beam and Eq. (3.3.79) for the plate.
Thus, if point X is considered to be moving, the second term on the right side
of Eq. (3.3.139) can be added to Egs. (3.3.32) and (3.3.79). This additional
term represents the contribution from movement of %. Thus, even though the
shape of the physical domain is not changing, if point X is moved, a
contribution from the new additional term appears.

To illustrate the use of Eq. (3.3.139), consider the clamped beam studied in
Section 3.3.3, with a displacement functional. Considering beam length 7 as a
design variable, V(0) = 0 and V(1) = 1. In the domain, it is possible to select
V(x) = x I/l (0 < x <1); that is, points on the beam move to the right
proportionally. If design sensitivity of the displacement of point £ = /4 is
desired, since £ moves to %, = % + V(&) = (I + 1 81)/4, from Eq. (3.3.138)
and z(x) = (fo/24Eah3)[x*(1 — x)?1,

Yir) = z(%,) = 5 4£ ‘;hz [%31 + 1 61 — %)*] (3.3.140)
0

Taking the variation of the displacement functional of Eq. (3.3.140) with
respect to t and evaluating the result at t = 0,

’ _ 3f073 -
V= 512Eah? ol

The adjoint load, from Eq. (3.3.29), is a unit point load at X = /4. The
adjoint variable is thus obtained as

1 7 * 3 3.2
i(x)—m[64<x—z> —54x +27li
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Using these results, from Eq. (3.3.33) for a clamped beam and Eq. (3.3.139),

Y = Eah3z, A, Vi+ 2V(X) = Yol? ol
* HOV) = 510 b

which is the same result obtained before.

From this example it is clear that if different velocity fields are used in the
domain, each with V(0) = 0 and V(]) = 8], different sensitivity results will be
obtained, since the second term on the right side of Eq. (3.3.139) depends on
the velocity V(x). This is different from compliance and eigenvalue functionals
that depend only on V(0) = 0 and V(J) = §l.

This additional fictitious perturbation of design (velocity field in the
domain) can be eliminated if a local maximum displacement functional is
considered. If a local maximum of displacement occurs at the interior point
x, then Vz(x) = 0 in Eq. (3.3.139), and the sensitivity result of Eq. (3.3.139)
does not depend on the velocity V(x). On the other hand, if a local maximum
occurs at the boundary point X, then Vz(Xx) may not be equal to zero.
However, in this case, the velocity V(X) of point X is included in the velocity of
the boundary.

STRESS FUNCTIONAL

The mean stress functional over a small test region Q, is

Y = fﬂn g(a(z))m, dQ (3.3.141)

where m, is a characteristic function that has the constant value
m, = ({ffa, d2)~" on Q, and is zero outside Q.
Consider first the case in which Q, moves. From Eq. (3.3.141),

J— m%}—?;f%?iﬂ (3.3.142)

Taking the material derivative of Eq. (3.3.142), using Eq. (3.2.36),

[(Wn o(2) dQ +ﬂ o)V ™) dF) I R
fﬂﬂ a(z)dQﬂrp V) dr]/(ﬂfn dQ>

= ﬂ:f g'(c(2))m,dQ + m, f [9(c(z)) — Y]V m)dl'  (3.3.143)
Q Ip
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Note that the first term on the right side of Eq. (3.3.143) is the one used in
Eqgs. (3.3.38), (3.3.87), (3.3.102), and (3.3.121) for beam, plate, linear elasticity,
and interface problems, respectively. If the region €, is considered to be
moving, the second term on the right side of Eq. (3.3.143) may be added to
the results of Eqs. (3.3.45), (3.3.94), (3.3.112), and (3.3.133) for each problem.
This additional term is the contribution due to movement of Q,. Thus,
movement of Q,, even without a change in the shape of the domain, will give
a nonzero sensitivity term. The effect of the additional term due to a fictitious
perturbation of design can be eliminated if Q, is a sufficiently small region
that contains an interior point X where the stress function g(a(z)) has a local
maximum. That is, if x € Q, and Q,, < Q, then the second term on the right
side of Eq. (3.3.143) can be ignored since the value of g(a(z)) is very close to
on I,. On the other hand, if a local maximum of g(a(z)) occurs at a point on
the boundary I I, will intersect I as shown schematically in Fig. 3.3.4, and
the design sensitivity result of Eq. (3.3.143) will be expressed in terms of
normal velocity (Vn) of boundaries I, and I

r' s h=TInh

<>
FZ

Fig. 3.3.5 Intersection of T, and I

For the case in which a part of I, intersects I" (Fig. 3.3.5), m,, = 0 cannot be
permitted on I',; specifically, on T’p =I'nT, in Egs. (3.345), (3.3.94),
(3.3.112}, and (3.3.133). Instead, m, = 7, must be used on f"p, and distri-
butional derivatives m,, (i = 1,2} arise on 1~“p < I. Moreover, even though
kinematic boundary conditions for the adjoint response 4 in this case are the
same as in the case Q, = Q, traction boundary conditions will be different on
1:"1,, since m, = i, and distributional derivatives m,, (i = 1,2) must be used on
I, in the variational identities for the adjoint system given in Eqgs. (3.3.41),
(3.3.90), (3.3.107), (3.3.129), and (3.3.130). A procedure for deriving shape
design sensitivity formulas in this case will be considered for each problem.

BEAM

Consider the stress functional of Eq. (3.3.37), where x, = q?Aand xp =1
(0 < a < 1). That is, average stress is taken on the interval (al, [) shown in
Fig. (3.3.6). The variation of y;, can be obtained by adding the second term
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| ]— X
01 A A

XQ=GQ Xb=2

Fig. 33.6 Beam with x, = I.

on the right side of Eq. (3.3.143) to the result of Eq. (3.3.45), dropping the
superscript notation for A, to obtain

i
:t = [Eahzzxx(ixV)x - (Eahzzxx)x(le)]’
0

i

+ [Edh 2 Axx(zx V)x - (Eahzlxx)x(zx V)]

0
i i

+ [(ﬂhl/zEmp)x(sz) - Bhl/zEmp(ZxV)x:] + [f’1 - Eahzzxx;txx]V
0 0]

i

+ mp[ﬂhllezxx - ¢4]V (33144)

al

where 4 is the solution of Eq. (3.3.39), with m, being the characteristic
function on (al, 1).

From the variational identity of the adjoint system of Eq. (3.3.41), with
smoothness assumptions, a boundary-value problem equivalent to the
variational equation of Eq. (3.3.39) may be obtained as

(Eah?A.)ex = (BhY2Em,).,,  x€(0,]) (3.3.145)
with boundary conditions
M) =20 =ixl)=10D=0 (3.3.146)

for a clamped beam,
A0) = A(0) = 4D =0
(Eah?2,,)(1) = ,(Bh"2E)()
for a simply supported beam, and
M0y =20 =0
(Eah?A)() = m(Bh*2E)() (3.3.148)
(k1) = (Bh2Em,) (D

for a cantilevered beam. Note that with these boundary conditions, the
variational identity of Eq. (3.3.41) becomes the variational equation of Eq.

(3.3.147)
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(3.3.39) for each beam problem. Also note that the traction boundary
conditions of Egs. (3.3.147) and (3.3.148) are different from the case
[X,, x,] < (0,7).

For a clamped beam, using boundary conditions of Eq. (2.1.1) for z and
Eq. (3.3.146) for 1, Eq. (3.3.144) becomes
] 1

Wi = Eah’z A, V| — BhY2Em z, .V (3.3.149)

0
For a simply supported beam, applying boundary conditions of Eq. (2.1.16)
for z and Eq. (3.3.147) for 4, Eq. (3.3.144) becomes

A

x=al al

Vi = [(Bh'*Emy), — (Eah®*2. )2,V |  + Eah*Apez,V

x=1

x=0
i
(3.3.150)

— Eah’z,,, A.V| — Bh'2Em,z,.V

— WUV

i
0 x=al al

For a cantilevered beam, using boundary conditions of Eq. (2.1.17) for z and
Eq. (3.3.148) for 4, Eq. (3.3.144) becomes

i

Vi = —Eah®z AV — Bh'2Emi,z,. .V

x=1

- m,,%v' 1
x=al a
(3.3.151)

Comparing Eqgs. (3.3.47)—(3.3.49) with Egs. (3.3.149)—(3.3.151), respectively,
additional terms arising in Egs. (3.3.149)—(3.3.151) can be identified.

To illustrate the use of these results, consider the clamped beam studied
earlier in this section. As in the displacement case, consider beam length 1 as a
design variable, with V(0) = 0 and V(]) = 1. In the domain, it is possible to
select V(x) = x 81/1(0 < x < 1). Since ] and al move to | + t &l and a(l + 7 1)
respectively, m, = 1/[(1 — a)! + t5])], and from Eq. (3.3.37) and
2(x) = (fo/24Eah3)[x*( — x)*],

+ [V
0

x=

T+t

Valt) = j BHYEz, m, dx

(4]
_ Bfo
12ah3?(1 — a)(! + 1 6])

i+ 1ol
xf [0 + 8l — x)(0 + 7 8] — 5x) + x*] dx
a(l+1 80)
(3.3.152)
Taking the variation of the functional i, with respect to T and evaluating at
=0,

. Bfeaa = 1)
¢4 = W‘—él
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For a uniform load f; and uniform cross section h,, from Eq. (3.3.145)
the adjoint load is a point moment at x =al with magnitude
M, = Bh¥*E/[(1 — a)l] (Fig. 3.3.7). Hence, the adjoint response is [58]

B 1 2
Mx)= —F55| ——=<{x = —=x3 —
i ) TR A b 2
Using these results, from Eq. (3.3.149),

. Bfeal2a — 1)1

Vs = R ol
which is the same result obtained before. As in the displacement case, it is
clear that if different velocity fields are used in the domain, each with V(0) = 0

and V(I) = §l, different sensitivity results will be obtained, since the second
and third terms on the right side of Eq. (3.3.149) depend on the velocity V(al).

Mo

I\/
= N
‘x Xa=ol Xyl

Fig. 3.3.7 Adjoint load for beam.

LINEAR ELASTICITY

Consider the stress functional of Eq. (3.3.99), where T, intersects I} as
shown in Fig. 3.3.5, and Q, moves as the domain Q is perturbed. In this
section, only the conservative loading case will be considered. Once the
conservative loading case is done, it can easily be extended to the noncon-
servative loading case. The variation of  in Eq. (3.3.99) can be obtained by
adding the second term on the right side of Eq. (3.3.143) to the result of Eq.
(3.3.112) to obtain

Y = f fr [ o ,(V/I'TV)J dr

3 3
+ f f { Y diMnvV) - ¥ [ Y g,,m(z)C""'jmp:!nj(Vz"TV)} dr
T {i,j=1

ij=1Lkl=1

- ﬂr [ ,i, o"f(z)s"f(z)] vmar - | L . [i; f‘,if:| (V™n) dT

f Z{ T(VATV) + [V(T'A)n + H(T'A)](VTn)} dT
rz

+ 7, f [4(o(2)) — ¥](V™n) dT" (3.3.153)
Tp

where A is the solution of Eq. (3.3.103).
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Two cases may now be considered. In the first case, the boundary T,
intersects I'' U T'?, as shown in Fig. 3.3.5. In the second case, T, intersects
1-‘0

Consider the first case in which I, intersects I'" U I'2. From the var-
iational identity of the adjoint system of Eq. (3.3.107), with smoothness
assumptions, it can be shown that the variational adjoint equation of Eq.
(3.3.103) is equivalent to the formal operator equation

3 3 3
-2 ) =— Z(Z gmz)C"’”m> i=123 xel
i=1 /

Jj=1\kI=1

(3.3.154)
with boundary conditions
=0, i=123 xeI°
3 as ~
Y o =0, i=123 xeT ul?)x¢l,
j=1
3 3 3
Y ¥(An; = Y < Y g m(z)C""’mp>n , i=123
ji=1 J=1 \k,i=1
xel,=,nul? (3.3.155)

Note that the traction boundary conditions of Eq. (3.3.155) are different from
those of Eq. (3.3.106) on the boundary I~'I,. Using boundary conditions of Eq.
(3.1.35) and (3.1.36) for z and Eq. (3.3.155) for 4 in Eq. (3.3.153) yields

Y’ =f Z [6¥(z)n (VA" n) + a¥(2)n(Vz" n)](V Tn) dT
Jro

i,j=1

J];_ |:” ) a¥(z) "(l):'(VTn) dar + J‘J’rl - |:, , f‘i':|(VTn) dr

+f Z V(T 2)™n + H(T'A)](V "n) dT

rz i=1
f lg(a(z)) — ¥J(V™n) dl (3.3.156)

which is the desired result.

Next, consider the case in which I}, intersects I'°. From Eq. (3.3.107), it can
be shown that the variational adjoint equation of Eq. (3.3.103) is equivalent
to the formal operator equation of Eq. (3.3.154), but with following boundary
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conditions:

A=0, i=123 xeI®

3 (3.3.157)
Y. a¥(A)n; =0, i=123 xel'uTl?
i

Using boundary conditions of Egs. (3.1.35) and (3.1.36) for z and Eq.
(3.3.157) for Ain Eq. (3.3.153),

3
Y = J Y [6(z)n(VA"n) + a¥(A)n(Vz""n)](V Tn) dT

Ioij=1

_ J L [}il a"f(z)e"fu)](wn) ar + ﬂr . Lil f"A“](VTn) dr

3
+f Y, [W(TA)™n + H(T'2)](V™n) dT
r2

i=1

—f i ( i gukl(z)Ck'ijmp>nj(VziTn)(VTn) dr
fp ij=1

k=1
47, || totote) - 30y ar (3.3.158)
rP
which is the desired result.

INTERFACE PROBLEM OF LINEAR ELASTICITY

Consider the stress functional of Eq. (3.3.118), where I, intersects y (Fig.
3.3.8) and Q, moves as the domain Q' is perturbed. The variation of i in Eq.

=7,
Fig. 3.3.8 Intersection of [, and 7.
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(3.3.118) can be obtained by adding the second term on the right side of Eq.
(3.3.143) to the result of Eq. (3.3.133):

v=-| > [ mVAY) + MtV V)] dr

y i,j=1

3
+ f Y [o¥z**n(VA**TV) + gUa**)n(Vz**"V)] dT

yul i,j=1

3
*) (k] (V2*iT
+ﬂ;[ Y ggu(z*)C mp]nJ(Vz V)dr

k=1

3
+ f Y [o%iz*)el(d%) — a(z*Mei(A**)1(V ") dT

yi,j=1
+ WPJ:[ [g(a(z*) — Y1V Tn) dT (3.3.159)
Ip

From the variational identities of the adjoint system of Egs. (3.3.129) and
(3.3.130), with smoothness assumptions, the variational adjoint equation of
Eq. (3.3.122) is equivalent to the formal operator equation

3 3 3
-2 N =-3 < ) g,k,(z*)c*“‘”'m,,), i=123 xeQ
i=1 j=1\klI=1 j
(3.3.160)
3
— Y afa**) = 0, i=123 xeQ?
i=1
! (3.3.161)

with boundary conditions
M=, i=123 xeI°

s (3.3.162)
Y. ¢ia**)n! = 0, i=123 xel'yTl?
j=1
and interface conditions
AXE = JHE i=123 xev

3 Y] . 3 3 T

Z [6¥(A)n; — 6¥(A**)n] = Y < Y g,m(z*)C*""’mp>nj,

=t i k=t (3.3.163)

i=1,23, xef,
3

jz [6%A%n; — a¥(A**)n] =0, i=1,23, xeypx¢T,
=1 :
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Using boundary and interface conditions of Egs. (3.1.46)—(3.1.49) for z and
Egs. (3.3.162) and (3.3.163) for 4 in Eq. (3.3.159), withV =0 on I

f Z [o¥iz#)n (VA** — V2¥)Tn + o¥(A%)n(Vz** — Vz*)Tu](V Tn) dT

y i,j=1

+ f Z [ot(z*)e¥(A%) — a¥i(z**)e(A**)1(V Tn) dT

y hi=1

f < Y G C¥Mim )n (Vz* — Vz**)n(V Tn) dT"
Ty ij=1

ki=1
+ 7, f i [g(c(z*) — Y1V Tn) dT (3.3.164)

which is the desired result.

Comparing Eq. (3.3.164) with Eq. (3.3.134), note that the third integral on
the right side of Eq. (3.3.164) is due to intersection of T, and y and the last
integral is due to the movement of Q.

INTERPRETATION OF RESULTS

From shape design sensitivity results derived in this section, it is clear that
unlike functionals that define global measures such as compliance and
eigenvalues, shape design sensitivity of local functionals may involve fic-
titious perturbations of design (velocity field in the domain). That is, once a
perturbed shape of the domain is given, there is only one way to evaluate
global functionals, in terms of an integration over the entire perturbed
domain. On the other hand, perturbations of local functionals may or may
not involve fictitious perturbations of design, depending on the cases
considered.

To predict perturbations of local functionals on fixed interior points or
regions, results of Sections 3.3.3 and 3.3.4 can be used. That is, the second
terms on the right side of Egs. (3.3.139) and (3.3.143) can be ignored. If the
predictions of perturbations of local functionals on moving interior points or
regions are desired, the domain velocity field must be considered, as in Egs.
(3.3.139) and (3.3.143). In this case, the perturbation prediction accounts for
movement of the point or region on which the functional is defined.

For a local maximum displacement at an interior point and a local
maximum mean stress on a sufficiently small interior region, even in the cases
of moving points and regions, perturbations of the functionals will not
depend on the domain velocity field, since the second terms on the right sides
of Eqgs. (3.3.139) and (3.3.143) are either zero or ignorable. Finally, consider
functionals that define displacement at a point on the boundary and mean
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stress over a small region that intersects the boundary. This is a very
important case in shape design problems since, unlike conventional design
problems in which component shapes are defined by cross-section and
thickness variables, maximum displacement and stress are very likely to
occur on the boundary. In this case the point and small region must be
considered to be moving, and the second terms on the right sides of Egs.
(3.3.139) and (3.3.143) must be used. For a displacement functional at a point
x on the boundary, the velocity V(X) in the second term on the right side of
Eq. (3.3.139) is included, and there is no need to introduce a fictitious design
velocity. For a stress functional, consideration cannot be limited to the
velocity of the boundary, because the second term on the right side of
Eq. (3.3.143) depends on the velocity (V"n) of T,, even though a part of
I, coincides with a part of I. However, it is necessary to either hold I, — T,
fixed or, if Q, ii sufficiently small, express the velocity of T, — 1~“p in terms of
the velocity of I, without introducing a fictitious design velocity.

3.3.7 Domain Shape
Design Sensitivity Method

To calculate design sensitivity information of Eq. (3.3.137) numerically,
stresses, strains, and/or normal derivatives of state and adjoint variables on
the boundary must be used. Hence, accurate evaluation of this information
on the boundary is crucial. Thus, when a numerical method such as the finite
element method is used for analysis, the accuracy of finite element results
must be checked for state and adjoint variables on the boundary. It is well
known [67] that results of finite element analysis on the boundary may not
be satisfactory for a system with nonsmooth load and for interface problems.
Note that the adjoint load for an average stress constraint is a concentrated
load on an element Q,, over which stress is averaged.

There are several methods that might be considered to overcome this
difficulty. The first choice is to use a finite element method that gives accurate
results on the boundary. A second choice is to use a different numerical
method, such as the boundary element method [68, 69]. In the finite element
method, the unknown function, (e.g., displacement) is approximated by trial
functions that do not satisfy the governing equations but usually satisfy
kinematic boundary conditions. Nodal parameters z! (e.g., nodal displace-
ments) are then determined by approximate satisfaction of both differential
equations and nonkinematic boundary conditions, in a domain integral
mean sense. On the other hand, in the boundary element method, approx-
imating functions satisfy the governing equations in the domain, but not the
boundary conditions. Nodal parameters are determined by approximate
satisfaction of boundary conditions in a weighted boundary integral sense.
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An important advantage of the boundary element method in shape design
sensitivity analysis is that it better represents boundary conditions and is
usually more accurate in determining stress at the boundary.

Another method to be investigated is the use of domain information to
best utilize the basic character of finite element analysis. To develop a
domain method, consider the basic material derivative formula of Lemma
3.2.1. Instead of using Eq. (3.2.36), the result given in Eq. (3.2.37), which
requires information on the domain rather than on the boundary may be
used. The detailed procedure of the domain method will be explained using
the linear elasticity problem. The reader is invited to carry out similar
calculations for other problems.

Consider the linear elasticity problem of Section 3.3.4. Suppose the curve
¢I'? that bounds the loaded surface I'? is fixed and T = [T* T? T3] is a
conservative loading. Taking the variation of Eq. (3.1.38), using Egs. (3.2.13),
(3.2.37), and (3.2.51) and the fact that f* = T" = 0,

JI i [o¥(z')e¥(z) + a'(z)e¥(Z')] dQ

Qij=1

N il v[h él aff(z)a"f(g)]TV a+ || [ i a"f(z)eff(a} divV dQ
5 e ([ 5 ro
+II], [,Z & ] awvaa+ || [ Y, T ] ar
L3 e s e lrmar ar zez

(3.3.165)
Using Eqgs. (3.2.8) and (3.3.5), Eq. (3.3.165) can be rewritten as

ff i [6Y(2)e¥(2) — 6"(2)e(VZTV) — 6Y(2)e¥(VzTV)] dQ

Qij=1

+ f f L v[él a"j(z)eij(f)]TV aQ + J' f fn [,-,,i:l aff(z)e*‘f(z)] div v dQ
= J f X i; Z(Vf'V) dQ + ﬂfn [ Y fiz ]div v dQ
Lo (g rel e g re profor

forall zeZ (3.3.166)
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It can be verified that
i a¥l(z)e"(VZTV) = i diz)VE"V + V'Y (3.3.167)
and _Lj:l v
v i "(z)e”(z)J V= Z [eY)(VZV) + a'(2)(VZ] V)]
ij=1 ihj=1 (3.3.168)

where V; = [;! V> V1. Using these results, Eq. (3.3.166) becomes

an(Z, 2) = ‘” [ [ 23: oij(z')aij(é')] dQ

alij=1

f f 2 [6"(2)(VZ"V) + ¢Y(z)(Vz"1)] dQ

Qij=1

-1 [ ) aff(z)sff(z)] awvan+ [[[ z VSTV a2
f ﬂn[ 5 f‘“‘] divV do
f fr { i; Ti(VZ''V) ( [Z T"']Tn + H[,Zl T:D VTn)} dr

forall zeZ (3.3.169)

As in Eq. (3.3.101), Eq. (3.3.169) is a variational equation for z € Z.
Consider the mean stress functional of Eq. (3.3.99),

ffa, 9(a(2)) dQ
Y= ﬂf glo(z)m, dQ = e de (3.3.170)

Taking the material derivative of Eq. (3.3.170) and using Eq. (3.2.37).
= l;ﬁ (g + VgV + g divl) dﬂff dQ
Q, Q,

[T, o [, s aa ([, )

= ﬂ 5 gul2)[0%E) — oYV )Im, 0

Qij=1

JI " [ i gaU(Z)G,if(Z)V"]mp dQ + 'UL g divVm, dQ

i,j=1

_ﬂLngdﬂffLdeiVI/dQ (33.171)
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It can be shown that
3

diVz'V) = Y CHVAV + V2N (3.3.172)
kil=1
and
3 as 3 e
Y aizVk= Y C™MVzATY) (3.3.173)
k=1 k,i=1

Using the above results, Eq. (3.3.171) becomes

V= Mn [i i gﬂ"f(z)a""(z')]m,, dQ
J] Qij=1 [klzl g,‘,(z)C'l"‘(VszV)]m aQ

e[ oavrmia=[[[omdafff mavvia

As in the linear elasticity problem of Section 3.3.3, the adjoint equation of
Eq. (3.3.103) can be defined. By the same method used in Section 3.3.4, the
sensitivity formula is obtained as

3
v =ﬂ Y, [692)(VATY) + a9 (A)(Vz"V)] dQ

Qi,j=1

_ ﬂfn [“il 'i(2)gii( ,1)] divV da + f f m; HVFTV) d0
+ ﬂL [ Y f‘l’] divV dQ
+f] {— ¥ ) + (V[i T"ﬁ]Tn + H[i T‘l‘])(VTn)} dr
r=L i=1 i=1
ffﬂu 1 [k 121 42)CHVZV)) :lm aQ + ﬂ]. g divVim, dQ
—fﬂngmp dﬂfﬂnmp divV dQ (33.175)

There are several comments to be made about advantages and disadvan-
tages of this domain method. A disadvantage is that a velocity field must be
defined in the domain that satisfies regularity properties. There is no unique
way of defining domain velocity fields for a given normal velocity field (V' "n)
on the boundary. Also, numerical evaluation of the sensitivity result of Eq.
(3.3.175) is more complicated than evaluation of Egs. (3.3.156) and (3.3.158)
since Eq. (3.3.175) requires domain integration over the entire domain,
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whereas Eqgs. (3.3.156) and (3.3.158) require integration over only the
variable boundary. However, this problem can be overcome by introducing a
boundary layer, of finite elements that vary during perturbation of the shape of
structural components. This approach is illustrated schematically in Fig.
3.3.9. The domain Q is divided into subdomains Q, and Q,, with Q, held
fixed and only boundary layer Q, modified. In this way, the velocity field
may be defined only on Q,. The thickness of the boundary layer Q, will
depend on tradeoffs between numerical accuracy and numerical efficiency.

There are several advantages associated with the domain method, in
addition to numerical accuracy. Note that, as in the conventional design case
of Chapter 2, variational identities are not required to transform domain
integrals to boundary integrals. Thus, for a mean stress functional, there is no
need to treat the special case in which T, intersects I as in Section 3.3.6. The
result of Eq. (3.3.175) is valid for both cases. The biggest advantage of the
domain method is obtained in built-up structures, which are treated in
Chapter 4. Built-up structures are made up of combinations of a variety of
structural components, with interface conditions that are generalizations of
the interface problem of linear elasticity in Section 3.3.4. In applying the
domain method, interface conditions are not required to obtain shape design
sensitivity formulas. This greatly simplifies the derivation since contributions
from each component are simply added. As for numerical accuracy, results of
finite element analysis on interface boundaries are often unsatisfactory for
built-up structures due to abrupt changes of boundary conditions. Using the
domain method and careful finite element analysis, stress evaluation at
interfaces may be avoided and accurate sensitivity results obtained.
Moreover, as will be seen in Chapter 4, often interface boundaries for built-
up structures are straight lines and/or plane sections. Thus, a domain
velocity field can easily be defined for a given normal velocity field (V"n) on
the boundary.

Fig. 339 Boundary layer.

3.3.8 Numerical Examples

To illustrate numerical implementation of shape design sensitivity for-
mulas derived in the previous sections, several example problems are
considered in this section.
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FILLET

Selection of the best shape of a fillet in a tension bar so that no yielding
occurs has long attracted the attention of engineers. Dimensions and
notations of the bar and fillet are shown in Fig. 3.3.10. With symmetry, only
the upper half of the bar is considered. Boundary segment I'! is to be varied,
with fixed points at A and B. The segment I'* is the central line of the bar,
and I'* and I'? are uniformly loaded edges.

A |
k_
45" 100 1b/in.

Fig. 3.3.10 Geometric configuration of fillet.

T
N
°=

.
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The variational equation of elasticity is

ag(z, 2) = JL Lél a"j(z)aij(i)} aQ

2
- f [z T"Z'] dT = Iz forall zeZ (3.3.176)
rz

i=1
where

Z={ze[H(Q)J* z!'=0 xeIl* and 22=0 xeI?
(3.3.177)

with no body force acting on the fillet.
Consider now the von Mises yield stress functional, averaged over a small
region Q,, as

Y = ﬂ gm, dQ (3.3.178)
Q
where g = (0, — ¢%)/0% 0, is the von Mises yield stress, defined as
o, = [(6'1)* + (6%%)* + 3(6'%)* — 6'16?%]'/? (3.3.179)

and ¢ is the given allowable stress. In Eq. (3.3.178), m, is a characteristic
function on a small region Q,. From Eq. (3.3.103) an adjoint equation is
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obtained as

2
ag(i, 2) = f L [ -21 g,,a,-(z)a”(l)]mk dQ forall 1eZ
ij=

(3.3.180)
and the variation of ¥, is [Eq. (3.3.156)]

2
Y = — J |: ) Gij(Z)SU(l"")](VTn) dr’ + 7 | [g(2) — $J(Vn) T
o - (3.3.181)
where A% is the solution of the adjoint equation of Eq. (3.3.180), m, is the
value of the characteristic function on Q,, and T; is the boundary of the finite
element Q.

Consider the variable boundary I'? of the fillet shown in Fig. 3.3.10, which
can be characterized as a curve x, = f(x,), with a small vertical variation
of(x,) (Fig. 3.3.11). From the geometry of the curve, if only a small vertical
change 6f(x,) is allowed, the normal movement of the boundary can be
written as

W%=Mw=&@9 (3.3.182)

where s is arc length on I'!. Thus, the sensitivity formula of Eq. (3.3.181) can
be rewritten as

= [ Y a"f(z)e*‘f(ﬂ"))}(VTn) ds + m, [ [g(z) — w0y dr
r: I

ij=1
- _ J‘B[ 22: aii(Z)eif(,l(k))] Of dx, + my | [g(2) — Y](V™n) dI
o T (3.3.183)

In Eq. (3.3.183), §f can be related easily to 5b once the curve I'! defined by
X, = f(xy,b) is parameterized by a design variable vector b. If heights of
selected boundary points are chosen as design variables and if the boundary

Fig. 3.3.11 Geometry of boundary curve.



3.3 STATIC-RESPONSE SHAPE DESIGN SENSITIVITY ANALYSIS 257

is piecewise-linear, the boundary can be expressed as

i1 i _ '
flxy) = <X1—h—x1>bi + <X1 A xl)bH.l, xi <x; < x'1+1,
i=12...,N (3.3.184)

where h; = x{*! — xi, f(x}) = b;, and N denotes the number of partitions.
Then, df can be obtained by direct differentiation as

P+l i .
of(xy) = (M_h"ﬁ) ob; + (‘ﬁr)q) 0b; sy, xp < x; < x7
i=1.2...,N (3.3.185)

When a cubic spline function is employed to parameterize I'!, with
J(x}) = b;, the boundary can be expressed as [25]

Sxy) = 6l;l(xt - xi)® + 6-h,-(x1+l - x)* + ( h:l - %)(-xl — x1)
i Mh)\ . , .
+<%_#>(xll+l_xl)9 x'lsxlsxll+l: i=12...,N
i (3.3.186)

where M; = f”(x}) is obtained by solving a system of equations in M;
(i=12,...,N + 1)[25]. Then the variation of f is

N+1 L - i3 hi . 8M+
ofx)= Y {[(—’5*6—,1_—"&—3@1 - xa)] =

i=1
(xil+1 - x1)3 h; i1 oM;
* [ U] [P

f]

x; — x4 Xt — x
+ 5,'4.1,1'(%) + 6;»,(*‘1_7‘—1)} (Sbj,

X<x, <", i=12,...,N (3.3.187)

where §, ; is one if i = j and otherwise is zero. The cubic spline function has
two continuous derivatives everywhere and a minimum mean curvature
property [25]. It also possesses globally controlled properties. Unlike Eq.
(3.3.185) for a piecewise-linear function, with a cubic spline function {from
Eq. (3.3.187)] perturbation of any design variable b will perturb f(x,)
globally.

Using the result in Eqgs. (3.3.185) or (3.3.187) and expressing the boundary
of the finite element €, in terms of b by the same method, Eq. (3.3.183) can be
expressed as

Y = Il b (3.3.188)

where I, is the desired design sensitivity coefficient for the constraint i, .
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For numerical calculation of shape design sensitivity, several different
finite elements are used for comparison. Constant stress triangular (CST),
linear stress triangular (LST), and eight-noded isoparametric (ISP) elements
are used to calculate design sensitivity. For the ISP element, stresses and
strains are evaluated at the Gauss points, and boundary stresses and strains
are calculated by linearly extrapolating from optimal Gauss points [65, 66].

Configurations of triangular and quadrilateral finite elements are shown in
Fig. 3.3.12. Height of the varied boundary I'! is chosen as the design
variable, and a piecewise-linear boundary parameterization is used for all
cases. A cubic spline function is used for the ISP model. For the CST model,
190 elements, 117 nodal points, and 214 degrees of freedom are used. The
LST model contains 190 elements, 423 nodal points, and 808 degrees of
freedom, while the ISP model contains 111 elements, 384 nodal points, and
716 degrees of freedom. Young's modulus, Poisson’s ratio, and allowable
stress are E = 30.0 x 10° psi, v = 0.293, and ¢* = 120 psi, respectively. The
nominal design is

b=1[555 51 465 42 375 33 285 24 195"

which gives a straight boundary for T'}, as shown in Fig. 3.3.12.
In order to compare the accuracy of results obtained with different finite

t
2

(]
d-3

NN O

[ /

[ [ Jo/

INNCY

[ ]/

T
|

l

Fig. 3.3.12 Finite element model of fillet. (a) Triangular element model; numbers denote
node height as design parameters. (b) Isoparametric element model; numbers denote the region
where sensitivities are checked.
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clements, the same small region should be used for stress functional
evaluation. The small regions selected, shown in Fig. 3.3.12(b), are located
next to the variable boundary I'! where high stress occurs. The characteristic
function is applied to each quadrilateral element for the ISP model and to
four triangular elements for other models.

Numerical results with a 0.1% design change (i.c., 6b = b x 1073) are
shown in Table 3.3.1. The abbreviation ISPS stands for isoparametric
elements with cubic spline function representation for the variable boundary
I''. In Table 3.3.1, the LST model gives good sensitivity results, except at
region 10, whereas ISP and ISPS models give good results except at region 1.
Regions 1 and 10 correspond to low- and high-stress regions, respectively.
Results of ISP or ISPS models are preferable to results of the LST model
when using these results for optimization. As expected, the CST model yields
the worst accuracy, since it cannot give accurate stress and strain on the
boundary I'l.

Table 3.3.1
Comparison of Design Sensitivity (Y, /Ay, x 100)%

Region CST LST ISP ISPS
1 1402.9 108.9 433 65.9
2 453 99.6 104.6 1059
3 579 99.2 103.2 101.9
4 64.2 99.2 1034 103.6
5 67.5 99.2 102.8 102.6
6 68.6 99.2 101.8 101.7
7 68.3 99.1 100.0 1004
8 70.1 99.1 98.4 974
9 79.3 98.3 105.2 104.9

10 183.6 87.0 1028 104.1

TORQUE ARM

The automotive rear suspension torque arm, discussed in Section 2.2.5as a
conventional design example, is employed in this section for shape design
sensitivity analysis. The finite element grid, geometry, loading conditions,
and dimensions are shown in Fig. 2.2.10. Thickness, which is treated as the
design variable in Chapter 2, is kept constant at 0.3 cm. The shapes of I'?,
both upper and lower portions, are varied. The other boundary segments are
kept fixed.

Consider the von Mises yield stress functional, averaged over a finite
element Q,,

/3 =J] gmy, dQ, k=12...,NE (3.3.189)
0
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Table 3.3.2
Design Sensitivity of Torque Arm

. STRUCTURAL COMPONENTS WITH SHAPE AS THE DESIGN

Element
number W 74 Ay Y (¥a/AY x 100)7;
51 —9.5708E — 01 -9.5701E — 01 7.0455E — 05 8.0886E — 05 114.8
54 =92402E — 01 —92420E ~ 01 —1.8128E — 04 —22258E — 04 122.8
57 —92972E — 01 —9.2999E — 01 —27086E — 04 —4.1001E — 04 151.4
60 —9.2627E — 01 —92648E — 01 —2.1854E — 04 -2.7725E — 04 126.9
63 —9.1186E — 01 —9.1206E — 01 —2.0094E — 04 —23872E — 04 118.8
66 —89297E — 01 —8.9322F — 01 -25072E — 04 —29208E — 04 1165
69 —8.7337E — 01 —8.7369E — 01 —3.2049E — 04 —3.7399E — 04 116.7
72  —8.5399E — 01 —8.5437E — 01 —3.7765E — 04 —44074E — 04 116.7
75 —8.3518E — 01 —83560E — 01 —42081E — 04 —49135E — (4 116.8
78 -8.1703E — 01 -8.1749E — 01 —4.5704E — 04 —S5.3355E — 04 116.7
81 —=7.9959E — 01 -B.0009E — 01 —4.9640E — 04 —5.7962E — 04 116.8
84 —7.8288E — 01 -—-7.8342E — 01 —54279E — 04 —6.3434E — 04 116.9
87 —7.6689E — 01 —7.6748E — 01 —5.8987E — 04 —6.8981E — 04 116.9
90 —7.5163E — 01 —7.5226E — 01 —6.2698E — 04 —7.3382E — (4 117.0
93 —737M3E - 01 -73777E — 01 —64126E — 04 —7.5014E — 04 1170
96 —7.2330E — 01 —72394E — 01 —6.3673E — 04 —7.4326E — 04 116.7
99 —7.0995E - 01 —7.1059E — 01 —6.3961E — 04 —7.4548E — 04 116.5
102 —6.9685E — 01 —6.9754E — 01 —6.8766E — 04 —8.0008E — 04 116.3
105 —6.8397E — 01 —6.8479E — 01 —82378E — 04 -9.6213E — 04 116.8
108 —6.7274E — 01 —-6.7375E — 01 —1.0156E — 03 —1.1987E — 03 118.0
171  —6.6857E — 01 —6.6968E — 01 —1.1116E — 03 —1.3095E — 03 117.8
174 —6.8065E — 01 —6.8155E — 01 —9.0037E — 04 —1.0709E — 03 1189
177 -=7.0737E — 01 —7.078E — 01 —4.8863E — 04 —3.9665E — 04 81.2
180 —7.5279E — 01 —7.5278E — 01 7.6247E — 06 1.4928E - 04 —
183 —8.1493E — 01 -8.1461E — 01 3.2090E — 04 3.7072E - 04 115.5
186 —88122E — 01 —8.8092E — 01 3.0111E — 04 34105E — 04 1133
109 —9.1133E — 01 —-9.1123E — 01 1.0189E — 04 1.2514E — 04 122.8
112 —8.8768E — 01 —B8.8799E — 01 —3.1006E — 04 —3.7596E — 04 121.3
115 —=9.0411E — 01 —9.0447E — 01 —3.5887E — 04 —4.9377E — 04 137.6
118 —9.0615E — 01 —9.0641E — 01 —2.5739E — 04 —3.0335E — 04 1179
121 —8.9031E — 01 —8.9054E — 01 —22516E — 04 —2.5650E — 04 1139
124 —8.6974E — 01 —8.7002E — 01 —2.7628E — 04 —3.1554E — 04 114.2
127 —84921E — 01 —B8.4956E — 01 —3.5956E — 04 —4.0299E — 04 1153
130 —82950E - 01 —8.2991E — 01 —4.0647E — 04 —4.7017E — 04 1157
133 —8.1069E — 01 —8.1114E — 01 —44761E — 04 —5.1876E — 04 1159
136 —79270E — 01 —79318E — 01 —4.8184E — 04 —5.5878E — 04 116.0
139 —=77547E — 01 —7.7599E — 01 —5.2042E — 04 —6.0397E — 04 116.1
142 —75898E — 01 —7.5955E — 01 —5.6726E — 04 —6.5914E — 04 116.2
145 —74322E — 01 —7.4383E — 01 -—6.1502E — 04 —7.1531E — 04 116.3
148 —7.2819E — 01 —~7.2884E — 01 —6.5203E — 04 -7.5925E — 04 1164
151 —=71392E — 01 —7.1458E — 01 —6.6442E — 04 -7.7358E — 04 116.4
154 —=7.0035E — 01 —7.0101E — 01 -6.5677E — 04 —7.6338E — 04 116.2
157 —6.8732E — 01 —6.8798E — 01 —6.5744FE — 04 —7.6315E — 04 116.1
160 —6.7466E — 01 —6.7537E — 01 —7.0674E — 04 ~—8.1905E — 04 1159
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Table 3.3.2 (cont.)

Element
number W W Ay W (/A x 100)%;

163 —6.6250E — 01 —6.6335E — 01 —8.4965E — 04 —9.8803E — 04 116.3
166 —6.5250E — 01 —6.5355E — 01 —1.0497E — 03 —1.2324E — 03 1174
187 —6.5021E — 01 —6.5136E — 01 —1.1460E — 03 —1.3410E - 03 117.0
190 —6.6461E — 01 —6.6553E — 01 —9.2317E — 04 —1.0905E - 03 1181
193 —6.9341E — 01 —69391E — 01 —49726E — 04 —3.9789E — 04 80.0
196 —7.4070E — 01 —7.4068E — 01 1.5295E — 05  1.6390E — 04 —

199 —8.0535E — 01 -8.0501E — 01  34298E — 04  3.9514E — 04 1152
202 —8.7489E — 01 —8.7457E - 01 32183E — 04  3.6356E - (4 113.0

where g = (0, — 6°)/0°, 0, is the von Mises yield stress defined in Eq.
(3.3.179), m, a characteristic function on finite element k, and NE the total
number of elements. The formulation for shape design sensitivity analysis is
the same as in the fillet problem. The only difference is that instead of one
boundary changing, two boundaries are varied. Because the moving boun-
daries are traction free for both problems, Eq. (3.3.181) can be used for design
sensitivity coefficient calculation.

Design variables are shown in Fig. 3.3.13, where upper and lower portions
of the boundary each have heights specified at seven selected boundary
points as design variables. The finite element model includes 204 elements,
707 nodal points, and 1342 degrees of freedom. Design sensitivity analysis
results for average stresses on elements next to the variable boundary, with
0.1% uniform design change, are shown in Table 3.3.2. It is observed that
most elements have good accuracy. For elements 180 and 196, poor accuracy
may result from small differences in functional values.

[ 2 3 aT s 6 7

8 9 IO H 12 3 4

I—.I
Fig. 3.3.13 Shape design parameters of torque arm: numbers denote node heights as design
parameters.

TWO-DIMENSIONAL ELASTIC CONCRETE DAM

Consider a concrete dam shown in Fig. 3.3.14, modeled as a two-
dimensional plane strain problem. It is assumed that the length of the dam is
infinite and that the height of the water level, which is equal to the height of
the dam, is given. The boundary of the dam is composed of four parts; I'! is
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I-.Z

-———  h(x,)
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X

Fig. 3.3.14 Cross section of dam.

the boundary along which hydrostatic pressure acts, I'> and I'3 are the top
and side, which are load-free boundaries, and I'* is the boundary that is in
contact with earth, where homogeneous kinematic boundary conditions are
imposed. The shapes of I'! and I'® are to be varied. Since the height of the
dam is not changed, every point in the domain is allowed to move only in the
x, direction (i.e., ¥, = 0). Therefore, I'’2 and I'* are horizontal straight lines.

Consider the principal stress functional, averaged over a finite element Q,,

as
b = ffnglmk dQ,

k=12 ...,NE (3.3.190)
Viseng = ‘H g*m, dQ,
o
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where g! = (sa; — ay)/oy, g° = (6. — 56,)/061, and g;, 6y, and s denote lower
and upper bounds on stress in concrete and safety factor, respectively. In Eq.
(3.3.190), 0, and o, are the two principal stresses, given as

oll 4 g22 \/0.11 — g22\2
o, = + + (c1%)?
! 2 ( 2 ) @) (3.3.191)

0.11 + 0.22 0.11 _ 0.22 2
0, = 2 _ 3 + (0.12)2

The variational equation is

ag(z, 2) = J] |: i"(z)sij(i)] aQ
3
ﬂl:Z fz}dQ+J [ZT‘?]dl‘ forall zeZ
Q ripi=t ' (3.3.192)

={ze[H(Q]* 2'=22=0, xel* (3.3.193)

with the weight of the dam applied as body force f. In this example, the
traction T = [T* T?]" is due to hydrostatic pressure normal to the
boundary, given as

T = —y (I — x)ny, i=12 xeI! (3.3.194)
where y,, is specific weight of water. Note that T is nonconservative loading,
as in Eq. (3.3.115). Using the method of Section 3.3.4, the adjoint equations
are obtained as

ag(A, ) = Jf |: Z g,,,,(z)o‘f(I)]mk dQ forall JeZ
(3.3.1995)

where

and

an(d, 1) = JLI: i gff,-(z)a"j(Z):Imk dQ  forall ieZ (3.3.196)

i,j=1

The variation of y is, from Eqgs. (3.3.117) and (3.3.143),

2 2
b= [ ) a‘f(z)s"fw”)](VTn) ar + [Z f"l"‘"](VTn) dr
r rLi

iji=1 i=1

- VWJ‘ [([ - X2) div A% — 2(*)2](Vrn) dr
rt

+ i | [9%) — wlV™dL, k=12,...,NE (3.3.197)
I'x
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and

Yi+nE = —J

r

[ 5 a"f(z)ev(,vHNE))](VTn) dr +f [f f",l"‘*NE"](VTn) dr
rLi=1

ij=1

— 7w | [0 = x;) div A6¥N® _ j0+NE2 Ty g
T

+ mk [g2(Z) - lﬁk+NE](VTn) dl—; k= 19 2a CREE} NE
I
(3.3.198)

Note:  x, Coordinates of Dots
Denote Design Variables

\
ANRNY
IR
de LA
<A
IR EARY
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BN

Fig. 3.3.15 Finite element model of dam; x, coordinates of dots denote design variables.
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where A® and A**NB) are solutions of Egs. (3.3.195) and (3.3.196), re-
spectively, and I is the boundary of finite element Q, .

The finite element model of the dam, with optimal eight-node ISP elements
[6S, 66], is shown in Fig. 3.3.15. It contains 64 elements, 233 nodal points,
and 448 degrees of freedom. The x, coordinates of 13 points on Iy and I (see
Fig. 3.1.15) are chosen as design parameters (b, to b, ;). Numerical results are
based on the following data: [ = 100 ft, E = 3.64 x 10° psi, v= 0.2,
o, = —4000 psi, oy = 255 psi, s = 3, y, = 62.4 1b/ft3, and h, = 150 in.
Specific weight of concrete is chosen as 150 Ib/ft3.

The initial design is chosen as

[10 1.0 10 1.0 1.0 1.0 601.0 53433 467.67 401.0 33433 267.67 201.0]7

for design sensitivity analysis. The reason for choosing b, to bs equal to 1,
instead of Q, is convenience for design sensitivity analysis purposes (i.e., in
considering percentage change of design variables). Design sensitivity results
for stress in elements adjacent to I'Y, for upper and lower bound stress
constraints, are shown in Tables 3.3.3 and 3.3.4, respectively. A 0.1% uniform
design change is selected, and the percentage of accuracy is close to 100%, (see
Tables 3.3.3 and 3.3.4). Only element 16 appears to have a poor accuracy
percentage. However, the difference between perturbed and unperturbed
constraint values is small, so accuracy of the difference is questionable.

Table 3.3.3
Sensitivity of Upper Principal Stress Constraints

Element
number W W Ay A (Yr/ Ay x 100)75
1 —7.9053E ~ 01 —79128E — 01 —7.5253E — 04 —7.4310E - 04 98.7
2  —9.0381E — 01 —9.0452E — 01 —7.1246E — 04 —7.1183E — 04 99.9
3 —98040E — 01 —-9.8101E — 01 -6.1205E — 04 —6.1903E — 04 101.1
4 —10179E + 00 —1.0185E + 00 —5.1437E — 04 —5.2495E — 04 102.1
5 —10433E+ 00 —1.0438E + 00 —4.0794E — 04 —4.1971E — 04 1029
6 —1.0586E + 00 —1.0589E + 00 —2.8703E — 04 -29766E — 04 103.7
7 —10633E + 00 —1.0634E + 00 -1.3293E — 04 —1.3872E — 04 104.3
8 —10575E + 00 —1.0575E + 00 —4.9233E — 05 -S5.1360E — 05 104.3

=]

—1.0500E + 00 —1.0500E + 00 —2.5452E — 05 —2.6611E — 05 104.6
10 —1.0442E + 00 —1.0442E + 00 —1.6348E — 05 —1.7121E — 05 104.7
11 —1.0380E + 00 —1.0380E + 00 —1.0088E — 05 —1.0579E - 05 104.9
12 —1.0315E + 00 —1.0315E + 00 —5.9007E —~ 06 —6.1863E — 06 104.8
13 —1.0248E + 00 —1.0247E + 00 —3.2191E — 06 —3.3446E — 06 103.9
14 —10178E + 00 —1.0178E + 00 —1.6441E —~ 06 —1.6693E — 06 1015
15 —1.0108E + 00 —1.0108E + 00 —8.7791E -~ 07 -9.1872E — 07 104.6
16 —1.0039E + 00 —1.0039E + 00 —2.4626E — 07 —3.8964E — 07 158.2
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Element
number Yo ne Wlene Ay ne Yk +NE (¥x+ ne/Dti o ng % 100)7;
1 -98986E — 01 —9.8985E — 01 9.2975E — 06 9.6684E — 06 104.0
2 —98847E — 01 —9.8847E — 01 1.1408E — 06 1.3977E — 06 122.5
3 —98993E - 01 -9.8993E — 01 6.3124E — 07 7.8423E — 07 124.2
4 —99078E — 01 —9.9078E — 01 5.3598E — 07 6.3913E — 07 119.2
5 —=99171E — 01 —-99171E - 01 1.0747E — 06 1.1831E — 06 110.1
6 —99251E — 01 —-99251E - 01 2.6957E — 06 2.8459E — 06 105.6
7 -99308E — 01 —9.9307E — 01l 6.8458E — 06 7.2127E — 06 1054
8 —99344E — 01 —9.9343E — 01l 7.1735E — 06 7.6427E — 06 106.5
9 —99385E — 01 -99384E — 01 54365E — 06 5.8612E — 06 107.8
10 —9.9426E — 01 —9.9426E — 01 4.1916E — 06 4.5704E — 06 109.0
11 —9.9480E — 01 —9.9480E — 01 3.0283E — 06 3.3564E — 06 110.8
12 —99548E — 01 —9.9548E — 01 2.0107E — 06 2.2845E — 06 113.6
13 —9.9630E — 01 —9.9629E — 01 1.1840FE — 06 1.3998E — 06 118.2
14 —=99725E — 01 —99725E — 01 5.7540FE — 07 7.2897E — 07 126.7
15 —=99831E — 01 —9.9831E — 01 1.9254E — 07 2.7604E — 07 1434
16 —99943E — 01 —-99943E — 01 2.1519E — 08 4.5401E — 08 211.0

PLANE STRESS INTERFACE PROBLEM

A thin elastic solid that is composed of two different materials and

subjected to simple tension is now considered. The finite element con-
figuration, dimensions, material properties of each body, and loading
conditions are shown in Fig. 3.3.16. Body i occupies domain Q' (i = 1,2), and
AB is the interface boundary y. Design variable b controls the position of the
interface boundary 7, while the overall dimensions of the structure are fixed.

Consider the von Mises yield stress functional, averaged over finite
element Q,,

W, = Jf gla(z)m, dQ (3.3.199)
Q

where g = g, is the von Mises yield stress, defined in Eq. (3.3.179). For

numerical comparison, two methods are used for shape design sensitivity

analysis: the boundary method of Section 3.3.6 and the domain method of

Section 3.3.7.

For the boundary method, if Q, < Q! and [, intersects y, Eq. (3.3.164) can
be used, with limits of summation running from 1 to 2 and an appropriate
modification of the generalized Hookes law of Eqs. (3.1.42) and (3.1.43). For
the adjoint equation, Eq. (3.3.122) can be used. On the other hand, if
Q, c Q', then the third integral on the right side of Eq. (3.3.164) becomes
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Fig. 3.3.16 Plane stress interface problem.

zero. In Eq. (3.3.164), n is the outward unit normal to Q2. Similar results may
be obtained for the case Q, = Q.

For the domain method the results of Section 3.3.7 can be used. Suppose
again that Q, = Q. Since there is no body force applied and the externally
loaded boundary is not moving, adding contributions from each component
yields

2 2
=2 ﬂ Y [692)(VATV) + (V2" V)] dQ
& M

ij=1

N i Mn L i a”(z)eif(z)} divV dQ
Hnu, 1[,(,219"’(2 YCH(VZY, )]m aQ

ﬂLl g(z) divVm, dQ — JI[ g(z)m, dQJlem divV dQ)

(3.3.200)

where 1 is the solution of the adjoint equation of Eq. (3.3.122). In Eq.
(3.3.200), the asterisk notations for z and A are dropped. For the integrand,
the domain Q' (I = 1, 2) of integration will indicate which variables are to be
used.

The finite element model shown in Fig. 3.3.16 contains 32 elements, 121
nodal points, and 233 degrees of freedom. The optimal eight-noded ISP
element [65, 66] is employed for design sensitivity analysis. For the
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boundary method, stresses and strains are obtained at Gauss points and

extrapolated to the boundary.

Numerical results with a 3%, design change (i.e., 6b = 0.03b) are shown in
Table 3.3.5 for the boundary method and in Table 3.3.6 for the domain
method. These results show that the domain method gives excellent results,
whereas accuracy of the boundary method is not acceptable. For elements
22, 23, 29, and 32, the predicted values are less accurate than others.
However, the magnitude of actual differences Ay, for those elements are

smaller than others, so Ay, may lose precision.

Table 3.3.5
Boundary Method for Interface Problem

Element
number v, o7 Ay, ¥, /Ay, x 100)%

1 393.01304 393.17922 0.16618 0.20403 122.8

2 364.37867 364.76664 0.38796 0.67218 173.3

3 364.37867 364.76664 0.38796 0.67218 173.3

4 393.01304 393.17922 0.16618 0.20403 122.8

S 388.07514 388.36215 0.28701 0.56684 197.5

6 402.26903 402.83406 0.56503 0.42080 74.5

7 402.26903 402.83406 0.56503 0.42080 74.5

8 388.07514 388.36215 0.28701 0.56684 197.5

9 386.43461 386.84976 0.41515 —0.08520 -20.5
10 407.14612 407.48249 0.33637 0.14159 42.1
11 407.14612 407.48249 0.33637 0.14159 42.1
12 386.43461 386.84976 0.41515 —0.08520 —-20.5
13 388.59634 388.95414 0.35780 —0.,53089 -148.4
14 379.04276 379.25247 0.20971 —-1.90134 —-906.6
15 379.04276 379.25247 0.20971 -1.90134 —906.6
16 388.59634 388.95414 0.35780 —0.53089 —148.4
17 441.68524 44225032 0.56507 —13.85905 —2452.6
18 42405820 425.22910 1.17089 —13.63066 —1164.1
19 424.05820 425.22910 1.17089 —13.63066 —1164.1
20 441.68524 44225032 0.56507 —13.85905 —2452.6
21 424.19015 424.70840 0.51825 —0.21408 —41.3
22 378.85433 378.97497 0.12064 0.76770 636.4
23 378.85433 378.97497 0.12064 0.76770 636.4
24 424.19015 424.70840 0.51825 —0.21408 —-41.3
25 407.71528 408.23368 0.51840 0.49878 96.2
26 387.87304 387.32342 —0.54962 —0.48837 88.9
27 387.87304 387.32342 —0.54962 —0.48837 88.9
28 407.71528 408.23368 0.51840 0.49878 96.2
29 400.61014 400.60112 —0.00903 0.01423 —-157.7
30 394.61705 394.00702 —0.61003 —0.57794 94.7
31 394.61705 39400702 —0.61003 —0.57794 94.7
32 400.61014 400.60112 —0.00903 0.01423 —-157.7
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Table 3.3.6
Domain Method For Interface Problem

Element
number A /A Ay, ¥, (W /AY, x 1000%

1 393.01304 393.17922 0.16618 0.17954 108.0

2 364.37867 364.76664 0.38796 0.37840 97.5

3 364.37867 364.76664 0.38796 0.37840 97.5

4 393.01304 393.17922 0.16618 0.17954 108.0

5 388.07514 388.36215 0.28701 0.28671 99.9

6 402.26903 402.83406 0.56503 0.59634 105.5

7 402.26903 402.83406 0.56503 0.59634 105.5

8 388.07514 388.36215 0.28701 0.28671 99.9

9 386.43461 386.84976 041515 0.41748 100.6
10 407.14612 407.48249 0.33637 0.36857 109.6
11 407.14612 407.48249 0.33637 0.36857 109.6
12 386.43461 386.84976 0.41515 0.41748 100.6
13 388.59634 388.95414 0.35780 0.37548 1049
14 379.04276 379.25247 0.20971 0.20159 96.1
15 379.04276 379.25247 0.20971 0.20159 96.1
16 388.59634 388.95414 0.35780 0.37548 104.9
17 441.68524 44225032 0.56507 0.57069 101.0
18 424.05820 425.22910 1.17089 1.12871 96.4
19 424.05820 425.22910 1.17089 1.12871 96.4
20 441.68524 44225032 0.56507 0.57069 101.0
21 42419015 424.70840 0.51825 0.53919 104.0
22 378.85433 378.97497 0.12064 0.06396 53.0
23 378.85433 378.97497 0.12064 0.06396 53.0
24 424.19015 42470840 0.51825 0.53919 104.0
25 407.71528 408.23368 0.51840 0.51710 99.7
26 387.87304 387.32342 —0.54962 —0.56083 102.0
27 387.87304 387.32342 —0.54962 —0.56083 102.0
28 407.71528 408.23368 0.51840 0.51710 99.7
29 400.61014 400.60112 —0.00903 —0.00298 33.0
30 394.61705 39400702 ~0.61003 —0.58529 95.9
31 394.61705 394.00702 —-0.61003 —0.58529 959
32 400.61014 400.60112 —0.00903 ~0.00298 33.0
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SENSITIVITY ANALYSIS

Examples presented in Section 3.1 show that eigenvalues such as natural
frequencies of vibration depend on the shape of the structure. As in Section
2.3, the objective in this section is to obtain sensitivity of eigenvalues with
respect to shape variation. As in Chapter 2, for conservative systems, no
adjoint equations are necessary, and eigenvalue shape design sensitivity can
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be expressed directly in terms of eigenvectors associated with the eigenvalues
and the eigenvalue bilinear forms. Differentiability of simple eigenvalues and
directional differentiability of repeated eigenvalues are used to obtain explicit
formulas, utilizing the material derivative formulas of Section 3.2, for both
simple and repeated eigenvalue design sensitivity analysis. Numerical ex-
amples of computation of eigenvalue sensitivity are presented.

3.4.1 Differentiability of Bilinear Forms
and Eigenvalues

Basic results concerning differentiability of eigenvalues for problems
treated in Section 3.1 are proved in Section 3.5. The purpose of this section is
to summarize key results that are needed for eigenvalue design sensitivity.
The case of repeated eigenvalues is more subtle. It is shown that repeated
eigenvalues are only directionally differentiable.

As shown in Section 3.1, eigenvalues for vibration of elastic systems on a
deformed domain are determined by variational equations of the form

030 = [ <l 5 40

= Ct J:[ e(yrs pr) de = Ct dQ,(yn .}_)r) fOI' all j’t € Zt
i (3.4.1)

where Z, < H™(Q,) is the space of kinematically admissible displacements
and c(-, -) and e(-, -) are symmetric bilinear mappings. Since Eq. (3.4.1) is
homogeneous in y,, a normalizing condition must be used to define unique
eigenfunctions. The normalizing condition is

do Ve, ¥o) = 1 (3.4.2)

The energy bilinear form on the left side of Eq. (3.4.1) is the same as the
bilinear form in static problems treated in Section 3.3. Therefore, it has the
same differentiability properties as discussed there. The bilinear form dg (-, )
on the right side of Eq. (3.4.1) represents mass effects in vibration problems
and geometric effects in buckling problems. In most cases, except for
buckling of a column, it is even more regular than the energy bilinear form in
its dependence on design and eigenfunction.

SIMPLE EIGENVALUES

It is shown in Section 3.5.5 that a simple eigenvalue { is differentiable. It
was shown by Kato [13] that the corresponding eigenfunction y is also
differentiable. In fact, material derivatives of both the eigenvalue and
eigenfunction are linear in ¥V, hence they are Fréchet derivatives of the
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eigenvalue and eigenfunction. As in the static response case, linearity and
continuity of the mapping V — y allows, by Theorem 3.5.3 of Section 3.5.7,
use of only the normal component (V Tn) of the velocity field V in derivation of
the material derivative, as in Eq. (3.2.36).

Taking the material derivative of both sides of Eq. (3.4.1), using Eq.
(3.2.36) and noting that partial derivatives with respect to T and x commute
with each other,

[aQ(y9 )_))], = a;’(yv J_)) + aﬂ()‘)’ )—))
= {'do(y, y) + {[dy(y, §) + do(p, 7))
={do(y, 7) + {ldo(y, )] forall jeZ (34.3)

where, using Eq. (3.2.8),

Laaly. DT’ = f L [y, 5) + e, 7)1 dQ + f d(y, )V ™n) T

- fjﬂ (e — WV9) + c(, § — VFTV)] d + f ¢(y, XV ™) dT"

(344)
and

[da(y, P = f L [ely, ) + e(y, 7)] dQ2 + f ey, )V ™n) dT

- f f [e(y — V™, §) + ey, § — V5™V)] dQ2 + f e(y, 5V’ Tn) dT
(3.4.5)

As in Eq. (3.3.3), the fact that the partial derivatives of the coefficients in the
bilinear mappings ¢(-, -) and e(-, +) are zero has been used in Eqs. (3.4.4) and
(3.4.5). As'in the static response case, for j, select y,(x + 1V(x)) = y(x). Since
H™Q) is preserved by T(x, 7) [Eq. (3.2.12)], if § € Z is arbitrary, then j, is
an arbitrary element of Z, . Also, from Eq. (3.2.8),

y=yV+VW¥V=0 (3.4.6)

and from Eqgs. (3.4.3), (3.4.4), and (3.4.5), using Eq. (3.4.6),

a0, ) = — f f [e(Vy™V, 5) + (v, Vi"V)] dQ2 + f (3, 5)(V' ™) dT
Q Tr
(3.4.7)
and

3, 5) = — ﬂ [e(Vy™V, §) + e(y, ViTV)] dQ + f e(y, 5V ™) dT
Q r (3.4.8)
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Since y € Z, Eq. (3.4.3) may be evaluated with y = y, using symmetry of the
bilinear forms, to obtain

{'doy, §) = ap(y, §) — Ldp(y, §) — Lag(y, §) — Ldo(y, 9)]  (34.9)

Since y € Z [sce the paragraph following Eq. (3.3.8)], the term in brackets on
the right side of Eq. (3.4.9) is zero. Furthermore, due to the normalizing
condition of Eq. (3.4.2) a simplified equation may be used,

{=ay(y, y) = {dy(y, y)

=2 f f [—c(, VW) + Le(y, Vy™V)] dQ + f Le(v, y) — Le(y, W1V ™) dT
? ] (3.4.10)

where, as in the static response case, the integral over Q can be transformed
to boundary integrals by using the variational identities given in Section 3.1
for each structural component and boundary and/or interface conditions.
This will be done for each class of problem encountered.

Note that the directional derivative of the eigenvalue is linear in V, since the
variations of the bilinear forms on the right side of Eq. (3.4.10) are linear in V.
As noted in Section 2.3, validity of this result rests on the existence of
derivatives of eigenvalues and eigenfunctions.

REPEATED EIGENVALUES

Consider now the situation in which an eigenvalue { has multiplicity s > 1
at Q; that is,

aﬂ(yi’ .)7) = Cdﬂ(yi’ )_)) fOI' a]l .‘_} ez
Lj=12...,s

do(y', ¥') = 85 (3.4.11)
It is shown in Section 3.5 that the repeated eigenvalue { is a continuous
function of design but that the corresponding eigenfunctions are not.
Moreover, as in Section 2.3, it is shown in Section 3.5 that at Q, where the
eigenvalue { is repeated s times, it is only directionally differentiable and the
directional derivatives {{(V) in the direction V are the eigenvalues of the s x s

matrix .4 with elements

My = ay(y' y) — Cdy(y', y)

- H [—c(WV, ¥) — ey, Wi'V) + Le(WyV, pi) + Le(y, V" V)] dQ2
Q

+ j [t ) = Leh v ™) AL, ij=12...,s  (34.12)
r

The notation {{V) is used here to emphasize dependence of the directional
derivative on V. As in the simple eigenvalue case, the integral over Q in Eq.
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(3.4.12) can be transformed to boundary integrals by using the variational
identities given in Section 3.1 for each structural component and boundary
and/or interface conditions. This will be done for each class of problem
encountered.

If the dg-orthonormal basis {y'};, ., of the eigenspace is changed, then
the matrix .# changes, but the eigenvalues of .# remain the same. As
mentioned in Section 2.3.1, the directional derivatives {{V) are not generally
linear in ¥, even though each .#;; is linear in V. Other results in Section 2.3.1
on directional derivatives of repeated eigenvalues remain valid in this section.
For s = 2, directional derivatives of a double eigenvalue are

UV) = (Mg + My2) £ [(Myy + Mad) — MMy My, — M1)]VY2,
i=12 (3.4.13)
where i = 1 corresponds to the minus sign, { = 2 corresponds to the plus

sign, and .#j; is given in Eq. (3.4.12) (i,j = 1,2). Another expression for
directional derivatives is

(V) = cos?p(V) My, + sin2¢(V) M, + sin? (V) M, (3.4.14)
(VY = sin? ¢(V) My, — sin 2¢(V) M, + cos?P(V) My, (3.4.15)
where the eigenvector rotation angle ¢ is given as

1 2.4, ]
V) = ~arctan| — ————— (3.4.16)
*0=3 [ﬂu T

3.4.2 Analytical Examples
of Eigenvalue Design Sensitivity

The beam, column, membrane, and plate problems of Section 3.1 are used
here as examples for eigenvalue design sensitivity analysis.
VIBRATION OF A BEAM

Consider the vibrating beam of Section 3.1, with cross-sectional area
h(x) > hy = 0, I(x) = ah?(x), and Young’s modulus E. Using Eq. (3.4.10),

1 i
= 2_[) [—Eah?yyxV)ex + {phy(3:V)] dx + [Eah®(y,.,)* — CphyleL
(3.4.17)

The variational identity of Eq. (3.1.5) may be used, identifying (y,V) in the
domain integral of Eq. (3.4.17) with y in Eq. (3.1.5), to obtain
i

C’ = _Z[Eahzyxx(yxV)x - (Eahzyxx)x(yxV)] + [Eahz(yxx)z - Cphyz]V
0

i

0

(34.18)
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Using boundary conditions of Eq. (2.1.1) (note beam length 1 is not
normalized in this chapter) for the clamped—clamped beam, Eq. (3.4.18)
becomes

i
{' = —Eah*(y,)*V (3.4.19)
0

It is interesting to note that since the coefficient of the velocity V is negative,
frequency decreases as the boundary moves outward, which is clear physi-
cally. Moreover, by moving the end of the beam with larger Eah®(y,,)?
outward, the fundamental frequency can be decreased most effectively.

For other boundary conditions in Egs. (2.1.16)—(2.1.18), as in the static
case, the design sensitivity formula of Eq. (3.4.18) is valid. To obtain a design
sensitivity formula for the simply supported case, use of boundary conditions

of Eq. (2.1.16) in Eq. (3.4.18) yields
]

U = 2Eah?y, .y V (3.4.20)
0

For a cantilevered beam, applying boundary conditions of Eq. (2.1.17) to
Eq. (3.4.18) yields

U’ = Eah®(y)?V — {phy*V (3.4.21)

x=0

x=1

For a clamped-simply supported beam, applying boundary conditions of
Eq. (2.1.18) to Eq. (3.4.18) yields

U = Eah¥(z,)*V (3.4.22)

+ 2Eah?y . vV
0

x= x=1

BUCKLING OF A COLUMN

Consider buckling of the column of Section 3.1, with cross-sectional area h,
I(x) = ah*(x), and Young’s modulus E. Using Eq. (3.4.10),

i !
C/ = 2‘[ [—EahZYxx(yxV)xx + ny(YxV)x] dx + [E(x"lz(yx:c)2 - C(yx)z]V‘
0 0
(3.4.23)
Using the variational identity of Eq. (3.1.8), and identifying (y,V) in the
domain integral of Eq. (3.4.23) with j in Eq. (3.1.8),
i

C’ = _2[Eah2yxx(yxV)x - (Eahzyxx)x(yxV) - ny(yxV)]

0

+ [Eah®(y)* — C(yx)"‘]Vl (3.4.24)
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For a clamped-clamped column, using boundary conditions of Eq. (2.1.1),
Eq. (3.4.24) becomes
i

{' = —Eah*(y)’V (3.4.25)
0

As in the case of vibration of a beam, the coefficient of the variation V is
negative. Hence, the buckling load decreases as the boundary moves
outward.

For a simply supported column, using boundary conditions of Eq. (2.1.16),
Eq. (3.4.24) becomes

U = R2Eah®yeee s + {31V (3.4.26)

H
0

For a cantilevered column, using boundary conditions of Eq. (2.1.17), Eq.
(3.4.24) becomes
{' = Exh*(y)*V

— LGV (3.4.27)

x=0

x=1

For a clamped—simply supported column, using boundary conditions of
Eq. (2.1.18), Eq. (3.4.24) becomes

"= Eah(y)’V|  + [2Eah?yeec b + L0V (3.4.28)
[0}

x= x=1

For an s-times repeated eigenvalue, using Eq. (3.4.12),

i
My = fo [— Eah?yl (V). — Eah?yi 33V )ee + 300, + OAGIV),] dx

1

+ [Eah?yeeyl — ORyiIV] . ij=12...,s (3.4.29)

0

Using the variational identity of Eq. (3.1.8) twice in Eq. (3.4.29),
1

My = —[Eah?yi (yiV), — (Eah?yi), (iV) — Li(yiv)]

(¢}
i

— [Eah®yL (yiV), — (Eah?y. ) (viV) — (iyiV)]
0

H
+ [Eah®yicyls — OiyiV] . Lj=12,...,s
0
(3.4.30)
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As in the simple eigenvalue case, the result of Eq. (3.4.30) is valid for the
boundary conditions given in Eqgs. (2.1.1)and (2.1.16)-(2.1.18). To obtain .#;;
for each case, these boundary conditions may be applied in Eq. (3.4.30). For
the case of a double eigenvalue (s = 2), the directional derivatives of the
repeated eigenvalue can be obtained from Egs. (3.4.14) and (3.4.15), where
rotation angle ¢ is given in Eq. (3.4.16).

VIBRATION OF A MEMBRANE

Consider the membrane of Fig. 3.1.1, with mass density k. For a simple
eigenvalue, using Eq. (3.4.10) and the fact that y = O on T

=2 J f [=TWIVWYV) + Chy(Vy™V)1dQ + T f (Vy™Vy)(V ™n) dT
0 r
(3.4.31)

Applying the variational identity of Eq. (3.1.13) to Eq. (3.4.31) and identify-
ing (Vy"V) in the domain integral of Eq. (3.4.31) with j in Eq. (3.1.13),

= —2Tf %(VyTV) dr + T f (VyTVY)(V Tn) dT" (3.4.32)
r r

Since y = 0on I, Vy = (0y/on)n on I, and

. af (Y
r=-1 fr ((Tn) (VTn) dT" (3.4.33)

As noted in Section 3.4.1, the eigenvalue design sensitivity in Eq. (3.4.33) is
expressed as a boundary integral, and only the normal movement (V ") of the
boundary appears.

It is interesting to note that since the coefficient of (Vn) is negative, the
frequency decreases as the boundary moves outward, which is clear physi-
cally. Moreover, moving the boundary outward in the vicinity of a high
normal derivative decreases the fundamental frequency most effectively.

For an s-times repeated eigenvalue, using Eq. (3.4.12) and the fact that
y¥=0onT(i=12...,5),

= ([ T=TWVY) = THVEOY) + DY)
0

+ thy(Wy' V1 dQ + T f VWAV ™YL,  i,j=1,2...,s
r
(3.4.34)
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Applying the variational identity of Eq. (3.1.13) twice to Eq. (3.4.34)

Ce a ,J- iT a i T - :T .
My=-T f P vy + L w vy |do + T f (VW V)V Th) dT
r an an r
(3.4.35)
Since y* = 0 on I, Vy' = (dy'/én)n on T, and

ﬂij=—Tf((;}:>( )(VT)dr Bj=12...,s (3436

Consider now the case of a double eigenvalue at Q (i.e., s = 2). The
directional derivatives of the repeated eigenvalue are given by Eqgs. (3.4.14)
and (3.4.15) as

o) =T fr |:cos2¢(V) (ay 1) + sin 2¢(V)( )(‘i;)

+ sin? ¢(V) <6y i )2](VTn) dr

R 1\ /a2 (3.4.37)
0V = —Tf [sm d)(V)( ) — sin 2¢(V) (6%)(%;)
+ cos?2 (V) (%L:)Z](VTn) dr
where the rotation angle ¢ is obtained from Eq. (3.4.17) as
2r (2" /om)(@y*/on)V m) dT
V) = arctan[jr [@yL/an? — (@y2/an)Z]0V ) dF] (3.4.38)

It is clear from Eq. (3.4.37) that the directional derivatives of the repeated
eigenvalues are not linear in ¥, hence they are not Fréchet differentiable.

VIBRATION OF A PLATE

Consider the vibrating plate of Section 3.1, with thickness h, Young’s
modulus E, and mass density p. Using Eq. (3.4.10),

{= 2JL {=D[(y1y + w2 )W V)1 + (22 + w1 )W V)22
+ 2(1 = )y 2(WTV)12] + Lphy(VyTV)} dQ
+J {Dl(y1y + vy22dyn1 + (V22 + vWiyzz
r

+2(1 — v)y3,] — Lphy?}(VTh) dT (3.4.39)
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Using the variational identity of Eq. (3.1.30), and identifying (Vy'V) in the
domain integral of Eq. (3.4.39) with y in Eq. (3.1.30),

(= —ZJ (VyTV)Ny dl" — ZJ i(VyTV) My dr
r I-(')n

+f {D[(r11 + w22)y11 + 22 + W11)ya22
r

+ 2(1 — v)y?,] — Lphy*}(VTn) dT (3.4.40)

As in the static response case, sensitivity formulas due to the variation of
clamped, simply supported, and free-edge parts of the boundary are

7 2 aZy 2
{ =f D{_2<‘0n2> + [ + w22y + 2z + Witz
I'c

+2(1 - v)yfz]}(VTn) dar (3.4.41)

r ay ~
4 =f {—2(;3;>N)’ + DL(y11 + w22y + (V22 + Wi1)yaz
I's

+ 2(1 — v)yfz]}(VTn) dar (3.4.42)
and

= {DLy1; + va2)y11 + a2 + wwiyas + 2(1 — v)y3,]

I'r

— {phy*}(V™n) dT0 (3.4.43)

respectively. For T’ = I u Iy U Iy, the complete design sensitivity formula
can be obtained by adding terms in Eqgs. (3.4.41)-(3.4.43).

For an s-times repeated eigenvalue { at Q [43], the directional derivatives
{{V) in the direction V are the eigenvalues of the s x s matrix .# with
elements

= | fn (<DL + WiV Vs + 0 + WiV V)i

+ 2(1 - V)Yfz(vyiTV)l 2]+ Cphyj(VyiTV)
- DA[(ylil + Vyizz)(VijV)u + (5, + V.V';1)(VijV)2z
+ 21 — Wyi2(WV)5] + Cphy (VyTV)} dQ
+ f {BLO%, + wholvls + (s + widvds + 20— wyayia]

— {phy'yl} (V' Th) T (3.4.44)
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Using the variational identity of Eq. (3.1.30) twice in Eq. (3.4.44),

. A N )
My = —f [(Vy‘ VINy’ + %(Vy‘ V)My’} ar
T

- f [(VyfTV)Nyf + i(Vy”V)Myi] dr
r on

+J (DL + whavly + Ohy + widyds + 2(1 — v)yiani,]
r
— {phy'y}(V Tn) dr (3.4.45)

As in the simple eigenvalue case, the result of Eq. (3.4.45) is valid for
boundary conditions given in Egs. (3.1.26)—(3.1.28). To obtain .#;; for each
case, these boundary conditions can be applied in Eq. (3.4.45).

3.6 DIFFERENTIABILITY
OF STATIC RESPONSE
AND EIGENVALUES WITH RESPECT
TO SHAPE

The purpose of this section is to characterize dependence of static response
and eigenvalues of the structures of Section 3.1 on their shapes. A transfor-
mation function is defined that uniquely determines the shape of a body.
Differential operator properties and transformation techniques of integral
calculus of Section 3.2 are employed to show that static response and
eigenvalues of the system depend in a continuous and differentiable way on
shape of the body. This section is more mathematically technical than others
in the text. The reader who is interested only in using the methods and results
of Sections 3.3 and 3.4 need not go through the details of this section. In
order to be mathematically complete, differentiability of the membrane
problem will be considered in detail. For differentiability in other problems
of Section 3.1, the reader is referred to Rousselet and Haug [70].

Another important result given in this section considers the variation of a
domain functional. If the gradient of the domain functional exists, only the
normal component (V Tn) of the velocity field V is of importance. This result
was used in Section 3.2.2 to find the derivatives of several domain functionals.

3.5.1 Characterization of Shape

It is essential to first state precisely how structural operators are related to
the domain Q, which amounts to defining the dependence of the coefficients
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of the differential operators on the geometric domain Q. The following
hypotheses are made:

HypoTHESIS H,:

1. The physical domain Q is a bounded open set of R".

2. For every x eI, there exists a system of local coordinates
(X1, %3,...,%,) and a cube Q =(—a,a)" =(—a,a) x---x(—a,a) (open
neighborhood of x), as shown in Fig. 3.5.1 for n = 2, such that points in
Q n Q satisfy x, < O(xy,...,x,—q) for (x(,...,x,-,) € (—a,a)"" ", where
® € C'[(—a,a)"" '] for second-order problems and ® € C*[(—a,a)"" '] for
fourth-order problems.

HypoTHesis H, All coefficients involved in the operators defined in
Section 3.1 are assumed to be C!(Q). Moreover, it is assumed that there exists
hpin > O such that A(x) > h,;, > 0in Q.

A difficulty in defining shape as a design variable is that shapes of
geometrical domains are not usually considered as a vector space, so that the
question arises, How can differentiability with respect to the shape of Q be
defined? Courant and Hilbert [71] proved that the eigenvalues of the
Laplace operator are continuous when two open sets Q and Qp of R"
are considered as neighbors, if and only if there exists a C! function F
such that Qg = (I + F)(Q). This point of view has been systemized by
Micheletti [72] for regular domains under the so-called Courant topology.
In fact, it turns out that this is sufficient to define derivatives relative to F
[42] (see also Murat and Simon [73] for a detailed treatment of the subject).

A domain is considered in Section 3.5.2 that satisfies hypothesis H, for
every F € CY(Q) or C¥(Q), as appropriate, such that [F| < C < landI + F
is a homeomorphism of a neighborhood of Qf = (I + F){(Q). Let ar and by
(respectively, Ar and By) be the bilinear forms (respectively, the Friedrichs
extension of the differential operators) associated with Q. Then ay and by
satisfy H,. It will be proved that the forms ar and by are Fréchet

Fig. 3.5.1 Boundary regularity.
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differentiable in the sense of relatively bounded perturbations. The differen-
tiability of static response and eigenvalues will then be derived through the
use of results proved in Sections 2.4 and 2.5. Once Fréchet differentiability is
shown, it is easier to use Gateaux derivatives (material derivatives) of Section
3.2 to find derivative formulas.

3.5.2 Reduction of Variational Equations
to Fixed Domains

In order to bring the perturbation methods and results of Sections 2.4 and
2.5 to bear on the problem of domain variation, it is most convenient to
transform variational equations for the problem on the perturbed domain Qg
to variational equations on the domain €. The linear and bilinear forms that
result will depend on the transformation function F that defines the
perturbed domain Q. It will then be possible in the following section to
apply results of Sections 2.4 and 2.5 to demonstrate existence of Fréchet
derivatives of the forms with respect to domain and to calculate the
derivative.

The modified domain Qf is prescribed by the transformation Q — Qg,
given by x —» x + F(x); or x —» ¢(x), where ¢(x) = x + F(x). A function f
defined on Q. can thus be written as a function on Q, f(x) = f(x + F(x)); or,
f=fo¢andf = f o ¢~} since ¢ is a homeomorphism from Q to Q. Since
static response and eigenvalues of a system defined on the perturbed domain
Qg are solutions of variational equations, it is first necessary to transform the
variational equation to the fixed domain Q. In general, linear and bilinear
forms [x(2), ag(z, Z), and dg(y, y) that are defined on Z; must be transformed.
These transformations will be carried out here for the membrane problem
only (for other problems, the reader is referred to Rousselet and Haug [70]).

Static and eigenvalue behavior of a membrane Q. are governed by the
variational equations (3.1.14) and (3.1.15), defined on Q. The following
lemma provides a redefinition of these linear and bilinear forms and the
variational equations on Q.

Lemma 3.5.1 Consider the bilinear and linear forms with domains
Z = H}(Q), given by

a2,y =T f L(Dd)‘TVZ, D¢~ TVz)|D¢| dQ (3.5.1)
46, = || Fo9ipg) do (3.52)

Ti(2) = f L fz|D| dQ (3.5.3)



282 3. STRUCTURAL COMPONENTS WITH SHAPE AS THE DESIGN

where ¢(x) = x + F(x) and its inverse are assumed to be C(Q), D¢ is the
Jacobian matrix of ¢, |D¢| = |det(D¢)|, and D~ T = (Dp")~! = (D¢~ )T
Then the solution Z € Z of

3,2 = I3 forall zeZ, (3.5.4)

is such that z = Z o ¢! is the static solution of the membrane equation on
Qp. Furthermore, the real numbers { = {(Qf) such that there exists y # 0
satisfying

ag(y, 3) = Lde(d, §) forall yeZ (3.5.5)

are the eigenvalues of the membrane over the domain Qp, and y = jo ¢!
are the associated eigenfunctions.

ProoF Solutions of the static and eigenvalue problems on Q. are given by
the variational equations

aplz, 2) = 1g(2), ze”Zp forall ZeZg (3.5.6)
and

ag(y, ) = (de(v, §), yeZyp forall yeZp (3.5.7)
Transforming from € to Q and noting that D;z = D, Z(D;¢~ ") and
Viz = (D;¢)” "V, Z where X = ¢(x),

aglz, 3) = T f f (Vz, V2) dQ,
Qr
~F J f (Dé~ TV Do~ TVA)IDH| dQ = 52 (3.5.8)
IHz) = f | frdor = j L 72IDg| dQ = 1.(®) (3.5.9)

dp(y, 7) = j hyj dQy = f Lﬁwww iQ=2:G.5) (3510

Qr

Since ¢ is a CYQ)) homeomorphism, there is a one-to-one correspondence
between functions in HY(Q;) and HY(Q), as in Section 3.2. Thus, by Egs.
(3.5.6), (3.5.8), and (3.5.9),

alz,2) = @53, 8) = [(3) = 1z)  forall Ze Z;

is the same as for all Z € Z. Since £ € Z is arbitrary, it may be denoted as z
and the first result of the lemma follows. The second result foliows in the
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same way, using Egs. (3.5.7), (3.5.8), and (3.5.10). Thus, the lemma is
proved. W

It should be noted that the change of variable holds not only if the
homeomorphism ¢ and its inverse are C}(Q); it is also valid providing ¢ and
its inverse are Lipschitzian (see lemma 3.2, chapter 2, of Necas [74]).

3.56.3 Differentiability of Bilinear Forms

In this section, differentiability (in the sense of bounded perturbations) of
the bilinear forms of Section 3.1 with respect to the shape variation function
F is proved. The development uses expressions for the bilinear forms on fixed
domains derived in Section 3.5.2, which explicitly involve the function F.
The development also uses expressions for the bilinear forms g+, «) on fixed
domains ©Q, considered as mappings from Z x Z and depending on F. The
bilinear form dg(-, -) and its derivatives depend on F, much as the bilinear
forms a,-, -} of Chapter 2 depend on the design variable u. The objective
here is to analytically characterize dependence of Gg(-,-) on F, as the
dependence of a,(-, -) on u was characterized in Chapter 2.

In this section, z and Z denote arbitrary functions in Z. There is no
connection between this z and the solution of the static problems of Section
3.1.

For the problem considered, a formal calculation is used to obtain the
desired derivative, much as was done for the static problem in Section 2.4
and for the eigenvalue problem in Section 2.5. Rigorous proofs of the validity
of these formulas are then given.

From Eq. (3.5.1), the bilinear form dg(z, Z) of the membrane problem is
obtained explicitly in terms of ¢, where X = ¢(x) = x + F(x). The derivative
of Gg(z, Z) may be formally calculated, for some fixed z and z € Z, with respect
to F by expanding it, and the validity of the formula may then be proved.
The formal calculation is illustrated here in detail, to serve as a guide to a
procedure that can be used in other problems.

Since ¢(x) =x + F(x), D¢ =1+ DF. The formula (1+¢7 ' =
1 — ¢ + o(e) for small ¢ is also valid in the algebra of matrices [see Eq.
(3.5.53)], so

(D)~ =(I + DF)~' =1 — DF + o({DF|;) (3.5.11)
where o(|DF|,) means o(|DF|,)/|DF|, — 0 as [DF|; — 0 and

2 1/2
|DF|, = [ ) (F;')ZJ (3.5.12)

ij=1
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is the Euclidean norm of matrix DF. On R?,

1+ F} F} )
det(I + DF) = } F? ! | +2F22 =1+ divF + F!F? — F}F}
SO
det(I + DF) = 1 + div F + o(|DF;) (3.5.13)

and for DF small enough,
|det(I + DF)| = 1 + div F + o(|DF|,) (3.5.14)
Applying these computations to Eq. (3.5.1) for dg(z, Z) and expanding yields

Gz, 7) = Tﬂn(u — DF + o(DF|,)1T Vz,[I — DF + o(DF|,)]" V2)
x (1 + div F + o(|DF|,)) dQ

=T j f (Vz,V2)dQ + T ﬂ (Vz, Vz)div F dQ
Q Q

-7 f f (IDFT + DF]Vz, Vz) dQ + ﬂ o(|DF},) dQ
Q Q
(3.5.15)
This formula can be written to first order as

Gp(z,2) = ay(z,2) + ag (2, 2) + J:[ o(|DF|;) dQ (3.5.16)
o)
where ag(-, +)is ag(-, -) at F = 0 and

anpz,2) =T ﬂQ(Vz, Vi) divF dQ — T f L([DFT + DF]Vz, Vz) dQ
(3.5.17)

Note that Eq. (3.5.17) can also be obtained by taking the material derivative
of the bilinear form in Eq. (3.1.14) and using Egs. (3.2.37), (3.3.2), and (3.3.9),

[a(z, 2)];),1’ = aIQ.F(z’ E) + ao(z., 2)

=T f f [(V2),V2) + (Vz,(V2))] dQ + T f f (Vz, Vz) div F dQ
@ Q

- Tﬂ [(Vz — DFVz,Vz) + (Vz, V2 — DFV)] dQ
Q

+ T f f (Vz, V2) div F dQ (3.5.18)
Q
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which gives the same result for ag (2, Z) as in Eq. (3.5.17) because £ = 0 by
Eq. (3.3.5). As noted in Section 3.5.1, it is easier to use the material derivative
formula than the expansion method, as in Eq. (3.5.15). Thus, ag g(z, Z) is the
derivative of dg{z, z) with respect to F, if the above calculations are accurate.

These computations are formal, so it must be shown that the foregoing
pointwise developments are valid in the appropriate function space norms.
This is a technical task that is outlined in the following, with detailed proofs
given in Section 3.5.6.

Let ||F|| be the norm in CY(),

IFll = SU%(IF(X)Iz + IDF(x)]2) (3.5.19)

where |F(x)|, denotes the Euclidean norm of F(x) and |DF(x)|, is the matrix
norm given in Eq. (3.5.12).

Lemma 3.5.2 For the membrane, let

ag (2, 2) = Tﬂ (Vz,Vz)divFdQ — T f J (IDF™ + DF]Vz, Vz) dQ
Q Q

(3.5.20)
Then, ag, r is linear in F, and for || F|| small enough, the form
ap, Kz, 2) = dglz, 2) — aylz, z) — ag,(z, 2)
satisfies the inequality
lag, (2, 2)| < ca(F)lz)I7 (3.5.21)

where ¢,(F) > 0 and c,(F) = o(||F||). Thus, ag ¢(z, z) is the Fréchet derivative
of d, with respect to F at F = 0. Moreover,

lag, Az, 2)| < e(llzIZ I Fl (3.5.22)
where ¢; = 0.

ProoF By definition and after some manipulation,

a;),F(Z, Z) = &F(Z’ Z) - aO(z’ Z) - a;),F(Za Z)

=T ﬂ (D$~"Vz,D¢p~ T Vz) — (Vz,Vz) + 2(DFT Vz, Vz)) dQ
o
+T f f (Vz, Vz)[ID¢| — 1 — div F] dQ
Q

+ TJ] ((D$~"Vz, Dp~"Vz) — (Vz, V2))[|Dp| — 1] dQ
fo)
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which may also be written as

dy fz,2) = Tf (DT — I + DF")Vz, D¢~ T Vz) dQ

+ Tﬂ (Vz,(D$~" — I + DFT) Vz) dQ
0

+ Tf (DFT Vz,(I — D¢~ T) Vz) dQ
Q

+ Tﬂ (Vz, V2)[ID¢| — 1 — div F] dQ
Q

+T J' (Dp~T" — I)Vz, D~ "Vz)[|D¢| — 1] dQ
Q

+T f f (Vz,(Dp~ T — I) V2)[|Dp| — 1] dQ
Q

Taking absolute values and bounds yields

lag,r(z, 2)| < TSUP|D¢ T(@¢(x)) — I + DFT(x)|,|D¢p~ ¢(x))|zf [Vz[3 dQ
+ Tsup|Dg~"(¢(x) ~ 1 + DF(x), ﬂ V22 dO
+ TsuplDF L = DY~ T$0, f V2l do

+ Tsup[[qu(x)l — 1 —divF(x Iff IVz|2 dQ

xel}

+ T5up|Dg~T(9(x) — 112 [Dg~TGCN: IDH() ~ 1

x H V2|2 dO
Q

+ Tsup|D~"($(x) - 1|04 — 1 f L V22 d
(3.5.23)

Equation (3.5.23) yields Eq. (3.5.21) if it is shown that every term involving a
supremum over x € Q is of order o(||F||). These results are shown in Section
3.5.6, hence completing the proof. Wl



3.5 DIFFERENTIABILITY OF STATIC RESPONSE AND EIGENVALUES 287

For other problems of Section 3.1, differentiability of the bilinear forms
with respect to the shape variation function (F € CY(Q) for second-order
problems, and F e C*{)) for fourth-order problems) was proved by
Rousselet and Haug [70]. With the result of Lemma 3.5.2 and similar results
of Rousselet and Haug [70], the following result can be stated:

Tueorem 3.5.1  All the forms of the examples studied in Section 3.1 are
Fréchet differentiable in the sense of relatively bounded perturbations. That
s,

laq, Kz, 2)| < c,|Fllag(z, 2) (3.5.24)
lag, 1z, 2)] < c3(F)ay(z, z) (3.5.25)

where ¢; > 0, ¢,(F) > 0, and ¢,(F) = o(||F||), with || F|| denoting norm either
in C{Q) or in CX(Q).
For proof, it is necessary only to note that these inequalities follow from

the inequalities obtained for each example and then to use the strong
ellipticity of the form ay(z,z). W

For the eigenvalue problem, applying the same expansion as in Eq. (3.5.15)
to the bilinear form of the membrane, the formal derivative of dz(y, ) may be
calculated. The derivative may be found by taking the material derivative
of the bilinear form. The next lemma proves differentiability of the bilinear
form dg(-, -),

Lemma 3.6.3 For the membrane, let
do ((y, §) = J] (Vh(x), F(x))yy dQ + J] hyy div F dQ (3.5.26)
Q Q

Then, dg, (y, ¥} is linear in F, and for || F| small enough, the form
dg r(y, y) = dp(y, ¥) — do(y, ¥) — da ¢y, )

satisfies the inequality

[do, 1y, V)| < calF) [¥ll720) (3.5.27)
where ¢ (F) = o(||F||) and c4(F) = 0. Moreover, there is a ¢; > 0 such that
[da, ¢, Y| < e3l1yllize I F | (3.5.28)

ProofF Details of the proof are omitted, since it is much simpler than the
proof of Lemma 3.5.2, since only bounded operators are involved. Note,
however, that the regularity assumptions on h are used in this lemma, as was
pointed out at the beginning of Section 3.5.1.
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The bound on dg, [ is straightforward, since

sty = | fn By iDglda - | L h(x)y? dQ

~ []. (e Py — [ w2 ivp a

may be written

a5, +(9,y) = f L (Rx) — h(x) — (Vh(x), F()y*IDb| 42
+ f f h(x)y*(D¢| — 1 — div F) dQ
0

+ f L (Vh(x), F)y(D| — 1) d2

The second term on the right is of the same kind as one of the terms
encountered in the proof of Lemma 3.5.2. With this observation, the detailed
proof is written in Section 3.5.6 (Egs. 3.5.59 and 3.5.60). W

Note that the bilinear forms d(-, -) for the beam and plate are similar to
the bilinear form for the membrane, so Lemma 3.5.3 may be utilized for
proofs of their differentiability.

3.5.4 Differentiability of Static Response

In this section, the shape derivatives of bilinear forms found in Section
3.5.3 are used to extend the operator derivative formulas found in Section 2.4
to derivatives with respect to shape.

As in Chapter 2, define the operator A by

&F(Z, E) = (ZFZ, Z)LZ(Q) (3.5.29)

for all Z € Z and for all z € D(A[), where the domain D(A[) of the operator A
is the subspace of L*(Q) such that Z — dg(z, Z) is continuous for Z € Z, with z
considered as an element of I*(Q) [75]. Then, differentiability of A5 ! with
respect to F, as a continuous operator on L*(Q), follows from Theorem 2.4.2
of Section 2.4.2.

For the membrane problem, as noted from Eq. (3.5.3), the right side is of
the form f|Dé|. In fact for the problems treated in Section 3.1, the right side is
of the form f|D¢|. Thus, the static response is Z = A !f|D¢|, and differenti-
ability of static response follows from differentiability of f|D¢|, as an element
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of L2(Q), with respect to F € CY({) for second-order problems and F € C*(Q))
for fourth-order problems. Showing Fréchet differentiability of F — f|D¢)|
amounts to proving that

1/2
UL (f1D¢| — f — (Vf, F) — f div F)? dQ] =o(|F) (3.5.30)

with ||F|| denoting norm either in CY§) or in C*Q). Equation (3.5.30) is
implied by

sup|fIDl — f — (Vf, F) = f div F| = o(|F)
which in turn is implied by

sup |(J = f = (Vf, F)ID¢]| + suplf(D| ~ 1 - div F)|
+ Sugl(Vf, F)(Dg| — 1) = o(|F|) (3.5.31)

The first term in Eq. (3.5.31) has the proper estimate by using Eq. (3.5.59) of
Section 3.5.6 and the second term by using Eq. (3.5.58) of Section 3.5.6.
Equation (3.5.58) also implies that -

sup||D¢| — 1| = C||F|| (3.5.32)

xe

which yields the required estimate of the third term of Eq. (3.5.31).

The derivative of static response can now be written as in Theorem 2.4.3
for the distributed design case. Denote by C,(Q, F) and C,(Q, F) L*Q)-
bounded operators such that

dg 1z, 2) = (C4(Q, F)Gqz, Gu2) (3.5.33)
and
ap, 1z, 2) = (Cy(Q, F)Gqz, Go2) (3.5.34)
As in the proof of Theorem 2.4.2, the Fréchet derivative of A ! is
F - —G3'C{Q, F)Gg'! (3.5.35)
The derivative of static response is then given by
taor =—Go'C{Q, F)Gg'f + Ag'[(Vf,F) + fdivF]  (3.5.36)

As in the distributed design case, the importance of this result is theoretical .
at this point, since the explicit forms of G, Gg3!, and CY(Q, F) are
not known and in fact may not be readily computable. Computation of
explicit design derivatives of functionals involved in a variety of structural
problems is carried out using the adjoint variable method in Section 3.3.2.
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An alternative derivation of the design sensitivity equations of Section
3.3.2 may also be given. Consider a typical integral functional

Y= ﬂ g(z) dQ (3.5.37)
Q
The total differential of y is

OpY = J] G:2q.r dQ + ff g div F dQ (3.5.38)
Q Q

Using the L*(Q) scalar product and Eq. (3.5.36), Eq. (3.5.38) becomes

0
oy = —(a—i,GQ’Q(Q F)G§1f>
L2
+ (%,A,;l[(Vf, F) + fdiv F])

Using self-adjointness of G, and the fact that Ag' = G5'Gg?, direct
manipulation yields

+ (g, d]V F)LZ
12

1 0 -
5F¢ = —<GnAn1 ‘a—z, C(Q, F)GQAQ lf)

L2

L2

+ (AS‘ %, LVA F) + f div F]) + (g, div F),.

0
= —(GnAal 9 @, F)an)

0z

LZ
+ (Aa’ Z—‘Z, [(Vf, F) + f div F]) + (g, divF). (3.5.39)
L2

Defining Ag '(dg/0z) = 1, or equivalently A, as the solution of the operator
equation

agr=2 (3.5.40)
0z

and using Eq. (3.5.33), Eq. (3.5.39) may be rewritten as

oY = —ag ¢(z, A) + (4, [(V/, F) + f div F])2 + (g, div F)p
(3.5.41)

From Egs. (3.5.3) and (3.5.30),

lo i(Z) = f L [(Vf, F) + f div F]z dQ (3.5.42)
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Integrating the equality
[(Vf, F) + f div F]z = div(fZF) — f(Vz, F) (3.5.43)
Eq. (3.5.42) becomes, using the divergence theorem [53],

o 6(Z) = L fZ(F,n)dl" — ﬂﬂ f(Vz, F) dQ (3.5.44)

which is the same as Eq. (3.3.7) if F = V. Using Eq. (3.5.42), Eq. (3.5.41)
becomes

e = Iy () — dp sz, 4) + f f g div F dQ (3.5.45)
Q

Integrating the equality
div(gF) = g,(Vz, F) + gdivF (3.5.46)
Eq. (3.5.45) becomes, using the divergence theorem [53],

5e0 = o 4(1) — di sl 3) — f f 6.Vz, F) dQ + f 9(F, n) dT
Q r (3.547)

Equation (3.5.47) is the same as the result obtained in Eq. 3.3.17)iff F=V
and g depend on z only.

3.5.56 Differentiability of Eigenvalues

In this section the derivative formulas of Section 2.5 are extended to
derivatives of eigenvalues with respect to shape, using the shape derivatives
of bilinear forms found in Section 3.5.3.

Define, as in Section 3.5.4, the operator B by

ap(y, y) = (BF% J—’)Ll(n) (3.5.43)

for all j € Z and all y e D(A;). As in Section 2.5, F —» A7 B, is an [X(Q)-
bounded operator that is Fréchet differentiable with respect to F. Further,
the eigenvalues of A7 !B, are the inverse of {(Qy) of Eq. (3.5.5). Thus, the
continuity and differentiability follow from Section 2.5, as follows:

THeorem 3.5.2 Let {(2) be an m-fold eigenvalue of Eq. (3.5.5) at F = 0.
Then, in any neighborhood W of {(Q) that contains no other eigenvalue and
for ||F|| small enough, there are exactly m eigenvalues {(Q;),...,{.(QF)
(counted with their multiplicity) in W. If m = 1, then {() is Fréchet
differentiable at F = 0, and

far = ag (. ¥) — {(Q)dg £y, y) (3.5.49)
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where y and {(Q) are the eigenfunction and associated eigenvalue with
do(y,y) = 1. If m > 1, then {(Q) are directionally differentiable at F = 0,
and the directional derivatives are the m eigenvalues of the matrix .# with
general term

My = ag ('} y) — {Qda (S y),  Lj=12,...,m (3.5.50)
where {y'};_,5,... mis a basis of the eigenspace associated with the eigenvalue
{Q) and do(y,y) =8; (i,j=12,...,m) where §; is one if i =j and
otherwise is zero.

3.5.6 Proof of Lemma 3.5.2

It is shown in this section that the pointwise developments carried out in
Lemma 3.5.2 are in fact uniform.
The expression

D¢~ T(p(x)) — I + DFT(x) (3.5.51)
is first considered. Recall that
D¢~ H¢(x)) = Dp(x))"' = (I + DF)™! (3.5.52)

It is a standard result of the algebra of linear operators or matrices (section
1.4.4 of Kato [13]) that if w € X, where X is a normed algebra of linear
operators, then

I +w)y™ " =T+ wly <2wl}, Iwlx <3 (3.5.53)

Setting w = DF(x), then Eq. (3.5.53) yields a bound for Eq. (3.5.51) using
Eq. (3.5.52),

D¢~ T(¢(x)) — I + DFT(x)|, < 2|DF(x)[3 (3.5.54)

where |- |, denotes the matrix norm associated with the usual Euclidean norm
for vectors. Taking supremum over x € Q of both sides yields the required
bound for this term.

The same kind of bound is now to be shown for

ID$(x)| — 1 — div F(x)

The following result is first established: If w is a linear mapping from R" into
R" then

det(I +w) =1 —trwj< ¥ < :)le’é (3.5.55)
k=2

where tr w is the trace of w and (}) is the binomial coefficient. After choice of a
basis, denoting by w the matrix formed from the column vectors w; in this
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basis,and ¢; = (0 --- 1 ... 0)7, the 1 being in the ith position,
det(I + w) =det{e, + w; e; +wy, - e+w -+ e, +w)

Using the multilinear property of the determinant, this may be expanded as

det(I + w) =det(e; --- e,) +det(w; e, -+ e)+---
+ detle; -+ w,) +detw; wy €3 --- g)+ -
+ det(w; -+ w,) (3.5.56)

To get the bound of Eq. (3.5.55), note that there are (}) terms in Eq. (3.5.56),
involving k factors w; (and n — k factors e)). Since |w;|, < |w|,, this yields Eq.
(3.5.55).

Equation (3.5.55) yields also

Idet(I + w) — 1 — trw] < w2 Z <:)lwl'§

k=2
and for |w|, < 1,

Idet(I + w) — 1 —trw| < wi3 ) (Z) =2 —n-1)

k=2

(3.5.57)

Now set w = DF(x) and note that tr DF(x) = div F(x), so Eq. (3.5.57)
yields

ldet(I + DF(x))] — 1 — div F(x)| < C|DF(x)]3 (3.5.58)

For DF small enough, [det(I + DF(x))| = det(I + DF(x)). Taking the sup-
remum of both sides of Egs. (3.5.51), (3.5.54), and (3.5.58), for x € Q, yields
the desired bounds in Eq. (3.5.23). Equations (3.5.54) and (3.5.58) are the two
uniform bounds needed to complete the proof of Lemma 3.5.2.

Two results needed for the proof of Lemma 3.5.3 are now to be shown.
First, if h € C'(R"),

su% |h(x + F(x)) — h(x} — (Vh(x), F(x))] = o(|F]) (3.5.59)
In fact,

h(x + F(x)) - h(x) =f (Vh(x + tF(x)), F(x)) dt

0
so that
sup fh(x + F(x)) — h(x) — (Vh(x), F(x))|

xeQ

< sup sup |Vh(x + tF(x)) — Vh(x)|| F]

tel[0,11xeQd
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If |F|| <1, x 4+ tF(x) belongs, for almost all x € Q and every t € [0, 1], to a
compact neighborhood of Q. On this compact neighborhood, Vh, which is
continuous, is uniformly continuous. Therefore for every ¢ > 0, there exists
o € [0, 1] such that if | F|| < a. Then,
sup sup |[VA(x + tf(x)) — Vh(x)| < ¢
te[0,1]1xe D}
which verifies Eq. (3.5.59). The second estimate needed in the proof of
Lemma 3.5.3 is more straightforward,

f f (Vh(x), F)y*(Dg| — 1) d@| = o(|[F[) (3.5.60)

Since Vh is continuous,

sup I(Vh(x), F(x))| < sup IV ILF |

From Eq. (3.5.58), it follows that sup, g|ID¢(x)] ~ 1| < C|F|. Equation
(3.5.60) is easily deduced from these two estimates.

3.5.7 Derivatives of Domain Functionals

An important result to be given in this section, without proof, is that when
the variation of a domain functional is considered, if the gradient of the
domain functional exists, only the normal component (V' "n) of the velocity
field V has any influence. (The reader who is interested in a detailed proof is
referred to Zolesio [52].)

Let ¢ be a functional defined for any regular domain Q. The material
upper semiderivative of  at Q, in the direction of the velocity field V, is the
real number (finite or infinite) given by

M (3.5.61)

dyy = lim sup
=0
If the limit exists and is finite in Eq. (3.5.61), it defines the material
semiderivative of /(1) at €, in the direction of V, and writes it as d .
Consider now the case in which the mapping V — dy\ is linear and
continuous. Then this mapping defines a vector distribution G which is the
gradient of y at Q. That is,

dV'ﬁ = <G, V>@“(U,R")' x @k(U, R") (3.5.62)

where 24U, R") is the vector space of k-times continuously differentiable
functions with compact support, 2%U, R" is the dual space of 2%(U, R"), and
{+, +» denotes the duality pairing.
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For any test function V belonging 2*(U, R"), V can be decomposed on the
boundary I' as

V=V+V, (3.5.63)

where V, = (VTn)n is the normal component of the velocity field ¥ and
V, =V — V, is tangent to the boundary. Hence, I is the integral surface [54]
(or curve) for that field V,, and I (V) = I for all 7. Thus, Q,(V,) has the same
boundary for all 7 and {G,V,> = 0 and

dyy = {G,V> = <G,(VTn)n) (3.5.64)

for any V. Using these results, the following theorem was proved by
Zolesio [52].

THEOREM 3.5.3 Suppose ¥ has a gradient at any domain Q of regularity
C* and let Q be a C** !-regular domain. Then there exists a scalar distribution
g, on the manifold I, of order less than k, such that

dyy = Lg,.(VTn) dr (3.5.65)

holds for any field belonging to C*U, R"), where the integral on T in Eq.
(3.6.65) is, by extension, the bilinear duality form on I



4

Design Sensitivity Analysis
of Built-Up Structures

The treatment of design sensitivity analysis of distributed-parameter
structures in Chapters 2 and 3 is limited to single structural components.
This restriction is common in the distributed-parameter structural optimi-
zation literature [76] but needs to be relaxed when modern complex
structures are considered. Virtually all aircraft, vehicles, machines, and other
mechanical structures are in fact made up of combinations of a variety of
interacting structural components. Combinations of truss, beam, plate, and
solid elastic structural components make up most real engineering struc-
tures. Such built-up structures may be considered to be composed of a
complex of structural components, each of which has mathematical proper-
ties considered in Chapters 2 and 3. The purpose of this chapter is to provide
a summary of the current state of the art of design sensitivity analysis and
optimization of built-up structures, a field that is still developing.

It is shown in Chapter 2, that in comparison with the differential equation
characterization of structural deformation, a variational formulation is more
practical for design sensitivity analysis. Furthermore, the variational form-
ulation obtained mathematically in Chapter 2 can be rigorously related to
a virtual work or energy principle in mechanics. This result allows direct
extension of the energy ideas employed in Chapter 1 for structures described
by finite element methods to a distributed-parameter formulation of built-up
structures.

The approach taken in this chapter begins with an energy characterization
of structural performance, namely Hamilton’s principle. Hamilton’s principle
results in a unified variational formulation of the governing structural

296
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equations that is employed for design sensitivity analysis. Strong ellipticity
properties of energy bilinear forms have been proved for individual structural
components [35], yielding existence and uniqueness results for the associated
variational equations and forming the foundation for a rigorous proof of
differentiability of structural response with respect to design variables and
shape. Proofs of strong ellipticity for built-up structures are not generally
available in the literature, however. The approach taken in this chapter is
somewhat more formal than the treatments given in Chapters 2 and 3. Here,
it is presumed that strong ellipticity hypotheses are satisfied, and direct
variational analysis techniques are used for design sensitivity analysis of
built-up structures.

4.1 VARIATIONAL EQUATIONS
OF BUILT-UP STRUCTURES

To make the foregoing discussion more concrete, Hamilton’s principle is
first employed to obtain a general variational formulation of structural
equations. Prototype problems involving truss, beam, plate, and plane elastic
structural components are then formulated to illustrate the use of the
variational method and to provide a foundation for subsequent design
sensitivity analysis.

4.1.1 Hamilton’s Principle Formulation
for Built-Up Structures

Consider a general structure that is made up of a collection of structural
components. Each component, except trusses, occupues a domain Q' with
boundary T (i = 1, 2,...,r). These domains are interconnected by kine-
matic constraints at their boundaries; that is, structural components are
interfaced by joints that connect them to adjacent components and constrain
admissible displacement fields at the interfaces. Displacement fields in
structural components are said to be kinematically admissible if they satisfy
kinematic constraints at the joints. The definition of kinematic constraints at
an interface depends on the nature of the components that are connected by
the joint. The axial displacement of the end of a truss component, for
example, must be equal to the projection of the displacement of the point of
attachment in an adjacent component onto the axis of the truss component.
In the case of a beam component, kinematic boundary conditions at each end
may involve displacement, slope, and twist. In the case of plate components,
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kinematic interface conditions may likewise involve both displacement and
slope. In the case of an elastic component of general shape, kinematic
interface conditions involve displacement on the interface surface.

In a general setting, let z denote a composite vector of displacement
fields in the components making up the built-up structure; that is,
z=[w! w2 ... w q]", where w'e [H™(Q)]" represent displacements of
beam, plate, and elastic components and g € R* represents displacements of
trusses. The space of kinematically admissible displacement fields is defined as
the set of displacement fields that satisfy homogeneous boundary and
interface conditions between components and the ground reference frame
and kinematic interface conditions between components. Symbolically, this
is

Z={zeW: ypz=00nT" and yz=1+zonTY} (4.1.1)

where the product space W = [, [H™(Q)]% x R*is the space of displace-
ment fields that satisfy the required degree of smoothness, 7 is a boundary
operator (the trace operator [Appendix A.1]) that gives the projection of
structural displacements and perhaps their derivatives onto the exterior
boundary I'°, and 7' and y’ are interface operators (also trace operators) that
project displacement fields and perhaps their derivatives from within com-
ponents i and j onto their common boundary 'V,

In order to state Hamilton’s principle [33, 77, 78] for built-up structures, it
is first necessary to define energy quantities that are associated with the
structure. First, let the strain energy of the built-up structure be denoted

1
Uz) = Eau’ﬂ(z, z)

| J o
= E[i;aui,n.{w‘, w) + a,(yg, q):| 4.1.2)
where $a, o is the strain energy of component i and }a, is the strain energy of
truss components. The design variable is u = [u! u® ... u" b]", where /' is
the design variable of component i, which may consist of design functions
and parameters introduced in Chapter 2, and b is the design parameter vector
of the trusses.

The dependence of the strain energy quadratic form on design u and shape
Q of the built-up structure is indicated. It is presumed that the quadratic
strain energy in Eq. (4.1.2) is defined for all displacements in the space Z of
kinematically admissible displacements. The strain energy quadratic form is
defined as the sum of strain energies of components that make up the built-
up structure, each involving a matrix or integral quadratic form in its
displacement field.
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Next, define the kinetic energy of the built-up structure as

dz 1 dz dz
T(E) = zd"'“(a’ Z>

[ e dw' dw' dq dq
- L;dui,g( - ,7;) + d,,( = dt)] 4.13)

where 3d,; ¢ is the kinetic energy of component i and 1d, is the kinetic energy
of the trusses. Here, dz/dt denotes time derivative of the displacement field z,
and the kinetic energy quadratic form depends on the design variable and
shape of the structure. As in the case of strain energy, kinetic energy is
obtained by summing energies of each of the structural components, each
involving its own matrix quadratic form or integral over the component
domain Q. It is presumed that the kinetic energy in Eq. (4.1.3) is well defined
for all kinematically admissible displacement fields.
Finally, let the virtual work of all externally applied forces be defined as

LiZ) =1,0(2) = .leu‘,ﬂi(wi) + /(@) (4.1.4)
where [; o is the virtual work of the applied forces that act on component i
and f, is the virtual work of applied forces that act on trusses, with time held
constant, in undergoing a small virtual displacement Z that satisfies the
kinematic admissibility conditions (i.e., for Z € Z). The virtual work of the
externally applied forces that act on a built-up structure is obtained by
summing the virtual work of external forces applied to each of the structural
components. This virtual work functional is linear in the virtual displace-
ment Z.

Since the displacement of a structural system will in general be time
dependent, each of the functionals defined in Eqs. (4.1.2)—(4.1.4) is evaluated
at a particular time ¢. In anticipation of employing Hamilton’s principle, it is
helpful to define the first variation of the strain and kinetic-energy quadratic
forms of Eqs. (4.1.2) and (4.1.3). For any kinematically admissible virtual
displacement Z, these variations or differentials (Appendix A.3) are defined as

U d Uz + 12)

= a, oz, 2) (4.1.5)

=0
dz dz dz dz
T — — = — 4.1.6
(dt + rdt) o d"’“(dt’ dt) (*.16)
where the symmetric strain and kinetic-energy bilinear forms on the right
side of Eqgs. (4.1.5) and (4.1.6) are obtained by calculating the first variation of

the strain and kinetic-energy quadratic forms of Eqs. (4.1.2) and (4.1.3).

T

dt
d
dt
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With this notation, a general form of Hamilton’s principle can be stated
that is suitable for design sensitivity analysis of built-up structures.
Following the classical literature [33, 77, 78], the wvariational form of
Hamilton’s principle requires that

t 31
f (U -"Tdt = f Ldt 4.1.7)
to to

for all times ¢, and ¢; and for all kinematically admissible virtual displace-
ments Z that satisfy the additional conditions

Z(to) = 2(t) =0 (4.1.8)

In terms of the virtual work linear form of Eq. (4.1.4) and the strain and
kinetic-energy bilinear forms of Eqs. (4.1.5) and (4.1.6), Eq. (4.1.7) may be

written as ‘
" dz dz f
a,,0(2,2) — d, <—,4>} dt =f L.o2)dt (4.1.9)
L{ ? N\dt’ dt o al

for all kinematically admissible virtual displacements z that satisfy Eq.
4.1.8).

This general formulation of Hamilton’s principle provides the variational
equations of structural dynamics, which can be used to extend the theory
presented in Section 2.6 for transient dynamic design sensitivity analysis of
structures. This extension, however, will not be presented here. The foregoing
formulation directly specializes to the cases of static response and natural
vibration of the built-up structure. Using the theorem of minimum total
potential energy, it is similarly possible to extend the variational formulation
for buckling of a built-up structure. This topic, however, will not be pursued
here.

4.1.2 Principle of Virtual Work
for Built-Up Structures

Consider now the case of static response of a structure to loads that do not
depend on time. In this case, time is suppressed completely from the problem,
and Hamilton’s principle of Eq. (4.1.9) reduces to

a, oz, 2) = 1, o(2) forall ZeZ (4.1.10)

which may be viewed simply as a statement of the principle of virtual work.
Note that this equation generalizes the variational formulation of boundary-
value problems treated in Chapter 2 for individual structural components.
Note also that if the load linear form on the right side of Eq. (4.1.10) is
continuous on the space Z and if the energy bilinear form on the left side of
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Eq. (4.1.10) is strongly elliptic on Z, then by the Lax~Milgram theorem [9],
Eq. (4.1.10) has a unique solution z € Z.

4.1.3 Free Vibration of Built-Up Structures

Consider next the special case in which there are no externally applied
loads and in which one wishes to consider harmonic vibration of the built-up
structure. Harmonic motion of the built-up structure is defined as a
displacement field that can be written as the product of a time-independent
mode function y € Z and a harmonic function sin{wt + a); that is,

z{x, t) = y(x) sin(wt + a), yezZ 4.1.11)

Before substituting this harmonic displacement field into Eq. (4.1.9), it is
helpful to transform Eq. (4.1.9) using integration by parts. Since the kinetic-
energy bilinear form is linear in its individual factors,

d dz _ d%z dz dz
a?[d“’g)(zt—, Z>] = d“'n(d7, Z> + du’n(z, E) (4112)

Integrating both sides of this equation from ¢, to ¢,, recalling that Z must

satisfy Eq. (4.1.8),
t t d?z _ dz dz
= [ el 2) + ol )

d
0= d,,,n(d-:, z)

Substituting for the second term in the integrand on the right side of Eq.
(4.1.13) into Eq. (4.1.9), with the load linear form equal to zero,

1y d2z
f {a,,,n(z, Z) + du,n( z)} dt=0 forall zeZ (4.1.14)
t

@z
\ dt

Substituting z from Eq. (4.1.11) and Z in the form Z = jf{¢), where j is an
arbitrary time independent displacement field in Z and f{t) is an arbitrary
function of time that vanishes at ¢, and ¢,,

ty
{a, o(y, §) — @*d, oy, J?)}f sin(wt + a)f(t) dt =0 forall yeZz
’ 4.1.15)

Since the integral in Eq. (4.1.13) is not zero for all functions f vanishing at ¢,
and t,, its coefficient must be zero. Defining { = w?, leads to the variational
eigenvalue equation

a, oy, 7)) =0, o(y,5) forall jyeZ (4.1.16)

Note that this is the form of the variational eigenvalue problem considered at
length in Chapter 2 for individual structural components.
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4.1.4 Prototype Problems

In order to illustrate the variational formulation of Sections 4.1.1-4.1.3,
four prototype problems are considered in this section, involving truss, beam,
plate, and elastic solid components.

BEAM-TRUSS

As a first example of a built-up structure, consider the elementary beam—
truss structure shown in Fig. 4.1.1. Applied loads and dimensions of the
structure are taken as given. The design variables are the cross-sectional area
h(x) of the beam and the constant cross-sectional areas b; (i = 1, 2, 3, 4) of the
four truss members. The composite design variable is

u="[h(x) b, b, by bgJ"eL”0,1,) x R*

f(x)

p——o»

X [=ah?

Fig. 4.1.1 Beam-truss built-up structure.

The state variables for this built-up structure consist of the beam
displacement function w(x) and the four nodal displacement coordinates g,
to g, of the trusses. In vector form, the state variable is

z=[wx) 91 92 g5 q.d" € W= H*0,1,) x R* (4.1.17)

Kinematically admissible displacements are those for which lateral displace-
ments of the beam at its ends are equal to vertical displacements of the
trusses, and since axial deformation of the beam is presumed to be zero,
horizontal displacement of the truss nodes must be equal. The set Z of
kinematically admissible displacements is thus

Z = {z = [w, qT]T € HZ(O, l)) x R*: w0) =g, wl) =4qs g1 =243}
4.1.18)
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The strain energy of the system may be written as the sum of strain energy
of the beam and strain energies of the four truss members. In this case, the
total strain energy is

1 1 %
9u0(z2) =3 . Eoh*(w,,)* dx
1 E , )
T2 + o @l = @2l + baarhs + 4217
1 E , .
* EW[M%E — q413)° + bu(q3l; + q413)°]

(4.1.19)

The virtual work of the externally applied loads is written simply as
la
lu’Q(Z) = fW dx + pql (41.20)
0

The condition . of equilibrium of Eq. (4.1.10) requires that the total
variation of strain energy with respect to state must equal the virtual work of
the applied loads, for all virtual displacements that are consistent with
constraints. That is, it is required by Eq. (4.1.10) that

Ia

a,0(z,2) = | Eah’w, W, dx
0

E
4+ ——=—==1[b,(qy — q:13)13, — l5g
(lf T l§)3/2[ g1y — q213)(44, 342)
+ by(qily + q213)11g, + 13G2)]
E -_— -
+ 2 3 [b3(gsly — qal3)(12G5 — 13G4)
2 3
+ ba(qsly + qal3)(12q3 + 1344)]

la
= J Swdx + pg, =1, o(2) forall zeZ (4.1.21)
¢

CONNECTING ROD

As a second example, consider the connecting rod shown in Fig. 4.1.2,
whose three-dimensional shape is to be determined to minimize weight,
subject to stress constraints. In Fig. 4.1.2, T denotes firing load during the
combustion cycle, and T; denotes inertia load during the suction cycle of
the exhaust stroke. This three-dimensional structure is loaded in a plane, so
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J

. 244

283.5
Fig. 4.1.2 Engine connecting rod.

it is reasonable to assume that out-of-plane stresses are zero (i.e.,
013 = 0,3 = 033 = 0). Thus, a three-dimensional elasticity problem that
describes displacement in the structure may be reduced to a plane problem,
under plane stress assumptions. However, the variable thickness h(x) of the
connecting rod (the out-of-plane dimension) plays the role of a design
variable, while the shape of the domain Q of the plane cross section of the
connecting rod is also a design characteristic. Thus, coupled effects of
variations in shape and a conventional design variable are involved.

In the performance of an engine, the connecting rod is acted upon by a
large force at the piston pin and a corresponding reaction force at the
connecting rod bearing. The actual dynamics of the system is transient, but
for purposes of analysis a quasi-static model of structural displacement is
employed. In order to preclude rigid-body degrees of freedom of the system,
it is necessary to define kinematic boundary conditions that restrict two
components of displacement and rotation at a single point within the body,
the point at which these constraints are imposed being unimportant. Thus,
the space Z of kinematically admissible displacements is

Z={[z'(x) 221" e H'(Q): z'(X) =2%%) =2%x) =0}

(4.1.22)
where X and X are two distinct points in the domain Q of the connecting rod
and the last condition is specified to preclude rotation.

The strain energy of this system is defined as

la.,,n(z, z) =% Uﬂ[ i a"f(z)s"f(z)]h(x) dQ (4.1.23)

2 =1
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Note that the strain energy depends on both the thickness design variable
h(x) and the shape Q of the connecting rod.

Using the traction acting on the loaded boundary I'?, the virtual work
functional is

.02 = Jr ] [irifi] dr (4.1.24)
213 i=1

where T = [T* T?]" is the given compressive or tensile normal traction
force acting on the boundary I'? U I'3.

Taking the variation of strain energy in Eq. (4.1.23) the variational
equilibrium equations of Eq. (4.1.10) can be written as

2
8,0z, 2) = j f [ y off(z)sff(z)]h(x) Blo)
QlLi,j=1

2
= j [ > T‘z‘] dr’
rzurli=1
=1l,of) forall zeZ (4.1.25)

This example is presented as a built-up structure because it involves both
shape and design variables. As will be seen in the following, the variational
formulation of state equations allows direct extension of the methods of
Chapter 2 and 3 to this more general problem.

SIMPLE BOX

As a third example, consider the simple box shown in Fig. 4.1.3, in which
five plane elastic solids are welded together and attached to a wall. A
distributed line load is applied on top of the two side plates and on the end
plate. The design variables are the length b,, width b,, and height b, of the

R e

]
spE: Q2 |

s —f°

BOTTOM: Q*

b,

Fig. 4.1.3 Simple box.
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box. The five plane elastic solids remain plane and orthogonal to each other
for all design perturbations. Note that b = [b, b, b3]T is a shape design
variable since variations of b cause domain variations for each plane elastic
solid. Only shape design variables are considered in this example.

Let Q' (i = 1, 2, 3, 4, 5) denote each plane elastic solid (as shown in Fig.
4.1.3) and I'¥ denote interface boundaries. The state variables for this built-
up structure consist of in-plane displacement of each plane elastic solid. For
adjacent plates, components of kinematically admissible displacements that
are tangent to the common interface boundary I'’/ are equal at the interface.
Also, kinematically admissible displacements are equal to zero on I'.

The strain energy of the built-up structure may be written as the sum of
strain energies of the plane elastic solids. In this case, the total strain energy is

1 13 2
—a,q(z,2) == ), f Y 0'(2)e¥(2)dQ (4.1.26)
2 2,5 Marijza
where the domains Q' of integration will indicate which variables are to be
used in the integrand.

The virtual work of the externally applied load on I'? is written simply as

2
L.ol2) = Y Tz dr 4.1.27)
rzi=1
where T = [T' T?]"is given traction force acting on the boundary I'2,
Taking the variation of strain energy in Eq. (4.1.26) the variational
equilibrium equation of Eq. (4.1.10) can be written as

au,Q(za Z)

5 2
> f Y. 6(z)e(2) dQ
I=1 Ql

ij=1

2
f Y T'zdr
r

2i=1
=1, o2) forall zeZ (4.1.28)

where Z is the space of kinematically admissible displacements. Even though
only shape design variables are considered in this example, the subscript u in
the energy bilinear form and load linear form will be kept, as in Eq. (4.1.28).

TRUSS-BEAM-PLATE

Consider next the truss—beam—plate built-up structure shown in Fig.
4.1.4. Thin flat plates are stiffened by m longitudinal and n transverse beams.
The entire structure is supported by four four-bar trusses. A distributed
vertical load is applied to the plates. The points supported by the trusses are
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Fig. 4.1.4 Truss-beam-plate built-up structure.

at the intersections of two crossing beams nearest to the free edges of the
structure. No external loads are applied to the truss and beam components,
and no external torques are applied to the beams. The plates and beams are
assumed to be welded together. No dissipation of energy between plate and
beam components is presumed to occur during bending and torsion.

The design variables for this built-up structure are the thickness ¢(x, y) of
each plate component, the width d“(x) and height #¥(x) of each longitudinal
beam component, the width d%(y) and the height h¥(y) of each transverse
beam component, the cross-sectional areas AY (i = 1 and n, j = 1 and m,
k = 1 to 4) of the four-bar truss members, the positions x; (i = 1,...,n) of
transverse beams, and the positions y; (j = 1, ..., m) of longitudinal beams.



308 4. DESIGN SENSITIVITY ANALYSIS OF BUILT-UP STRUCTURES

In vector form this is
= B W WA x T
e CHQY) x CHQY) x CHQY) x CHQY) x CHQY) x (R)* x R" x R™

The lengths of the trusses are fixed, but they may change their ground
positions, and the outside boundary of the entire structure is fixed; (i.e., only
the locations x; and y; of beams are shape variables).

Dimensions of the structure and the numbering and spacing of beams in
both directions are shown in Fig. 4.1.4. Coordinates of intersection points of
beams and plates are supposed to be in the midplanes of the plates and
neutral axes of the beams. The coordinates of intersection points are then

Xi=x;_,+a, i=1...,n (4.1.29)
Vi=Vioi+b, j=1,...m (4.1.30)
Xo = yo =0 (4.1.31)
Xne1 = Lo yme1 =L, (4.1.32)

where q(b;) is the distance from the (i — 1)th to the ith transverse beam (from
the (j — 1)th to the jth longitudinal beam), and L,(L,) is the dimension of
the entire structure in the x(y) direction.

Applied loads are

fieCk@), i=1,...,n+1, j=1,....,m+1 (4133
where f¥ are defined as distributed loads on the plate and

Qi{=(xi—1’xi)x(yj—iayj), i=1""’n+19 j’__ 1,"-,m+1

(4.1.34)
Qg=(xl._l,xi)xyj, i=1L...,n+1, j=1,...,m

(4.1.35)
Qg:xix(.)}j—b))j)’ i=1,...,n j=2....m+1

(4.1.36)

are domains of plates, longitudinal beams, and transverse beams,
respectively.

The state variables for this built-up structure consist of the displacement
wY(x, y) of each plate component, the displacement #(x) and the torsion
angle 6%(x) of each longitudinal beam component, the displacement #%(y) and
the torsion angle 0%(y) of each transverse beam component, and 12 nodal
displacement coordinates g (i=1and n, j = 1 and m, and k = 1 to 3) of
truss members. In vector form, the state variable is thus

z=[wi & 69 59 99 gfT (4.1.37)
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To use the principle of virtual work of Eq. (4.1.10), the space Z of
kinematically admissible displacements must be defined. Hence kinematic
boundary and interface conditions must be identified.

Consider first the kinematic boundary conditions at the interfaces. At
interfaces between plate and beam components, lateral deflections of plate
and beam components are the same, That is, for longitudinal beams,

= Wi = whitl i=1,...,n+1, j=1,...,m (41.38)
and for transverse beams,

Y = wi = witld i=1...,n j=1...,m+1 (4139

The normal slopes of plate components are the same as the torsion angles
of beams that are attached at the interfaces. For plates and longitudinal
beams,

09 =wi=wii*l i=1,...,n+1, j=1,...,m (4.140)

y b
and for plates and transverse beams,

i+1,j

Pr=wi=wili j=1,....n j=1,....m+1 (4141

The torsion angles of transverse beams and the axial slopes of longitudinal
beams must be the same at the intersections of beams; that is,

0= =§*0, i=1,...n j=1,...,m (4.1.42)

Similarly, the torsion angles of longitudinal beams and the axial slopes of
transverse beams must be the same at the intersections of beams; that is,

09 =i =55, i=1,....,n j=1...,m  (41.43)

It is assumed that each lateral displacement is evaluated at the middle
planes of the plates and at the neutral axes of the beams. Then the lateral
deflections of two crossing beams and trusses must be the same at the
intersection points; that is,

Fi = i+l
Y = It L i=1,...,n, j=1,...,m (4.1.44)
5ij = l’jl]

tW=t"=44 i=1landn j=1landm (4.1.45)

With the assumption that there are no in-plane (or axial) deformations in
the plates (or beams), the plate—beam structure that rests on the four four-bar
trusses must move as a rigid body in the plane of the plates. Referring to Fig.
4.1.5, relationships between horizontal displacements can be obtained.



310 4. DESIGN SENSITIVITY ANALYSIS OF BUILT-UP STRUCTURES

Y
w ]
e
3||—'" N ‘l
v '.
Wit '
In '
\ ,,'.w
' \
O [ R 4
' te i2
o H

oy

> X
Fig. 4.1.5 Horizontal displacement of a truss—beam—plate built-up structure.

Defining the position of point 1 in Fig. 4.1.5 after deformation as [(x, + gi!),

(y; + ¢31)] and the rotation angle as w, the coordinates of points 2, 3, and 4
in Fig. 4.1.5 can be identified as follows:

For point 2,

x; + gt + (x, — x;)cos w = x, + ¢!

yi+ @'+ (x, — x) sin o =y, + ¢35 (4.1.46)
For point 3,

x; + g1t — (Y — ¥y sin @ = x; + ¢i"

. 4.1.47
i+ a3t + (Yu— Y1) COS @ =y, + g3 ( )
For point 4,

x; + qi' + (x, — 1) c0s @ — (y, — yy) sin @ = x, + ¢7"

1+ a3t + (x, — x;) sin @ + (Y, — y1) COS @ = y,, + g5

(4.1.48)
Assuming that the rotation angle o is small, sin w ~ @ and cos w =~ 1. With
these approximations, Eqgs. (4.1.46)—(4.1.48) yield the following geometric

relationships between horizontal displacements, in terms of the unknown
parameters g}, q3!, and gi™:

git = git 4.1.49)
0 =az' + (6 — x1)@1" = 41"/ (ym — y1) (4.1.50)
gim = git 4.1.51)
g = 2gM — 4.1.52)

45" = 43" + (%, — x)(@q1" — ¢1")/(¥m — ¥1) (4.1.53)
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Finally, the displacement of the bottom of each truss component is zero
since it is fastened to a rigid foundation.
The space Z of kinematically admissible displacement fields is defined as

={z=[w' & & oY 0V ' ' g @
e HYQY) x HYQY) x H(QY) x HX Q) x HY(QY)
x R® x R® x R3® x R3: satisfying interface conditions

of Egs. (4.1.38)-(4.1.45)} 4.1.54)

The strain energy of thé entire system may be written as the sum of strain
energies of the plates, beams, and truss components. In this case, the total
strain energy is

1 niimtlg . . L 3 L
Fhalzd) = X ¥ zf [ DUOIwE + ywhwd + W + vwiwi,
i=1 j=1 [£14
+2(1 — wi wi1dQ,
n+l m
+ Y Z [EI”(E ) 4+ GJU6Y)?] dQ,
i=1j= 1
n m+1
+ 3 ¥ > [EI‘J(ﬁ‘f )+ GJ”(()") 149,
i=1 j=1
1 117 11y,,11 1 lmT
2‘1k K(A; gy +2 K(A )
1 nlT ni 1 nmT nmy . nm
+ zqi KA + Sai K(AT™a (4.1.55)
2 2

where D¥(t) = Et¥°/12(1 — v?), E is Young’s modulus, G is shear modulus, J¥
and JY are torsion constants (different from polar moment of inertia for
circular cross sections) depending on the form and dimensions of the cross
sections of beams, I¥ and ¥ are moments of intertia of beams, and K(A4}) is
the stiffness matrix of trusses.

The virtual work of the externally applied loads for the entire system is

n+ 1m+1
Lal?) = ﬂ 5w dQ, (4.1.56)
of

i= 1 ji= 1
For the case of static response of the structure to load that does not depend
on time, the condition of equilibrium of Eq. (4.1.10) requires that the total

variation of the strain energy with respect to state must equal the virtual
work- of the applied loads for all virtual displacements that are consistent
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with constraints. That is, it is required by Eq. (4.1.10) that

n+ 1 m+ 1
au,n(z, E) J]. u(t [(W” + ku )ng + (W;jy " vwijx)wgy
i= 1 j=1 -(1
+ 2(1 — v) g“U ] de

n+1 m X
+ Y X [EF#934 + G Jijgijgij] Q,

i=1j=170f

n m+1 ™ '
+Z %), 5, + GIugudY] de,

i=1 j=1

+ qi”K(Az“)qk + g™ KA
+ KA + g KA

n+1 m+1

- f £ dQ, = 1, o(2)
of

11]1

forall zeZ (4.1.57)
where
p=[w 80 w0 gt @ g g

Similarly, for the dynamics problem, the kinetic-energy bilinear form is

dz df n+1m+l ; d—u
wola)= £ 5 [, o) (&) o

éS[w@@>www@
AL o

/\

) o (L) + (247 gm0
( s () (i ()

(4.1.58)
where p is the mass density, T4 and I¥ are the mass moments of inertia about
the centroidal axes of the beams, and M(A¥) is the mass matrix of the trusses,

The variational eigenvalue problem may now be written, from Eq. (4.1.16),
as

a0y, y) = ld, oy, y) forall jez (4:1.59)
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where
y=wl & 00 o B gl gt g T
Here y denotes the eigenfunctions, even though the notation for the

components of y is borrowed from static response z, to avoid introduction of
new variables.

4.2 STATIC DESIGN SENSITIVITY

The variational methods presented in Chapters 2 and 3 for design
sensitivity analysis with respect to conventional design variables and shape
may now be combined, using the general variational formulation presented
in Section 4.1, to obtain expressions for design sensitivity of functionals with
respect to combined design variation. The adjoint variable method used in
Chapters 1-3 is seen to extend directly to built-up structures. As mentioned
in Section 3.3.7, the domain method of shape design sensitivity analysis is
used for built-up structures.

4.2.1 Calculation of First Variations

Consider the variational form of the built-up structure equation of Eq.
(4.1.10), repeated here as

4,00z, 2) = lof) forall zeZ 4.2.1)

The objective is to use this variational equation to obtain a relationship
between variations in conventional design variables and shape and the
resulting variation in the state of the system. To simplify notation, consider
the deformed domain due to a design velocity field V, written as

Q. ={x,eR" x.,=x+1V(x), xeQ} 4.2.2)

Defining the first variation in the same way as in Chapters 2 and 3, but
with variation of both shape and conventional design variables,

[au,n(z> Z_)]l = a:)u(zs Z—) + a’V(Z’ Z_) + au,n(ia Z—)

= [Z a;ui(wiv -w—l) + a:}b(q9 ‘i)] + Z all’f(wi, wl)
i=1 i=1

+ Z yi (W', W) + ay(g, §) (4.2.3)
i=1

where V' is the design velocity field on Q' and 2 is the total variation of z due
to conventional design and shape changes. Note that the first and second
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terms on the right side of Eq. (4.2.3) for the trusses and distributed
components can be obtained from Chapters 1 and 2. This notation is chosen
to clearly display which variables are held fixed and which are varying in the
terms that arise. The third term on the right side of Eq. (4.2.3) is due to shape
variation. For shape design sensitivity of built-up structures, the domain
method will be used. For this method, a,{w’, w’), instead of Eq. (3.3.6),
must be written in terms of domain integrals. Using Eq. (3.2.37), instead of
Eq. (3.2.36), and proceeding as in the derivation of Eq. (3.3.6),

a,(w', w)i = Jf {—cw!, VW' V) — c (VW Vi W) + div [c(w', w)V]} dQ
(4.2.4)

where ¢;(-,-) is the bilinear function in the integrand of the bilinear form
au‘.ﬂi(' ’)

Similarly, the first variation of the load linear form is

.o®] = 12) + 1,(2)
= [ Y LW + fa’,,(ci)] + ¥ I (4.2.5)
i=1 i=1

where the first and second terms on the right side of Eq. (4.2.5) can be
obtained from Chapters 1 and 2. As in Eq. (4.2.3), the third term on the right
side of Eq. (4.2.5) is due to shape variation. For the domain method,

Uy (W) = fﬂi [/ (VW VY + div(fw'V)] dQ (4.2.6)

where L oi(w') = [fq: f7 W' dQ and f = 0 have been used.

With this notation, and denoting the solution of Eq. (4.2.1) on the
deformed domain and varied design as z_, evaluating the first variation of
both sides of Eq. (4.2.1) yields

a, 02, 2) + d5,(z, 2) + ay(z, 2) = I,(2) + I(2) forall zeZ
4.2.7)

Note that this equation is valid for arbitrary virtual displacements that are
consistent with constraints, so if the energy bilinear form is indeed strongly
elliptic, Eq. (4.2.5) uniquely determines  once éu and Vare specified. Explicit
solution of this equation for Z as a function of éu and ¥, however, is not
generally possible

Consider a general functional that defines performance of a built-up
structure, of the form

¥ =yY,q2) = .—il ,U;,.- g'(w', Vw, u') dQ + h(b, q) 4.2.8)
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Taking the total variation of this functional and using Egs. (2.2.9) and
(3.3.12) for each component of the structure,

V = rbhemals)
-3 [ {gwaw ¥ JZ Gl V¥, — gLV V) = 'Z G VTV
+ div(g'Vh) + g 5u} aQ + Z—Z &b + Z—h 4.2.9)
where w' = [w} w5 ... wi]". In order to take advantage of this result, the

term on the right side of Eq. (4.2.9) must be written explicitly in terms of du
and V. Since Z cannot generally be determined explicitly from Eq. (4.2.7),
a technique such as the adjoint variable method must be used to achieve the
desired result.

4.2.2 The Adjoint Variable Method

In order to treat the term on the right side of Eq. (4.2.9), an adjoint
variational equation is defined by replacing # in the term on the right side of
Eq. (4.2.9) by a virtual displacement 4 and equating the result to the energy
bilinear form evaluated at the adjoint variable 4; that is,

a, o4, 1) = fj [gw.y+ZngiV ]dQ+g—}Ei) forall feZ
i = q
4.2.10)

where A = [y! y? ... y" p]". Presuming that the energy bilinear form is
strongly elliptic and that the term on the right side is a continuous linear
form in Z, this equation uniquely determines 4.

Since Z satisfies the kinematic admissibility conditions, Eq. (4.2.10) may be
evaluated at 4 = 7 and Eq. (4.2.7) at Z = 4, to obtain

r oL Lo L oh , . .
> [ [g'wn'v' + Y g‘vw;-.Vw;-] dQ + 22 4 = 6,00, ) = a5, )
i=1JJQi i=1 q
= () + b(A) — a5,(z, 4) — ay(z, 1) (4.2.11)

Substituting this result into Eq. (4.2.9) and collecting terms associated with
variations in the conventional design variable and the design velocity field,
the total differential of the functional of Eq. (4.2.8) is written explicitly in
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terms of design function variation and shape variation as

- s oh
V= {.Z“l H G ou dQ + b 0b + I3,(A) — d5,(z, A)}

r X - LI o
+ {Z JI [_g;’i(VWITVI) _ Z givw;.V(ij-TV')
i=1 i e
+ div(giVi)] aQ + I,(4) — ay(z, /«t)} 42.12)

where Eqs. (4.2.3)-(4.2.6) and the results of Chapters 1 and 2 for the truss and
distributed components can be used to obtain explicit formulas.

Note that evaluation of this explicit design sensitivity formula requires a
solution of Eq. (4.2.10) for the adjoint variable A and evaluation of
functionals involving both state z and adjoint variable A. As will be seen in
examples, these calculations are direct and take full advantage of the finite
element method for solving both the state and adjoint equations of the built-
up structure,

4.2.3 Examples

BEAM-TRUSS

As a check on the foregoing calculations, consider a concentrated load f
applied at the midpoint of a beam, as shown in Fig. (4.2.1). Assume for the
moment that the cross-sectional area h is constant and can be only uniformly
varied. In this example, for simplicity, the shape (length /,) of the beam and
the lengths of the trusses are held fixed. Consider the displacement of the

f
x l
—
|
T
\j &3
w 4
l‘—zgl_ﬂ }'_222"*

——— t——

{"’ q l—b a5
b by bs bg
a, A4

Fig. 4.2.1 Beam-truss built-up structure with point load.
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midpoint of the beam, which can be expressed as

ls R 14
¢=L W5<x—5>dx (4.2.13)

where & is the Dirac-§ distribution. From Eq. (4.1.21), the variational
equation of equilibrium is

lg
f Eoh’w, W, dx

0

E - _
+ _(12 + 137 [b:1(q1ly — q213)(113, — 1332)
1 3

+ ba(qyly + q.13)(114, + 133,)]
E _ _
+ @ + 2 [bs(gsls — qal3)lads — 1334)
3

+ balgsly + q.15)(1235 + 134,4)]

14 ~
—f f5<x Ji)w(zx =0
o 2
forall zeZ (4.2.14)

where

Z={[w q'1"e H(0,l) x R*: w0)=gq,, wlly) =44 q; =43}

Observe that the adjoint equation defined in Eq. (4.2.10) for the displacement
constraint of Eq. (4.2.13) has the same form as Eq. (4.2.14), where the force f
is replaced by a unit load. Therefore, only the state equation of Eq. (4.2.14)
needs to be solved.

After integrating by parts and applying the interface conditions, w(0) = ¢,,
w(l;) = g4, and g, = g, and the condition that the joints between the beam
and the trusses are hinged, w,,(0) = w (L) = 0, q1, 42, 94, and w can be
calculated as

qy =43 = 2%13)(
_f

g, = EAL {1+ 1,BX} (4.2.15)
i

qs = SECE {m + DX}

w _fx = (/2 K3 + fix 4 —¢q
6Eah? 12Eah? * 16Exh?® I,

tx +4q, (4.2.16)
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where (x — (l,/2))? is the singularity function, defined as

{0 when x < (I4/2)

(x = (/2% =
(x = (1,/2)>  when x> (I/2)

and
= (1% + 132

m = (13 + 132

A = bl + b2

B=b, — b, 4.2.17)
C = b3 + b4

D = b3 - b4

« (ADI, + BCl))ml

" BmC(A - BY) + I2A(C? — D?)
In the same way, the adjoint equations can be solved to obtain
A=Tyx) p1 p, ps pal" as

1
= =—X
P1 = D3 2EL,

1

Py = m{l + I,BX} (4.2.18)
! {m + ,DX}
Pa =3Ecp ™ T 2
=yt X ix _(pa—pd) +p
6Eah? 12Exh* * 16Eah? I, 2
(4.2.19)

From Eq. (4.1.12) the design sensitivity can be calculated as
'J/' = Al 5b1 + Az (sz + A3 5b3 + A4 5b4 + A5 6h (4.220)

where

_ f [4a-B, I
Ar= 45115[ A 24
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Az = _41515[&,:—&)( + 1]2
Ay = _4E{nl§ [IZ(CC— 2 g]z
As = _4E{nl§ [IZ(CC— 2 - %T
s=— 2411;5;13 4.2.21)

The sensitivity coefficients of Eq. (4.2.21) can be verfied by differentiating
the constraint y directly, using Eq. (4.2.16), to obtain exact sensitivity
coefficients as

AI = % — a q2 + q4

7 8b, b, 2

L _ 0 0 (42t 4a

27 0b, b\ 2

N 0 (g + 4

Ay=—1=— 4.2.

> Gb, 6b3< 2 “222)
A/ — % = i qZ + q4

* T ob, b\ 2

, _ 0 ow o

5T 0h T 0h|ymyy, — 24Eak®

In Egs. (4.2.21) and (4.2.22), A5 = A;. After substituting ¢, and g, from Eq.
(4.2.15) into Eq. (4.2.22) and manipulating,

A’l = A1

A, =A
P 4.2.23)
3=A;
:t = A,

In this simple example, the sensitivity coefficients calculated from the adjoint
method are exactly the same as the true design sensitivities. Barring errors in
computation, this will be true in all applications (i.e., the adjoint variable
method gives exact design derivatives, not approximations).
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CONNECTING ROD

Consider the connecting rod of Section 4.1.4, with the variational equilib-
rium equation of Eq. (4.1.25) repeated here as

2
oz, 7) = ﬂn h(x)[ 5 a"f(z)aff(f)] i
i,j=1

2
= f Tizi dT" (4.2.24)
r 1

23 i=

=1, o(2) forall zeZ

The boundary I is composed of four parts, I'! through I'*, as shown in Fig.
4.2.2. The boundary segments I'> and I"* are boundaries at which the rod
touches the crankshaft and piston pin, respectively. Their shapes are kept
unchanged, and T'! is the boundary segment of the shank and neck regions of
the rod, whose shapes are to be determined through the design process. Since
the main interest in this example is on the shank and neck regions, the shape
of other boundary segments can be kept fixed, namely I'*. It is also assumed
that the traction T on I'? U I'* is not changed.

Fig. 422 Variable domain Q! and boundary I,

In shape design of the rod, the thickness distribution, which varies
independently of the domain variation is to be determined. The thickness
distribution in the hatched segment Q' of the domain of Fig. 4.2.2 is to be
determined through the design process.

To satisfy the conditions that the distance between the piston pin and
crankshaft is constant, it is required that points in the rod remain fixed in the
x, direction, hence points on I'! are allowed to move only in the x, direction.
For design sensitivity analysis due to shape variation, the boundary method
of Chapter 3, instead of the domain method, is used here.
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Consider a stress functional of the form

= ﬂ; glo(z))m,, dQ (4.2.25)

where Q,, is a finite element and m, is a characteristic function on Q,. In this
problem, several different forms of g{c(z)) are considered; that is,

glo(z)) = — — 1 (4.2.26)
oyl
or
g
glo(z)) = 1 — 0_—2 4.2.27)
LI
for the inertia load and
glo@) = 2 — 1 (4.2.28)
OyF
or
(2
glo(z) = 1 — 0—2 (4.2.29)
LF

for the firing load, where ¢y; and ay; denote lower and upper bounds on
principal stress for the inertia load, oy ¢ and oyg correspond to those for the
firing load, and-¢, and &, denote principle stresses that are given as

11 22 11 22\2
o =0 T L (Y | (oryp (4.2.30)
2 2
11 22 11 22\ 2
gy =T ;’ ¢ _ \/<—___" ‘2L g ) + (122 (4.2.31)

Employing the idea of calculating first variations in Section 4.2.1, the
variation of Eq. (4.2.25) can be obtained by adding contributions due to
variations of each design variable. Thus, from Egs. (2.2.76), (3.3.114), and

(3.3.156),
Jf [ a¥(2)e lj(l):l ohdQ — |: i Uz)e'( ).):| VTn) dT
QLi,j=1 rtLij=

m, [g(o(2)) — wp](VTn) dar 4.2.32)
I'p

where T, is the boundary of Q, and #i, is the value of the characteristic
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Table 4.2.1
Normal Boundary Force Data on I'? (Inertia Loading)

0., (deg) Force (N) 0., (deg) Force (N) 0., (deg) Force (N)
65 1963 15 889 -35 1025
60 3034 10 370 —40 1644
55 3081 5 273 —45 1630
50 2895 0 609 -50 1220
45 2683 -5 1109 -55 2318
40 2534 —10 1472 —-60 2933
35 2450 ~15 1584 —65 3236
30 2302 -20 1540 -70 2963
25 1999 =25 1391 =75 689
20 1586 -30 1140

Table 4.2.2

Normal Boundary Force Data on I'? (Inertia Loading)

0,, (deg) Force (N) 0, (deg) Force (N) 0, (deg) Force (N)
70 208 20 1392 -30 1157
65 2524 15 1336 =35 1942
60 3164 10 1149 -40 2301
55 2932 5 743 —45 2809
50 2607 0 522 -50 2985
45 2288 -5 877 —55 2619
40 1861 -10 1352 —60 1483
35 1798 -15 1552 —65 2987
30 1717 -20 1564 -70 158
25 1489 =25 1424

Table 4.2.3

Normal Boundary Force Data on I'? (Firing Loading)

0., (deg) Force (N) 0., (deg) Force (N) 0., (deg) Force (N)
—40 0 -10 19587 20 15741
-35 978 -5 20374 25 10335
-30 6868 0 21237 30 6103
-25 11210 5 22243 35 1402
-20 14689 10 20395 40 0

-15 17816 15 17426
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Table 4.2.4
Normal Boundary Force Data on I"® (Firing Loading)

0,2 (deg) Force (N) Op2 Force (N) 6., (deg) Force (N)
—40 2234 —-10 17499 20 15056
-35 6727 -5 17245 25 12622
-30 9808 0 16488 30 9803
=25 12536 5 17365 35 6409
-20 14917 10 17711 40 1055
—15 16308 15 16502

function. In Eq. (4.2.32), 1 is the solution of the adjoint equation of Eq.
(2.2.73), repeated here as

2
dyalld) = f L[ 5 gafj(z)oij(Z)]mp dQ  forall lez
i,j=1
(4.2.33)

Two loading cases are considered, inertia and firing loads. The load vector
for finite element analysis was generated from boundary force data supplied
by the manufacturer of the connecting rod, as shown in Tables 4.2.1-4.2.4
and Fig. 4.2.3. Directions of the forces are normal to the boundaries.

X2

Fig. 42.3 Nomenclature for Tables 4.2.1-4.2.4.

In order to eliminate rigid-body translation and rotation, an arbitrary
point (x in Fig. 4.2.3) is fixed in the x, and x, directions, and another point (¥
in Fig. 4.2.3) is fixed in the x, direction. This is a reasonable procedure,
because the loads acting on the rod are in self-equilibrivm.
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Fig. 424 Finite element model of engine connecting rod. The x, coordinates of dots 1-5
denote shape parameters.

For numerical calculations, an eight-noded ISP element is used for
analysis. A finite element model that includes 422 elements, 1493 nodes, and
2983 degrees of freedom is employed, as shown in Fig. 4.2.4. Two and three
design variables are used to parameterize the upper and lower boundaries
with spline functions, respectively, as shown in Fig. 4.2.4. For thickness
distribution, 43 design parameters are used, as shown in Fig. 4.2.5. Each

B
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29 34 @45
>0 ] 35 3

27 3 ’4‘32’ 47
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25 29 ¥

2% 3 331 a7
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22

g
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Fig. 425 Thickness design parameters in ©!. Numbers denote conventional design
parameters.
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number in Fig. 4.2.5 identifies the constant thickness of that area.
Numerical results presented are based on the following input data:
E =207 x10°MPa, v=0298, oy =136MPa, o, =-80MPa,

our = 37MPa, and o g = —279 MPa. Dimensions of the connecting rod
at the nominal design are b, = 28.1, b, =20.0, b; = 63.4, b, = 30.5,
bs =212, and bg = --- = b,y = 40.0, all with units in millimeters.

Table 4.2.5

Design Sensitivity of Engine Connecting Rod for Element 144

Case* ¥ ¥ Ay ¥ (/A x 100)%,

(a) 0.1% change of b, to b, (upper boundary)

1 —1.0259E + 00 —1.0259E + 00 —1.0346E — 05 —1.1052E — 05 106.8

2 —8.2274E - 01 —8.2280E — 01 —6.0366E — 05 —6.0397E — 05 100.1

3 —1.8560E — 01 —1.8602E — 01 —4.1959E — 04 —4.1637E — 04 99.2

4 —6.6577E — 01 —6.6578E — 01 —9.1231E — 06 —9.1305E - 06 100.1
(b) 0.19; change of b, to bs (lower boundary)

1 —1.0259E + 00 —1.0259E + 00  5.0509E — 05 4.8758E — 05 96.5

2 —8.2274E — 01 —8.2269E — 01  52476E — 05 4.9116E — 05 93.6

3 —1.8560E — 01 —1.8593E — 01 —3.2836E — 04 —3.2459E — 04 98.9

4 —6.6577E — 01 —6.6578E — 01 —1.1829E — 05 —1.1561E — 05 97.7
(c) 0.1% change of b, to byg (thickness change)

1 —1.0259E + 00 —1.0259E + 00  1.3192E — 05  1.3190E — 05 100.0

2 —82274E — 01 —8.2273E — 01 6.0020E — 06  6.0592E — 06 101.0

3 —1.8560E — 01 —1.8577E — 01 —1.6485E — 04 —1.647SE — 04 99.9

4 —6.6577E — 01 —6.6610E — 01 ~3.3765E — 04 —3.3799E — 04 100.1

“Case 1: upper principal stress constraint due to inertia load.
Case 2: lower principal stress constraint due to inertia load.
Case 3: upper principal stress constraint due to firing load.
Case 4; lower principal stress constraint due to firing load.

In Tables 4.2.5-4.2.7, design sensitivity accuracy results are given for
elements 144, 239, and 352 (see Fig. 4.2.4), due to a 0.19; change in design
variables. Observe that agreement between predictions y’ and actual changes
Ay are excellent, except that in Table 4.2.6(a) design sensitivity of the lower
principal stress for the inertia load in element 239 is not good. However, the
difference Ay is small compared to other differences. Since it is the difference
between two approximate values, numerical precision is reduced, and its
value is of suspect accuracy.



Table 4.2.6
Design Sensitivity of Engine Connecting Rod for Element 239

Case’ ! ¥ Ay v (W'/Ay x 100)7,

(a) 0.19; change of b, to b, (upper boundary)

1 —59578E — 01 —5.9606E — 01 —2.7667E — 04 —2.9248E — 04 105.7

2 —99779E - 01 -99779E — 01 2.2452E — 06  6.2944E — 05 2803.5

3 —9.6546E — 01 —9.6557E — 01 —1.0657E — 04 —1.2251E — 04 115.0

4 —9.8686E — 01 —9.8683E — 01 3.0799E — 05  3.9093E — 05 126.9
(b) 0.1% change of b; to b, (lower boundary)

1 —35.9578E — 01 —59565E — 01 1.3803E — 04 1.3588E — 04 98.4

2 —9.9779E — 01 —9.9780E — 01 —2.5153E — 06 —2.5001E — 06 99.4

3 —9.6546E — 01 —9.6553E — 01 —7.1355E — 05 —7.6392E — 05 107.1

4 —9.8686E — 01 —9.8685E — 01 8.1675E — 06 8.6792E — 06 106.3
(¢) 0.1% change of bg to b,g (thickness change)

1 —59578E — 01 —5.9607E — 01 —2.8199E — 04 —2.8222F — 04 100.1

2 —9.9779E — 01 —~9.9779E — 01 —1.5866E — 06 —1,5886E — 06 100.1

3 —9.6546E — 01 —9.6542E — 01 4.1725E - 05  4.1822E — 05 100.2

4 —9.8686E — 01 —9.8687E — 01 —1.3715E — 05 —1.3736E — 05 100.2

“Case 1: upper principal stress constraint due to inertia load.
Case 2: lower principal stress constraint due to inertia load.
Case 3: upper principal stress constraint due to firing load.
Case 4: lower principal stress constraint due to firing load.

Table 4.2.7
Design Sensitivity of Engine Connecting Rod for Element 352

Case*® ! v Ay ¥ (Y'/A¢ x 1007,

(a) 0.19% change of b, to b, (upper boundary)

1 —7.7013E — 01 —7.7113E - 01 —9.9819E — 04 —1.002{E — 03 100.4

2 —1.0042E + 00 —1.0043E + 00 —2.1690E — 05 —2.1984E — 05 101.4

3 —1.0530E + 00 —1.0532E + 00 —2.8030E — 04 —2.7927E — 04 99.6

4 —3.6239E — 01 —3.6511E — 01 —2.7273E — 03 —2.7391E — 03 100.4
(b) 0.1% change of b, to bs (lower boundary)

1 —7.7013E — 01 —7.6984E — 01 2.9207E — 04 2.9245E — 04 100.1

2 —1.0042E + 00 —1.0043E + 00 —5.2670E — 06 —5.2913E — 06 100.5

3 —~1.0530E + 00 —1.0530E + 00 —5.8413E — 05 —5.8409E — 05 100.0

4 —3.6239E — 01 —3.6164E — 01 74899E — 04 7.4955E — 04 100.1
(c) 0.19;, change of bg to b,g (thickness change)

1 —7.7013E ~ 01 -7.7036E — 01 —2.3032E — 04 —2.3026E — 04 100.0

2 —1.0042E + 00 —1.0042E + 00 4.2592E — 06  4.2407E — 06 99.6

3 —1.0530E + 00 —1.0529E + 00 5.2783E — 05  5.2282E — 05 99.1

4 —3.6239E — 01 —3.6302E — 01 —6.3713E — 04 —6.3663E — 04 99.9

“Case 1: upper principal stress constraint due to inertia load.
Case 2: lower principal stress constraint due to inertia load.
Case 3: upper principal stress constraint due to firing load.
Case 4: lower principal stress constraint due to firing load.
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SIMPLE BOX

Consider the simple box of Section 4.1.4. Its variational equilibrium
equation of Eq. (4.1.28) is repeated here as

a,0(z2) = J o'(z)e(z) dQ
Qli,j=1

Z T'z dT

rzi=1

=1, 0(2) forall zeZ 4.2.34)

Consider the von Mises yield stress functional, averaged over finite
element Q, < Q4 as

= me g(o(z))m, dQ 4.2.35)

where g = o, is the von Mises yield stress defined in Eq. (3.3.179) and m, is a
characteristic function on finite element Q,.

In this problem, a perturbation of the design variable [b, b, by]" will
move the externally loaded boundary. Assume that traction is constant along
I'? and independent of position. By taking the variation of the right side of
Eq. (4.2.34),

(L@ J; [ Z Tiz t] dar + J;_ [i V(T"Ei)Tn:|(VTn) ar
2] i= 2li=1
+ <Z TiZiVT(I’l))’ (Z T'ZVy P2)> o
2 2
+ <Z TiiiVT(I’l)) + <Z 'z VT(P2)>
i=1 Qs i Q3

The last four terms on the right side of Eq. (4.2.36) denote corner terms due
to movement of points p, and p, [59].
Define the adjoint equation as

(4.2.36)

2
a, o4, 1) = f [ Y g,,,-,-(z)a"j(l)] m,dQ forall 1eZ
Qe Lij=1
4.2.37)
Employing the idea of calculating first variations in Section 4.2.1, the

variation of Eq. (4.2.35) can be obtained by adding contributions from
each component and the four corner terms from Eq. (4.2.36). For each
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component, the result of Eq. (3.3.175) can be used to obtain the design
sensitivity formula

5 2
'//;J - 121 fm Z [aij(z)(ViiTVJt) + a,ij(l)(vzi"'%)] dQ

i,Jj=1

5 2
- ij 17 ;' d. iQ
l=zl J]nl I:i,jz=10 (2 )] vV
2 2 »
_ f fm i jz=1 ,:k Y goulz)CH VT V,)]mp a

=1

+ ff gdivVm,dQ — J] gm, dQ JI m, div 1dQ
Qa Qa Qa

2
- Y T{(VATV)dr + j [ 3 V(Tii")Tn:I(VTn) ar
rz2li=1

rzi=1

i=

2
+ <Z, A VT(pl)>

2
($rov)

02

2
+ < Tiiin(Pz))
03 i=1

H

Q3

2
+ ( Tiiil/r(pl)> (4.2.38)
i=1

Qs

In Eq. (4.2.38), since shape design variables are given as [b; b, b;]7, the
velocity field can be assumed to be linear on each plate. Thus, div V is
constant on each plate.

For numerical calculations, an eight-noded ISP element model with 320
elements, 993 nodes, and 1886 degrees of freedom is used. For numerical
data, Young’s modulus and Poisson’s ratio are 1.0 x 107 psi and 0.316,
respectively. Dimensions of the structure at the nominal design are
by = b, = by = 8in,, and the thickness of each plate is 0.1in. The uniform
external load is 4.77 1b/in.

In Table 4.2.8, sensitivity accuracy results are given for typical elements
due to a 3% change in design variables. Results of Table 4.2.8(a) and (b) are
for 3% changes in b, and b, respectively. Due to symmetry, results of one
side only are given in Table 4.2.8. Results given in Table 4.2.8 show excellent
agreement between predictions ¥, and actual changes Ay, except in elements
261, 266, 271, 306, 311, and 316 of Table 4.2.8(a). However, those elements
are in the low-stress region, and Ay, are small compared to others. Since they
are differences between approximate stresses, they are not accurate. The
boundary method that was applied to the plane stress interface problem was
tested with the same simple box problem, with unacceptable results.



Table 4.2.8

Domain Method for Simple Box Problem

Element
number A ¥? Ay, ¥, (¥,/Ay, x 100)%;
(a) 3% perturbation of length b, °

1 100.63443 103.78530 3.15087 3.07549 97.6

6 39.87734 4220731 2.32996 2.29028 98.3
11 38.09229 40.50634 2.41405 2.37384 98.3
16 84.75172 86.95996 2.20825 2.14499 97.1
21 29.10066 31.38476 2.28411 2.25004 98.5
26 47.77615 49.51865 1.74250 1.72446 99.0
31 47.77615 49.51865 1.74250 1.72446 99.0
36 21.28009 22.79503 1.51493 1.50010 99.0
41 52.16973 53.22842 1.05869 1.04999 99.2
46 26.27852 27.32058 1.04206 1.04612 100.4
51 23.75135 24.28852 0.53717 0.53220 99.1
56 43.70809 44.61852 0.91043 0.92291 1014
61 31.15718 31.30541 0.14823 0.15058 101.6
66 49.20760 51.70151 2.49391 2.44280 98.0
71 49.20760 51.70151 2.49391 2.44280 98.0
76 26.96837 29.18948 2.22111 2.18423 98.3
81 65.59970 67.47185 1.87214 1.83760 98.2
86 31.42032 33.59012 2.16979 2.13633 98.5
91 29.11188 30.98445 1.87257 1.85249 98.9
96 59.01335 60.55661 1.54326 1.52421 98.8
101 17.77022 19.23274 1.46252 1.44528 98.8
106 34.66051 35.85638 1.19587 1.20787 101.0
111 34.66051 35.85638 1.19587 1.20787 101.0
116 20.66130 20.81388 0.15259 0.14922 97.8
121 21.39204 21.86005 0.46801 0.47243 100.9
126 31.19434 31.31165 0.11731 0.12479 106.4
131 127.95324 130.60632 2.65307 2.55823 96.4
136 127.43242 130.94177 3.50974 3.43456 97.9
141 115.99465 118.74030 2.74565 2.68257 97.7
146 117.30361 118.88574 1.58213 1.53328 96.9
151 99.14657 101.16379 2.01721 1.97823 98.1
156 104.97155 106.62767 1.65611 1.61890 97.8
161 84.56467 85.55652 0.99185 0.94271 95.0
166 84.06349 85.20942 1,14593 1.11992 97.7
171 81.94871 82.70473 0.75602 0.72246 95.6
176 56.29105 57.23964 0.94859 0.94555 96.7
181 67.85988 68.09515 0.23527 0.22166 94.2
186 55.58785 55.81064 0.22279 0.29350 131.7
191 45.66123 45.77325 0.11203 0.11082 98.9
261 52.27702 52.27824 0.00122 0.00657 5378
266 45.12722 45.11601 —-0.01121 -0.02510 223.8
271 29.52699 29.53403 0.00704 0.01035 147.0
276 36.62302 36.66663 0.04361 0.04665 107.0
281 45,66577 45.78814 0.12237 0.12677 103.6
286 20.18210 20.19824 0.01614 0.01924 119.2

(continues)
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Table 4.2.8 (continued)
Domain Method for Simple Box Problem

Element
number ¥) v2 Ay, v, (¥p/ A, x 100)%
291 35.13625 35.16403 0.02779 0.02644 95.1
296 34.96003 35.17924 0.21920 0.23069 105.2
301 31.97706 32.01814 0.04108 0.04544 110.6
306 45.12722 4511601 -0.01121 -0.02510 223.8
311 29.52699 29.53403 0.00704 0.01035 147.0
316 54.32027 54.31034 -0.00992 -0.00222 224
(b) 3% perturbation of height b;°

1 100.63443 97.71343 —2.92100 —3.02560 103.6

6 39.87734 38.60680 —1.27054 —1.31552 103.5
11 38.09229 36.88886 —1.20343 —1.24584 103.5
16 84.75172 82.13030 -2.62142 —2.71628 103.6
21 29.10066 28.22262 —0.87803 -0.90871 103.5
26 47.77615 46.21547 —1.56068 —1.61636 103.6
31 47.77615 46.21547 —1.56068 —1.61636 103.6
36 21.28009 20.67423 —0.60586 —0.62693 103.5
41 52.16973 50.35392 —1.81580 —1.87975 103.5
46 26.27852 25.44055 -0.83797 —0.86795 103.6
51 23.75135 22.92610 —0.82525 —0.85558 103.7
56 43.70809 42.24665 —1.46144 —1.51226 103.5
61 31.15718 29.77414 —1.38304 —1.42616 103.9
66 49.20760 47.31834 —1.88926 —-1.95116 103.3
71 49.20760 47.31834 —1.88926 —1.95115 103.3
76 26.96837 25.93788 —1.03049 —1.06359 103.2
81 65.59970 63.06451 -—2.53519 —2.61931 103.3
86 31.42032 30.21688 —1.20345 —-1.24241 103.2
91 29.11188 27.99637 —1.11551 —1.15172 103.2
96 59.01335 56.72553 —2.28782 —2.36378 103.3
101 17.77022 17.10474 —0.66548 —0.68615 103.1
106 34.66051 33.31319 —1.34731 —1.39214 103.3
111 34.66051 33.31319 —1.34741 —1.39214 103.3
116 20.66130 19.83577 —0.82552 —0.85490 103.6
121 21.39204 20.56917 —0.82287 —0.84901 103.2
126 31.19434 29.91584 —1.27850 —1.32590 103.7
131 127.95324 124.23535 —3.71789 —3.83449 103.1
136 127.43202 122.52440 —4.90762 —5.06634 103.2
141 115.99465 112.13318 —3.86147 —3.98045 103.1
146 117.30361 114.56425 —2.73937 —2.82433 103.1
151 99.14657 95.92302 —3.22355 —3.31679 102.9
156 104.97155 102.10465 —2.86690 —2.94150 102.6
161 84.56467 82.59761 —1.96706 —2.04206 103.8
166 84.06349 81.71003 —2.35346 —2.41896 102.8
171 81.94871 80.05344 —1.89527 —1.95133 103.0

176 56.29105 54.29555 —1.99550 —2.05872 103.2




4.2. STATIC DESIGN SENSITIVITY 331

Table 4.2.8 (continued)
Domain Method for Simple Box Problem

Element

number ¥, Y2 Ay, 14 W,/Ay, x 100)7;
181 67.85988 66.31273 —1.54715 —-1.59164 102.9
186 55.58785 54.55671 —1.03114 —1.07550 104.3
191 45.66123 44.39744 —1.26379 —1.30200 103.0
261 52.27702 50.89411 —1.38291 —1.42855 103.3
266 45.12722 44.95884 —0.16838 —0.18060 107.3
21 29.52699 28.63060 —0.89639 —-0.93170 103.9
276 36.62302 36.21113 —0.41188 —0.42241 102.6
281 45.66577 45.01216 —0.65361 —0.70665 108.1
286 20.18210 19.53853 —0.64357 —0.67564 105.0
291 35.13625 35.28274 0.14750 0.14909 101.1
296 34.96003 33.27873 —1.68131 —1.74729 103.9
301 31.97706 31.3497t —0.62736 —0.64641 103.0
306 45.12722 4495884 —0.16838 —0.18060 107.3
311 29.52699 28.63060 —0.89639 —-0.93170 103.9
316 54.32027 53.05260 —1.26766 —1.31371 103.6

“Top, element number 1-64; bottom, 65-128; sides, 129-256; end, 257-320.

TRUSS-BEAM-PLATE

Consider the truss—beam-—plate of Section 4.1.4, with the variational
equilibrium equation of Eq. (4.1.57) repeated here as

n+ 1m+1
a,qlz, 2) = 'U D) [(wh_ + vwi ywi,
l=1 j= 1 b
+ (W), + WY, + 21 — w14
ntl m .
+ Y Y | [EPLE, + GJ036Y] d,
i=1 j=1J0Y
il m+1 . P
+ Zl Zl [EIY8Y,8Y, + GJU6Y6Y] dQ,
i=1 j=

+ g4 T K(A} ‘)ék aim K(A{ ™)k
+ KA + G K(AE
n+ 1m+1

= J:f F9w9dQy =1, 0(3) forall zeZ (4.2.39)
!j

l—l 1—
To obtain a design sensitivity formula using Eq. (4.2.12) expressions for
I, (), as,(z, A), Iy, (), and a}(z, A) must be obtained. Expressions for I5,(1) and
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as,(z, A} can be found in Chapters 1 and 2 for truss, beam, and plate
components. For I;,(A} and a},(z, 4), Egs. (4.2.4) and (4.2.6) can be used, Using
Eqgs. (1.2.19), (2.2.1), and (4.2.39),

n+ 1 m +1 '
a5,(z, 2) = f [(ng + VW -+ (w" + vwi )W”y
i= l j=1
+ 201 — Wi wd 1(D¥(e))y 517 dQ,
n m+1
+Y X 04 B4 (ET)5y + 0909(GTY)54] b9 dQ,

n+1
+ ) Z [v” 0 (ETgy + 0U0U(GI,,] 5bY dQ,

i=1 j=1
+ [gi""K(4 1)q g AL + [ K(AI™)GE™) gy SAL™

+ [48 T K(AP)GE L 84T + [q K(A™)GE™] gpm SA™
(4.2.40)
where bY = [d¥ hV]T and bY = [d¥ hY]T. Using Eqs. (1.2.19), (2.2.2), and
(4.2.39),

l5,2) =0 (4.2.41)
Also, using Eqgs. (4.2.3), (4.2.4), and (4.2.39),
n+1 m+1
R | f (= DU, + wi)(TTFTV),
i= 1 ji=1
+ WY, + W) (VWTY),, + 201 — »wi (VW)
+ Wi, + WY IWITV),, + Y, + W(VWITY),,
+ 2(1 — Wi (VWi V)]
+ div [DY0)(wY, + vwi Wi,
+ W+ vwl )WY + 21 — wwEw)V]) dQ,
nt+l1l m
+ 3 Y | {—EFB V), + 3560V),]
i=1j=1J0¥
+ (BT, 6.V, — GTL0U04V),
+ 030V, + (GT§96YV),} dQ,
n m+1
+y Y { —E89.39V),, + 89,54V),,
i=1 j=1

+ (EF54.50 V), — GIVLOY@V),
+ 09(09V),] + (GT650iv),} dQ, (4.2.42)
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If the conventional design variables are constant for each component, Eq.
(4.2.42) is simplified to

nt+lm+1

i == 3 3 [ Doz + s
i=1 j=1 4
+ [V(Wu WIJ + WlJ Wu ) (W!J —U + W;}’y_;'v’y
+ 21 — W,V + V)
+ [WIWE, + wi WY+ vwIW, + W WV
+ wWiwy, + wi wi
+ vwiwi, + wi WV} dQ,
n+l m el
- z Z {EIU[35;-1’X5¥X x + ({jgﬁgx
i=1 j=1
+ §9. 59,1 + GT9E0E Y dQ,
n m+1

- Z Z {Elll[wlyijlyjy +(Ulyjﬁ;fy

i=1 j=1Jaf
+ 8.59V,,1 + GJU6ibiv) dq, (4.2.43)

where V= [V* V*]" on the plate component and ¥ on each beam is design
velocity. Using Eqgs. (4.2.5), (4.2.6), and (4.2.39),

n+1m+1

L) = f [—9VwIV) + div(fTwiV)] dQ,
i= l j=1 oy
n+ 1 m +1
- f f FIVATY + fiw diy V) dQ, (4.2.44)
i= l i=1 Qi

Consider first the compliance functional for the structure,

n+ 1 m+ 1
f J S (4.2.45)
ol

i= l i=1
Since f¥" = 0, Eq. (4.2.45) can be treated as the functional form of Eq. (4.2.8),
so the adjoint equation is, from Eq. (4.2.10),

n+1m+1

auald, 1) = f f fifidQ, forall 1eZ  (4.2.46)
of

llJl

where

J=[Y g & ogi Eopit pit pim g
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In this special case, A = z, and from Eq. (4.2.12)

n+1im+1

Vi =2 — ds(z,2) + 3 )

i
i=1 j=1 Qf

+ (@) — ay(z, 2)

—FUVWITV) + div(fIwiV)] dQ,

= I5,(2) — a3,(z, 2) + 2I,(2) — ay(z, 2) 4.2.47)
where Eqs. (4.2.40), (4.2.41), (4.2.43), and (4.2.44) provide the form of terms in
Eq.(4.247).

Next, consider displacement at a discrete point £ € Qf, written as
v, = J 50 — B)wd dQ, (4.2.48)
af

where point X moves as the shape is modified. Using Eq. (4.2.10), the adjoint
equation is obtained as

ayali, 1) = f x—2UdQ, forall IeZ  (4.2.49)
o

From Egs. (4.2.12) and (3.3.139),
¥y = 1, (A7) = ajulz, i) + L,(AP) — ay(z, A) (4.2.50)

where Eqgs. (4.2.40), (4.2.41), (4.2.43), and (4.2.44) provide the form of terms in
Eq. (4.2.50) and A‘? is the solution of Eq. (4.2.49).

Finally, consider the mean stress functional over a finite element Q, < Qi
of the plate component,

L t4, wi) dQ
= i owi wil dQ, = ”“P 9(c%, wia L 4251
l//3 J‘J‘n? g( Wixs W xy W )m 1 .”‘ﬂp dQl ( )

where g might involve principal stresses, von Mises failure criterion, or some
other material fallure criteria. For simplicity of notation, w9, = wY,,
wgy = w{,, and w¥, = wY¥, are used. As before, m, is a charactensnc function
defined on Q,.

Taking the variation of Eq. (4.2.51), using Eq. (3.2.37),

'//3 = J‘J‘ . g,-'jmp 5tU dQl + J Z gw’(J [Wk’ VWijTV)kl]mp dQl
Qn

'{kl 1
+f div(gV)m,dQ, — J] gm, d€), ff m, div VdQ,
of af
(4.2.52)

As in the general derivation of the adjoint equation of Eq. (4.2.10), the
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adjoint equation may be defined by replacing w¥ in the integrand of Eq.
(4.2.52) by 1 to define a load functional for the adjoint equation, obtaining

2
duald, ) = f f [ ) gwg,yfg;]mp dQ, forall IeZ (42.53)
Q¥ Lki=1

Proceeding as in the derivation of Eq. (4.2.12), the design sensitivity formula
is obtained as

Uy = 1,0 = aie. 39) + [ gum, 309 g,
oY

2
+ 50 — a1 - [ [ S gy (W V)l a2,
Qf

k,i=1

+ f div(gV)m, dQ, — JI gm, dQ, JI m, div VdQ,
Qi fo}d QY
(4.2.54)

where Egs. (4.2.40), (4.2.41), (4.2.43), and (4.2.44) provide the form of terms in
Eq. (4.2.54) and A is the solution of Eq. (4.2.53). The last two terms in Eq.
(4.2.54) are due to the movement of Q,.

For numerical calculations, conventional and shape design sensitivity
calculations are carried out separately. For plate components, 12 degrees-of-
freedom nonconforming rectangular elements [7] are used. For beam
components, hermite cubic shape functions are used. The finite element
model used for conventional design sensitivity calculation is shown in Fig.
4.2.6. A total of 196 finite elements with 363 degrees of freedom are used to
model the built-up structure, including 100 rectangular plate elements, 80
beam elements, and 16 truss elements. The 196 elements are linked to six
kinds of independent conventional design variables, such as thickness of
plate components, height and width of longitudinal beam components,
height and width of transverse beam components, and cross-sectional area of
truss components.

For numerical data, Young’s modulus and Poisson’s ratio are
30 x 107psi and 0.3, respectively. The overall dimensions are
L, x L, =15in. x 15in. Beam components are located so that the spaces
between them are g; = b; = 3in. (i, j = 1, 2, 3,4). Dimensions of the built-up
structure at the nominal design are as follows: uniform thickness t = 0.11in.
for plate components, uniform height h = 0.5in. and width d = 0.15in. for
beam components, and length [ = 5.364in. and cross-sectional area
A = 0.1in.? for truss components. A uniform distributed load f = 0.11b/in.?
is applied on the plate components, and mass density for the entire structure
is taken as p = 0.11bm/in.3 for the eigenvalue problem.
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Fig. 42,6 Finite element model of a truss—beam-plate built-up structure for conventional
design variation.

In Table 4.2.9, sensitivity accuracy results are given for several functionals,
with a 5% uniform change in all conventional design variables except the
cross-sectional areas of truss components. Sensitivity results of von Mises
yield stress

g(0) = (03, + 6% + 302, — 0,,0,)"? (4.2.55)

for plate components and normal stresses g,, and g,, for longitudinal and
transverse beam components, respectively, are given in Table 4.2.9. Due to
symmetry, sensitivity results for only one quarter of the structure is given in
Table 4.2.9. Results given in Table 4.2.9 show good agreement between
predictions , and actual changes Ay,.

During numerical calculations it was found that the finite element model
of Fig. 4.2.6, which was used for conventional design sensitivity calculation,
was not adequate for shape design sensitivity calculations, because of the
coarse grid. A finer grid finite element model for shape design sensitivity
calculation is shown in Fig. 4.2.7. Only one quarter of the entire structure is
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Table 4.2.9
Conventional Design Sensitivity of Truss—Beam-Plate Built-Up Structure

Element
Functional  number v, Ay, /A (Y/AY, x 100)%,
Displacement C 0.4775E — 03 —0.8052E — 04  0.9071E — 04 112.7
Stress on 1 0.1484E + 02 —0.7100E + 00 —0.6750E + 00 95.1
plate 2 0.5829E + 02 —0.5980E + 01 —0.6780E + 01 1134
element 3 0.5263E + 02 —0.5220E + 01 —0.5810E + 01 1113
4 0.5256E + 02 —0.5760E + 01 —-0.6320E + 01 109.7
5 0.8497E + 02 —0.1028E + 02 —0.1126E + 02 109.5
11 0.5829E + 02 —0.5980E + 01 —0.6780E + 0t 113.4
12 0.6780E + 02 —0.7870E + 01 —0.8630E + 01 109.7
13 0.5827E + 02 —0.6720E + 01 —0.7580E + 01 112.8
14 0.5269E + 02 —0.6240E + 01 —0.6830E + 01 109.5
15 0.7658E + 02 —0.9360F + 01 —0.1034E + 02 110.5
21 0.5263E + 02 —0.5220E + 01 -0.5810E + 01 111.3
22 0.5827E + 02 ~0.6720E + 01 —0.7580E + 01 112.8
23 0.5450E + 02 —0.6690E + 01 —0.7300E + 01 109.1
24 0.5850E + 02 —0.6990E + 01 —0.8060E + 01 115.3
25 0.61SSE + 02 —0.7740E + 01 -0.8500E + 01 109.8
31 0.5256E + 02 —0.5760E + 01 —0.6320E + 01 109.7
32 0.5269E + 02 —0.6240E + 01 —0.6830E + 01 109.5
33 0.5850E + 02 —0.6990E + 01 —0.8060E + 01 115.3
34 0.4697E + 02 —0.6030E + 01 —0.6340E + 01 105.1
35 0.4621E + 02 ~—0.5880E + 01 —0.6770E + 01 115.1
41 0.8497E + 02 —0.1028E + 02 —0.1126E + 02 109.5
42 0.7658E + 02 —0.9360E + 01 —0.1034E + 02 110.5
43 0.6155E + 02 -0.7740E + 01 —0.8500E + 01 109.8
44 0.4621E + 02 —0.5880E + 01 —0.6770E + 01 115.1
45 0.3975E + 02 —0.5250E + 01 —0.5980E + 01 1139
Stress on 1 0.2956E + 02 —0.3640E + 01 —0.3960E + 01 108.8
beam 2 0.1850E + 03 —0.2428E + 02 —0.2672E + 02 110.0
element 3 0.1200E + 03 —0.1608E + 02 —0.1764E + 02 109.7
4 0.2041E + 03 —0.2552E + 02 —0.2792E + 02 109.4
5 0.3549E + 03 —0.4444E + 02 —0.4872E + 02 109.6
11 0.1656E + 02 —0.2360E + 01 —0.2520E + 01 106.8
12 0.6312E + 02 —0.7920E + 01 —0.8680E + 01 109.6
13 0.2192E + 02 —0.2400E + 01 —0.2640E + 01 110.0
14 0.7964E + 02 —0.1088E + 02 —0.1192E + 02 109.2
15 0.1454E + 03 —0.1960E + 02 —0.2140E + 03 109.2

analyzed, due to symmetry. A total of 484 elements with 1281 degrees of
freedom are used to model the built-up structure, including 400 rectangular
plate elements, 80 beam elements, and 4 truss elements. The design variables
for shape variation are the locations x‘ and y/ (i, j = 1, 2), of transverse and



338 4. DESIGN SENSITIVITY ANALYSIS OF BUILT-UP STRUCTURES

20| 40 |60 |eQliod1z0l140{160 {180 {20 22024%260 280[300l320340|360|3801400
19 pA N 399
I8 b by 398
~
17 ~ 397
7o O 7
16 9 N © L 396
P4
15 b AN B L, 395
14 b AN N L7 394
3 N [ 393
vl 22123 |2al2sl26 |27/ 28 | 29130/ 31 |30 33 34| 35| 36| 37| 38| 30| a0
12 o s AN 392
n 5 AN~ BEAN 391
O AN
10 3 e ~ N 390
(e 4 o]
9 q ’ b N 389
8 k4 o) 388
7 g % 387
€O
6 < 9 386
5 s b 385
1 lel314lslel7lelioliotnl2lizlialislieliz]isligl20
Y I +
4 < ! 384
L
3 b o) 383
[4Y)
2 < ©| 382
1 |21 {a1 [eF]si]101 |121]141 161181 201 2?‘.‘?'241 261]281|301|321[341|361[ 381
c X X2

Fig. 42.7 Finite element model of a truss—beam-—plate built-up structure for shape
variation,

longitudinal beams, respectively, measured from center ¢ of the built-up
structure. During the shape variation, it is presumed that the outside
boundary is fixed and the lengths of truss components are held constant.
That is, the ground supports for the trusses move according to the change of
beam positions. The same numerical data that are used in conventional
design sensitivity calculations are employed. For the nominal design, beam
components are located at x;, = y, = 1.5in,, and x, = y, = 4.5in.

For shape design sensitivity calculations, a velocity field must be defined
that satisfies regularity conditions. For regularity of the velocity field,
consider the terms ay(z, z), aj(z, A'?), and aj,(z, A®’) in Egs. (4.2.47), (4.2.50),
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and (4.2.54), respectively. To evaluate these terms, Eq. (4.2.43) is used, which
involves second derivatives of the velocity field V = [V* V”]T with respect to
x and y. Hence, the velocity field must have C! regularity. If a velocity field
with C° regularity is used, second derivatives of the velocity field become
Dirac delta measures, which must be integrated to obtain sensitivity results.
Note that C° regular velocity fields can be used for elasticity problems, such
as the simple box example considered before, since the highest order of
derivative of the velocity field in the sensitivity formula is one [see Eq.
(4.2.38)].

To avoid Dirac delta measures, C! regular velocity fields are used in this
example. The beam components are allowed to move in transverse directions
only. Hence, V* is a function of x only and ¥ is a function of y only. The
velocity field in each plate component is represented by hermite cubic
functions in each direction. That is, V*(x) and V*(y) are represented by
hermite cubic functions. To see the velocity field representation graphically,
consider Fig. 4.2.8, in which the shape functions for V*(x) are plotted. In Fig.
4.2.8, x, and 8x, denote perturbations of locations of transverse beams.
From Fig. 4.2.8 note that V*(x) = ¢!(x) + ¢*(x). That is,

2x? 3
—ia(x —£> oxy, 0<x<x
x3 2

— 2 -
Ml:(x - Xq) = M:l(&xl = 0x3) + 6xy,

(x2 — xy)° 2
x; £ x £x,
Vi(x) = (4.2.56)
L
I —x
2x — x,)? <2 2)
(EC_——)&)_-’J (x—xz)———z——— O0x, + 6x,,
=y,
=
< <L"
xz_x_2

Fig. 4.2.8 Shape functions for the velocity V*(x).



340 4. DESIGN SENSITIVITY ANALYSIS OF BUILT-UP STRUCTURES

Similarily,
4 2
2y 3y
Hotr oo
Ay — y)) 332 = 1)
o i CIRE SRR
2 E
n=y=sy
VA(y) =< 1 2 (4257
L
N —y
Ay — y,)? 2
2 23(y—y2)_ 2 5y2+5y2,
<7 - J’2>
<y< L,
yZ = y = 2

In Table 4.2.10, sensitivity accuracy results are given for several func-
tionals with a 0.25% uniform change in shape design parameters. Results
given in Table 4.2.10 show excellent agreement between predictions i, and
actual changes Ay, except for von Mises yield stress in plate element 219.
However, note that Ay, is small compared to others. The boundary method
applied to this problem produced unacceptable results.

‘Table 4.2.10
Shape Design Sensitivity of Truss-Beam—Plate Built-Up Structure
Element
Functional  number A Ay, v, (/A x 100)%
Displacement C 0.4776E — 03 O0.1188E — 04 0.1148E — 04 96.6
Compliance 0.9775E — 03  0.1995E — 04  0.1965E — 04 98.5
Stress on 1 04913E + 02 0915 0.195 100.1
plate 3 0.4043E + 02 0.860 0.861 100.1
element 5 0.3428E + 02 0.602 0.600 99.6
7 0.5033E + 02 0.858 0.858 100.0
9 0.6214E + 02 0.925 0.924 99.9
11 0.6784E + 02 0.924 0.923 99.9
13 0.7708E + 02 0.873 0.871 99.8
15 0.8361E + 02 0.994 0.994 100.0
17 0.9276E + 02 1.088 1.090 100.2
19 1.0291E + 02 1.251 1.253 100.2
22 0.4426E + 02 0.891 0.891 100.0

24 0.3303E + 02 0.776 0.775 99.9
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Table 4.2.10 (continued)

341

Shape Design Sensitivity of Truss—Beam—Plate Built-Up Structure

Element
Functional  number /A Ay, 4 (¥,/ Ay, x 100)%
26 0.4266E + 02 0.778 0.776 99.8
28 0.5594E + 02 0.882 0.880 99.9
30 0.6352E + 02 0914 0.913 99.8
32 0.6965E + 02 0.891 0.889 99.7
34 0.7793E + 02 0.961 0.960 99.9
36 0.8552E + 02 1.060 1.060 100.0
38 0.9187E + 02 1.171 1.172 100.1
40 1.0464E + 02 1.367 1.374 100.6
42 0.3954E + 02 0.859 0.858 99.9
44 0.3333E + 02 0.811 0.810 99.9
46 0.4428E + 02 0.765 0.763 99.7
48 0.5250E + 02 0.831 0.830 99.9
50 0.5853E + 02 0.862 0.861 99.8
52 0.6753E + 02 0.883 0.881 99.7
54 0.7550E + 02 0.979 0.978 99.9
56 0.7905E + 02 1.104 1.104 100.0
58 0.8127E + 02 1.169 1.170 100.1
60 0.8983E + 02 1.334 1.340 100.5
65 0.3836E + 02 0.754 0.749 99.4
67 0.4488E + 02 0.744 0.744 99.9
69 0.4606E + 02 0.743 0.742 99.9
71 0.5603E + 02 0.801 0.800 99.9
73 0.7075E + 02 0.914 0911 99.7
75 0.6838E + 02 1.112 1.112 100.0
77 0.6713E + 02 1.207 1.209 100.1
79 0.6501E + 02 1.185 1.189 100.4
85 0.3830E + 02 0.740 0.738 99.8
87 0.4058E + 02 0.670 0.669 99.8
89 04786E + 02 0.665 0.663 99.7
91 0.6018E + 02 0.748 0.744 99.4
93 0.6787E + 02 0.892 0.889 99.6
95 0.6411E + 02 1.101 1.100 99.9
97 0.6272E + 02 1.293 1.294 100.1
99 0.6443E + 02 1.468 1.471 100.2
106 0.4305E + 02 0.726 0.725 99.9
108 0.5160E + 02 0.721 0.719 99.7
110 0.5914E + 02 0.749 0.745 99.6
112 0.6223E + 02 0.749 0.745 99.3
114 0.5604E + 02 0.928 0.924 99.7
116 0.5721E + 02 1.124 1.124 100.0
118 0.5927E + 02 1.283 1.284 100.1
120 0.6532E + 02 1.487 1.490 100.2
128 0.5512E + 02 0.759 0.756 99.7
130 0.5826E + 02 0.750 0.746 99.5

(continues)
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Table 4.2.10 (continued)

Shape Design Sensitivity of Truss—Beam—Plate Built-Up Structure

Element
Functional number |//p‘ Ay, v, /Ay, x 100)%,
132 0.5914E + 02 0.587 0.581 99.0
134 0.4801E + 02 0.834 0.830 99.4
136 0.4705E + 02 1.057 1.056 99.9
138 0.4975E + 02 1.203 1.203 100.0
140 0.5682E + 02 1.405 1.408 100.2
149 0.5550E + 02 0.747 0.744 99.5
151 0.5322E + 02 0.575 0.569 99.0
153 0.5555E + 02 0.437 0.430 98.5
155 0.3700E + 02 0.868 0.863 99.4
157 0.3514E + 02 1.078 1.077 99.9
159 0.3790E + 02 1.226 1.226 100.0
169 0.5208E + 02 0.687 0.683 99.3
171 0.4887E + 02 0.372 0.365 98.0
173 0.5629E + 02 0.215 0.208 96.7
175 0.3270E + 02 0.618 * 0.608 98.4
177 0.2338E + 02 0.915 0.907 99.1
179 0.2327E + 02 1.062 1.056 99.5
190 0.4529E + 02 0.368 0.360 974
192 0.6133E + 02 —0.068 -0.075 109.9
194 0.4776E + 02 0.129 0.120 93.1
196 0.3201E + 02 0.255 0.240 94.0
198 0.2704E + 02 0.283 0.263 930
200 0.3481E + 02 0.377 0.364 96.5
211 0.5317E + 02 —0.101 -0.109 108.0
212 0.6768E + 02 -0.220 -0.226 102.7
213 0.6722E + 02 -0.162 -0.167 103.3
214 0.6017E + 02 -0.118 -0.125 106.1
216 0.5335E + 02 —0.109 —-0.118 107.7
217 0.5372E + 02 —-0.099 -0.108 108.9
218 0.5529E + 02 —-0.062 —-0.071 114.8
219 0.5763E + 02 —0.007 -0.016 241.3
220 0.6573E + 02 0.083 0.077 93.3
229 0.5827E + 02 0.142 0.135 949
231 0.6768E + 02 -0.220 —0.226 102.7
233 0.8148E + 02 -0.304 -0.312 102.5
235 0.8270E + 02 —0.280 -0.285 101.6
237 0.9004E + 02 -0.187 -0.189 101.4
239 1.0098E + 02 0.077 0.075 97.5
249 0.5629E + 02 0.215 0.208 96.7
251 0.6726E + 02 —-0.162 —-0.167 103.3
253 0.8205E + 02 -0.377 —-0.382 101.4
255 0.7951E + 02 —0.366 -0.369 100.9
257 0.9004E + 02 —0.350 —-0.352 100.4
259 1.0166E + 02 —-0.362 —-0.364 100.6
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Table 4.2.10 (continued)
Shape Design Sensitivity of Truss—Beam-—Plate Built-Up Structure

Element
Functional  number v, Ay, v, (/A x 100)%
269 0.4201E + 02 0.419 0.410 97.8
271 0.6017E + 02 -0.118 -0.125 106.1
273 0.7804E + 02 —-0.374 -0.379 101.3
274 0.6736E + 02 —0.364 —0.368 101.2
275 0.6230E + 02 —0.338 —-0.342 101.1
276 0.6130E + 02 -0.313 -0.316 100.9
277 0.6268E + 02 —0.297 -0.300 100.8
278 0.648SE + 02 —-0.288 -0.290 100.7
279 0.6750E + 02 -0.279 -0.281 100.7
280 0.7533E + 02 —0.289 -0.293 101.6
286 0.5614E + 02 1.032 1.030 99.8
288 0.3700E + 02 0.868 0.863 99.4
300 0.4934E + 02 -0.201 -0.205 102.2
317 0.2977E + 02 -0.210 -0.214 102.0
319 0.2789E + 02 ~0.177 ~0.182 102.5
337 0.2185E + 02 -0.225 -0.230 102.2
339 0.1811E + 02 —0.243 —0.248 102.0
358 0.1456E + 02 -0.309 -0.313 101.2
360 0.1494E + 02 —0.299 —0.302 101.0
380 0.1219E + 02 —0.255 —0.255 100.1
400 0.0847E + 02 —0.156 —0.154 99.1

4.3 EIGENVALUE DESIGN SENSITIVITY

Eigenvalue sensitivity of a built-up structure can be determined, due to
variations in conventional design variables and shape. As in the case of
separate variations of conventional design variables and shape in Chapters 2
and 3, no adjoint variable is required in eigenvalue design sensitivity
calculation. The approach used in this section parallels that employed in
Section 4.2. A direct variational analysis is carried out, supported by
existence results presented in Chapters 2 and 3.

4.3.1 Calculation of First Variations

Consider the variational form of the built-up structure eigenvalue equa-
tions of Eq. (4.1.16), repeated here as

a0y, §) = ldyo(y,5)  forall jeZ

du.Q(ya ,V) = 1
Since both bilinear forms in Eq. (4.3.1) depend on the conventional design

@.3.1)
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variable u and shape €, it is clear that the eigenvalue { also depends on these
quantities. The objective here is to use this variational formulation to obtain
sensitivity of { to variations in the design function and shape.

Using the notation of Eq. (4.2.2) for perturbation of the domain Q, the
design variation of the bilinear form on the right side of Eq. (4.3.1) can be
calculated as

[du,ﬂ(y9 )7)]/ = d:iu(ya .)_)) + le(y’ }_)) + du,ﬂ(.).)s 5))

= ["Zld:iu‘(wi9 W"l) + d:;b(q, q)] + Z d,yi(Wi, Wl)

i=1

+ '21 dyi oW, W) + dy(q, 9) 4.3.2)
where y = [w! w? ... w" g]" denotes an eigenfunction, even though the
notation for the component of y is borrowed from static response z, to avoid
introduction of new variables. This notation parallels that of Eq. (4.2.3),
which remains valid for design variation of the energy bilinear form on the
left side of Eq. (4.3.1).

Note that the first and second terms on the right side of Eq. (4.3.2) for the
trusses and for each distributed component can be obtained from Chapters 1
and 2. The third term on the right side of Eq. (4.3.2) is due to shape variation.
For the domain method, the expression d}.«(w',w') might be evaluated,
instead of Eq. (3.4.8), in terms of domain integrals. Using Eq. (3.2.37) instead
of Eq. (3.2.36) and proceeding as in the derivation of Eq. (3.4.8),

dy (W', w‘)—f {—e (VW VL W) — e, (w', VW' V)

+ div[e;(w', W)V]} dQ 4.3.3)
where e,(-,-) is a bilinear function in the integrand of the bilinear form

du",Qi(" )

4.3.2 Eigenvalue Design Sensitivity
SIMPLE EIGENVALUE

Presuming differentiability of a simple eigenvalue { and the associated
eigenfunction y with respect to design variables and shape, supported by the
proofs presented in Sections 2.5 and 3.5, the first variation of both sides of
Eq. (4.3.1) yields the formal relationship

a0 9) + a5y, 3) + av(y, 3) = {'d, oy, ) + {da( 9, §)

+ {dsu(y, ) + {dy(y,5)  forall yeZ
4.3.4)
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This equation may be evaluated at y = y, using the second equation in Eq.
(4.3.1), to obtain

{' = [asly, y) — L5y, V)] + [av(y, y) — Ldy(y, y)]

+ [a.,0(3, ) — {d, ol 3, ¥)] (4.3.5)

Using symmetry of the two bilinear forms and y € Z, Eq. (4.3.1) implies that
the third term on the right side of Eq. (4.3.5) is zero, yielding

= L5y, y) — {ds(y, V)] + [av(y, y) — Lav(y, )] (4.3.6)

The differentials of the bilinear forms on the right side of of Eq. (4.3.6) may
be evaluated using the expansions of Egs. (4.2.3), (4.2.4), (4.3.2), and (4.3.3)
and the results of Chapters 1 and 2 for the trusses and distributed
components to obtain explicit formulas.

Note that evaluation of the design sensitivity of a simple eigenvalue given
by Eq. (4.3.6) is explicit in terms of the eigenfunction y and does not require
solution of a separate adjoint problem.

REPEATED EIGENVALUE

Consider next the case of a repeated eigenvalue { with s independent
eigenfunctions; i.e.,

a,a¥, 7)) =ld,o(y,7)  forall jeZ,

Lj=1....s
du,Q(yis yj) = 5;’1’3 (43~7)

Using the directional derivative theorem for repeated eigenvalues in Sections
2.5 and 3.5, the s directional derivatives of the repeated eigenvalue { in Eq.
(4.3.7) may be characterized as the eigenvalues of the matrix

M = (@5 ) = Ui, Y) + @AY, ¥) = L, Y Do @38

where i is row index and j is column index. As presented in detail in Sections
2.3.1 and 3.4.1, for a twice-repeated eigenvalue, an explicit expression may be
obtained for the directional derivatives of the eigenvalue in terms of a
rotation parameter derived from the set of orthonormal eigenfunctions
selected. More specifically,

{1 (8u, V) = cos? ¢p(ou, V).#,, + sin 2¢(du, V).#,, + sin® ¢p(0u, V)M 5,
(4.3.9)

{5(6u, V) = sin? ¢(du, V).#,, — sin 2¢(Su, V)M, , + cos? $(éu, V).4,,
(4.3.10)
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where the rotation angle ¢ is given as

2.4,
(ou, V) = arctan [——] 4.3.11)
¢ '/”11 - '/”22
The notations {}(éu, V) and ¢(du, V) are used here to emphasize dependence
of the directional derivative on du and V.

4.3.3 Example

Consider the truss—beam-plate of Section 4.1.4 with the variational
eigenvalue equation of Eq. (4.1.59). To obtain a design sensitivity formula
using Eq. (4.3.6), expressions must be obtained for aj,(y, ), d5.(¥, ¥), @y, y),
and dy,(y, y). For aj,(y, y) and ay(y, y), Egs. (4.2.40) and (4.2.43) can be used,
respectively. Using Eqgs. (1.2.19), (2.2.1), and (4.1.58)

n+ 1 m+ 1
dp( 3, y) = f f pwi 81 4,

i= 1 ji=1
n+1l m o

+ Z Z [pﬁ" (duhu)f,j + 07 )51 SbY dQ,
i=1j=1J0Y

n m+1

+3 Y [pt" (d"h")b y+ 09 (193] ob daQ;

i=1 j=1J0¥%
+ gt " M(A})gi D g 6AM + [@i™ M(AI™)gE™] apm A
+ [gr " M(ATYgE T4y SATY + [gi™ M(AT™qE™]) gpm S5AT™

(4.3.12)
Also, using Eqgs. (4.3.2), (4.3.3), and (4.1.58),
n+ 1m+1
dy(y,y) = f [ —2tpwi(VWi V) + div(tipw V)] dQ,
i= 1 i= l

n+l m
+ Y Y| [=2pdRUEHEIV) + (pdHIE V),
i=1 j=1J0¥

—2TUFUGYV) + (TU67V),] d,
n m+1 A AL a e A AL
+ 2 X | [=2pdWIEV) + (pdhI5TV),
i=1 j=1 Joy
— 204090V + (T509°),] dQ,
4.3.13)
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If the conventional design variables are assumed to be constant for each
component, the above equation is simplified to

n+ 1 m+1
Vo= 3 ([ wewr + v da,
i= 11 1 Q[’
n+1 m _
+ Y 3 | (pdURU5V + TY6P), dQ,
i=1j=1J0Y
n m+1 R
+ Z Z (p i 4 T567)Y, dQ, (4.3.14)

where V= [V* V*]" on the plate component and Von each beam is velocity
in the axial direction. The design sensitivity expression for a simple
eigenvalue, given by Eq. (4.3.6), is rewritten as

0 = La5(3,5) — Lds(y, )] + [av(y, y) — Ldu(y, )] (43.15)

where Egs. (4.2.40), (4.2.43), (4.3.12), and (4.3.14) can be used to obtain
explicit expressions for the terms in Eq. (4.3.15).

For numerical calculations, consider the numerical example of Section
4.2.3. The same numerical data are used for eigenvalue design sensitivity
calculation. As in Section 4.2.3, conventional and shape design sensitivity
calculations are carried out separately. The finite element model of Fig. 4.2.6
is used for conventional design variation, and the finite element model of Fig.
4.2.7 is used for shape design variation. The same nominal designs are used
here. In Table 4.3.1, sensitivity accuracy results are given for the fundamental
eigenvalue, with a uniform 59 change in conventional and shape design
variables, separately. Resuits given in Table 4.3.1 show excellent agreement
between predictions {’ and actual changes A{.

Table 4.3.1
Design Sensitivity of Fundamental Eigenvalue of Truss—Beam-Plate Built-Up Structure

Design
Variable I AL v (£'/AL x 100)7;
Conventional ~ 0.1242E + 04 0.2408E + 03 0.2199E + 03 91.3

Shape 0.1215E + 04 —0.2220E + 02 —0.2119E + 02 95.5




Appendix

A1 MATRIX CALCULUS NOTATION

In dealing with systems that are described by many variables, it is essential
that a precise matrix calculus notation be employed. To introduce the
notation used in this text, let x be a k vector of real variables, y be an m vector
of real variables, a(x, y) be a scalar differentiable function of x and y, and
g(x,y) = [g1(x, ¥) -+ ga(x, y)]7 be an n vector of differentiable functions of x
and y. Using i as row index and j as column index, define

da da
=—=]|-— 1.1
% = ox [ij:|1,k (A.1.1)

dg _|.99:
=—=[|— A.l2
9= =55 I:axj],,Xk ( )

[ &% dfoa"| o . 4

axy = l:a-xi ayj]kxm - ay |:ax:| - ay ax] - [ax]y (A13)

Note that the derivative of a scalar function with respect to a vector
variable in Eq. (A.1.1) gives a row vector. This is one of the few vector
symbols in the text that is a row vector, rather than the more common
column vector. In order to take advantage of this notation, it is important
that the correct vector definition of matrix derivatives be used. Note also that
the derivative of a vector function with respect to a vector variable in Eq.
(A.1.2) gives a matrix. No attempt is made here to define the derivative of a
matrix function with respect to a vector variable. Similarly, the second
derivative of a scalar function with respect to a vector variable can be defined

348
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as in Eq. (A.1.3), but the second derivative of a vector function with respect to
a vector variable is not defined.

As an example of the use of this matrix calculus notation, let 6x and éy be
small perturbations in x and y. Using the total differential formula of calculus
[11] gives

ko8

a " fa
alx + 0x,y + 8y) — alx,y) ~x da = —0x; + — 4
y+ 6y — alx,y) j; o, % ,-; a5,
da da
—aéx+—é;6y
= a, 6x + a, oy (A.14)

This is just one example of an application of matrix calculus that avoids
cumbersome summation notation. Note that both terms in Eq. (A.1.4) are
scalars, since a, is a row vector and dx is a column vector. It is clear that

da # 6x a, + 0y a,

since the left side is a scalar and the two terms on the right side are k x k and
m X m matrices, respectively.

Similarly, matrix calculus extensions of ordinary calculus rules can be
derived, such as the product rule of differentiation. For example, if 4 is an
n X n constant matrix,

0 0 "
a(Ag(x, y) = I:a; <1;1 Ailgl>]

= A (')_g = Ag, (A.1.5)
0x

A second example, which gives a result that might not be expected,
involves two n-vector functions h(x, y) and g(x, y). By careful manipulation,

o 4. [8[&
E(g h) = 679(,;1 gxhl):l

Xj j
F c og, chy
= - il
_1; laxj * I=ZI & 0x;
dg ch
=it T
i, g 0x

= 1"g, + g'h, (A.1.6)
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To see that Eq. (A.1.6) is reasonable, note that g"h = h"g and that in fact
interchanging g and h does not change either side of Eq. (A.1.6). Note also
that what might have intuitively appeared to be the appropriate product rule
of differentiation is not even defined, much less valid; that is,

- AN oh
—(g"h =) h+4g"(—
w@)¢QQ 9 \ox
In boundary-value problems, derivatives with respect to the independent

variable x € R3 (or R?) often arise. In these instances, it is convenient to use
the gradient notation

a T
Vapy = | & 4 % (A.1.7)
0x; 0x; 0x3
That is,
Va = al (A.1.8)

Very often in structural mechanics, quadratic forms x"Ax (x € R") arise,
where A is an n x n constant matrix, presumed initially not to be symmetric.
Using the foregoing definitions,

o .. [o
-
=|Y xa + Y a;x;
Lk J

=) xea + ijajT,]
| & 7
= XA + AT (A.1.9)

In particular, if 4 is symmetric,
0
—(xTAx) = 2x"4 (A.1.10)
0x

If a scalar valued function a(x) (x € R") is twice continuously differentiable,
the first-order approximation of Eq. (A.1.4) can be extended to second order.
Using Taylor’s formula [11],
da(x) 1 ?a(x)

- ~ Y - 8x: 8,
a(x + 6x) — a(x) = Y, pn Sx; + 2225Xs ox, x; 8X;

i i i

=a,dx +416x"a,, bx (A.1.11)
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A2 BASIC FUNCTION SPACES

The purpose of this section is to summarize definitions and properties of
function spaces that are used throughout the text. The mathematical validity
of developments presented in the text rest upon fundamental results as-
sociated with these spaces, which in many cases are nontrivial to prove. Basic
ideas are discussed in this section to assist the engineer in understanding the
nature of the spaces and their properties, with references to the literature
given for proofs.

A.2.1 R*; k-Dimensional Euclidean Space

The simplest space encountered in multidimensional analysis is
k-dimensional Euclidean space, denoted here as R*. This is actually a space of
column matrices, rather than a function space. The space R* is quite
important in its own right and serves to introduce basic ideas of vector spaces
and their properties, prior to introduction of function spaces. The
k-dimensional Euclidean space is defined as

Rf={x=[x;, - xJ% x;real, i=1,..,k} (A.2.1)

Note that R* is simply the collection of all k x 1 matrices (column vectors)
whose components are real numbers.

In order to be useful for analyses of finite dimensional structural systems,
algebra must be defined on this space to allow for systematic manipulation.
Addition of two vectors is defined as in matrix notation as

x+y=s+y - x+nl (A2.2)
and multiplication of a vect‘or x by a scalar « is defined as
ax = [ax; -+ ax )T (A2.3)
These operations have the properties
x+y=y+x (A.24)
x+py+z=x+{y+2) (A.2.5)
There is a unique zero vector 0 = [0 --- 0] such that
0+x=x (A.2.6)
there is also a unique negative vector —x such that

x +(=x)=0 (A2.7)
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Additional properties of the operations are

ofx + y) = ox + ay (A.2.8)
(@ + Bf)x = ax + px (A29)
a(fx) = (af)x (A.2.10)

Ix = x (A.2.11)

where x, y, and z are arbitrary vectors in R* and « and B are arbitrary real
constants.

The set of vectors R* defined in Eq. (A.2.1), with the operations of addition
and multiplication by a scalar defined by Egs. (A.2.2) and (A.2.3), which
satisfy Eqs. (A.2.4)-(A.2.11), constitute a vector space. As will be seen in
Sections A.2.2-A.2.6, sets of functions that have properties of addition and
multiplication by a scalar also obey the properties of Eqs. (A.2.4)-(A.2.11)
and define a function space, which is a vector space. The value in such a
definition is that functions may be dealt with using an algebra that parallels
the arithmetic that is normally used in manipulation of column vectors.

Having defined an algebra on the vector space R it is now helpful to
define geometric properties that extend the usual ideas of scalar product and
length of a physical vector. The scalar product of two vectors in R¥ is defined
as

(x,y) = xTy (A.2.12)
Much as in the case of the properties of Egs. (A.2.4)-(A.2.11) for vector

addition and multiplication by a scalar, it may be verified that the scalar
product defined by Eq. (A.2.12) satisfies

(x,y) = (y, %) (A.2.13)
cy+2=0,y+(x,2) (A.2.14)
(ax, y) = alx, y) (A.2.15)
(x,x) >0 (A.2.16)
(x,x) =0 implies x =0 (A.2.17)

where x, y, and z are arbitrary vectors in R* and « is an arbitrary scalar.
Having defined a scalar product of two vectors, the norm of a vector in R
may be defined as

lix]l = (x, x)"? (A.2.18)
It is not difficult to verify that the norm defined by Eq. (A.2.18) has the
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following properties:

llexll = e llx (A.2.19)
06 Y < IxIHIyl (A.2.20)
lx + ylIb < x| + Iyl (A.2.21)

where x and y are arbitrary vectors and « is an arbitrary scalar. The norm of
a vector abstracts the concept of length of a physical vector and allows for
extension of the idea of two vectors x and y being close to one another if the
norm of their difference [x — y| is small.

It is interesting to note that if the norm is defined by Eq. (A.2.18) in terms
of a scalar product, it automatically has properties of Eqs. (A.2.19)—(A.2.21).
There are situations in which a norm can be defined on a vector space that
has no scalar product. In such a case, an abstract norm is defined as a
functional operating on a vector, having the properties of Egs. (A.2.19)-
(A.2.21) and ||x|| > O for all x # 0. This last property follows automatically
by the definition of Eq. (A.2.18), using the scalar product properties of Egs.
(A.2.16) and (A.2.17). In case there exists no scalar product, this latter
property must be verified in order to assure properties of the norm.

In addition to-allowing definition of two vectors being close, the norm can
be used to define convergence of a sequence of vectors {x'} (i = 1,2,...)in R*
as follows:

1},‘2 x*=x  ifand only if llrg lx = x| =0 (A.2.22)
The concept of convergence in R* can be shown to be equivalent to
convergence of individual components of the vector. This simple property,
however, does not carry over to infinite-dimensional vector spaces, such as
function spaces that are encountered in the study of boundary-value
problems.

A sequence of vectors that cluster near one another as their index i grows
large is called a Cauchy sequence. More precisely, a sequence {x'} is a Cauchy
sequence if

lim [x" — x| =0 (A.2.23)

A vector space for which every Cauchy sequence is convergent to a limit in
the space is called a complete vector space. It is not difficult to show that R* is
a complete vector space under this definition. In fact, any vector space that is
complete in the norm defined by a scalar product is called a Hilbert space.
With this definition, R* is a Hilbert space.

A functional is a mapping from a vector space to a real number. Examples
of functionals on R* include || x|| and (x, y) for a given y in RX. A functional [ is
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said to be a linear functional if
I(x+y)=1Ix)+I(y) (A.2.24)
I(ax) = al(x) (A.2.25)

for all x and y in R* and all scalars a. A linear functional is said to be bounded,
or continuous, if there exists a positive constant y such that

)l < ylix|l (A.2.26)

for all x in R¥.

It is interesting to note that the functional ||x|| is not linear, as is easily
verified using the properties of Eqs. (A.2.19)-(A.2.21). The functional
I(x) = (x, y) for a fixed y in R* can be verified to be linear, using the properties
of scalar product given in Egs. (A.2.14) and (A.2.15). Using Eq. (A.2.20), it is
also seen to be bounded.

One of the principal reasons that Hilbert spaces are valuable in structural
analysis is that any bounded linear functional on a Hilbert space has a very
special representation, defined by the Reisz representation theorem; that is,
any bounded linear functional /(x) on R* can be represented as

I(x) = (y,x) (A2.27)

for some vector y in R* The Reisz representation theorem guarantees
existence of the vector y associated with the bounded linear functional .
While this statement may not sound like a commonly used idea in mechanics,
in fact it is. The concept of generalized force in mechanics follows from the
Reisz representation theorem, in which the bounded linear functional / is the
virtual work associated with a virtual displacement x, and the vector y is
defined as the generalized force of the system.

The rather obvious algebra, norm, and convergence properties of the
finite-dimensional vector space R* have been formalized in this section in
some detail to prepare for the definition of similar properties in spaces of
functions that are needed in the study of boundary-value problems. The
reader who is unfamiliar with concepts of function spaces should recognize
the similarity between operations and properties of function spaces and the
more intuitively clear properties of the finite-dimensional vector space R*.

A22 C™Q); m-Times
Continuously Differentiable Functions
on Q

Consider an open set Q in R% with closure Q in the norm of R
Considerations are limited in this section and in the text to bounded sets, that
is, sets of points whose distances from the origin are bounded by some finite
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constant. Restriction is limited to bounded sets, since most structural
applications occur on bounded sets in R! through R3. Furthermore,
restriction to bounded sets has the attractive property that every continuous
function on a closed and bounded set in R* is bounded.

The set of all m-times continuously differentiable functions on a set Q is
defined as the function space

. _ 6”'u(x)
C (Q) = {M(X),X eQc Rk: m
is continuous for |jl =1,2,...,m (A.2.28)

where j is a vector of indices j = (jy, ..., j;) and |j| = Y ¥~ j;. For simplifi-
cation of notation in the following, the derivative dV/lu(x)/dx}t - - - dxf« will be
denoted simply as d"/lu(x)/0x’. The space of m-times continuously differenti-
able functions on the closed set Q is simply defined by replacing Q in Eq.
(A.2.28) by Q. The space C™(Q) is viewed at this point simply as the collection
of all possible m-times continuously differentiable functions defined on the set
Q, with no concept of algebra or geometry defined.

To make use of the space of m-times continuously differentiable functions,
it is essential to define an algebra on this space. Consider two m-times
continuously differentiable functions u and v defined on Q. The sum of these
two functions is defined as

(u + v)(x) = u(x) + v(x) (A.2.29)

which must hold for all x e Q; that is, addition of functions is carried out in
the natural way of adding their values at points in physical space. Similarly, a
scalar o times a function u is defined as

(ou)(x) = ow(x) (A.2.30)
forall x e Q.
Defining the zero function as
0Ox)=0 (A.2.31)
and the negative of a function as
(—u)(x) = —u(x) (A.2.32)

it is easy to show that properties of Egs. (A.2.4)—(A.2.11) follow for addition
and multiplication of functions defined in Eqgs. (A.2.29) and (A.2.30). Before
concluding that C™(Q) is a vector space, however, it must be demonstrated
that given two functions 1 and v in the space and a scalar «, then 4 + v and ou
are again in the space (that is, they are m-times continuously differentiable
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functions). This conclusion follows directly from the following elementary

properties of differentiation:

6|j|u(x) 6'j'v(x)
ox? oxi

1il lil
g—x;[(u + ()] = %[u(x) + o)) = (A.2.33)

6”'(ocu)(x) _ 6”'ocu(x) _ a&”'u(x)

p p™ p (A.2.34)

Since the sum of two continuous functions and the product of a scalar times a
continuous function are continuous, the space C™(Q) is closed under the
operations of addition and multiplication by a scalar. It is therefore a vector
space. The elements of this space may now be viewed as vectors in the same
sense that column matrices are viewed as vectors in R*. It should not be too
surprising that this concept of a vector does not correlate completely with the
physical idea of a vector in three-dimensional space as something with
magnitude and direction, since for k different from 3, these concepts break
down even for R*.
It is possible to make direct definition of a norm on the space C™(Q) as

Mu(x)
lullcm = max o (A.2.35)
0<ljlsm

It can be verified that this is a norm with the properties given in Egs.
(A.2.19)-(A.2.21) and that [Jufc~ > 0 if u # 0. In fact, it can be shown that
the space C™(Q) is complete in this norm but that this norm is not generated
by any scalar product. Therefore, the space C™(Q) is a complete vector space
with a norm, but it is not a Hilbert space. Such spaces are called Banach
spaces and have a rather rich mathematical theory. The distinction between
Banach and Hilbert spaces, however, will not be required in the analysis
presented in this text, since an adequate theory can be developed using
Hilbert space properties almost exclusively.

A final space of continuously differentiable functions that is often en-
countered in applications is the space of functions having all derivatives
continuously differentiable; that is,

CQ) = {u(x),x e Q: ueC"Q) forall m} (A.2.36)

It is somewhat remarkable, and nontrivial to prove, that C*(Q) is dense in
most of the function spaces that are dealt with in this text, many of which are
composed of functions that have no continuous derivatives. To say that one
space is dense in another means that the first space is a subset of the second
and that every function in the second can be approximated arbitrarily closely
in its own norm by a function in the first space.
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A.2.3 [%Q); Space
of Lebesgue Square Integrable
Functions

The concept of the Lebesgue integral is a technical extension of the well-
known Riemann integral that is introduced in basic calculus and is used
throughout the theory of structural mechanics. The distinction between the
definitions of the two integrals is illustrated in Fig. A.2.1. In defining the
Riemann integral of a function, the horizontal axis is partitioned by a grid of
points and the sum of the areas of the rectangles shown in Fig. A.2.1(a)
approximates the area beneath the curve defined by the function. It is shown
mathematically that for certain classes of regular functions, as the spacing of
the grid points approaches zero, hence approaching an infinite number of
grid points on the horizontal axis, the sum of areas converges and is defined
as the value of the Riemann integral.
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Fig. A.2.1 Integral of a function.

In contrast to the definition of the Riemann integral, the Lebesgue integral
is defined by placing a grid of points on the vertical axis and drawing a set of
horizontal lines that cut the graph of the function being integrated, as shown
in Fig. A.2.1(b). The collection of subintervals on the horizontal axis is
associated with a range of values of the function between y; and y;,, and a
lower bound on the contribution of the area beneath the curve over these
subintervals is calculated as y; times the sum of the lengths of these intervals.
Summing over all grid segments along the vertical axis yields a lower bound
to the area beneath the curve defined by the function. A limit is then taken as
the spacing of grid points on the vertical axis approaches zero. This limit, if it
converges, is called the Lebesgue integral of the function and the function is
declared to be Lebesgue integrable [31, 79].

The value of the Lebesgue integral is equal to the value of the Riemann
integral if the Riemann integral of the function under consideration exists.
There are, however, pathological functions that do not have Riemann
integrals but which do have Lebesgue integrals. Therefore, the Lebesgue
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integral is an extension of the Riemann integral, with values coinciding for
any function that has a Riemann integral. The mathematician takes great
delight and substantial pain defining functions that have a Lebesgue integral
but do not have a Riemann integral. For purposes of this text, however, such
studies in pathology are not necessary. The structural engineer should feel
quite comfortable that virtually any function he encounters will have a
Riemann integral, which therefore must agree with the value of the Lebesgue
integral.

The power of the Lebesgue integral, however, should not be dismissed,
since it provides a powerful tool for establishing mathematical properties of
the function spaces in which engineers regularly work. Of particular value
are properties of the Lebesgue integral in which sequences of functions that
are Lebesgue integrable and satisfy certain basic properties have limits that
are also Lebesgue integrable. It is shown in the mathematical literature that
many sequences of functions that have Riemann integrals either fail to
converge or converge to functions for which the Riemann integral is not
defined. Thus, if completeness of function spaces is of concern, then the
Lebesgue integral is an essential tool. In particular, using the principle of
minimum total potential energy of structural mechanics, Lebesgue in-
tegration theory can predict exactly what properties the minimizing function
should be expected to have, hence defining the mathematical properties of
solutions of mechanics problem. This is particularly important in structural
mechanics, where minimizing sequences are often defined for total potential
energy (i.e., functions that yield successively lower values of the total
potential energy). It is desired that such minimizing sequences converge and
give solutions to the structural problem. Using the theory of Lebesgue
integration and associated function spaces, the mathematician has proved
that such sequences do converge and in fact has provided a clear definition of
mathematical properties of the solutions.

Lest the engineer dismiss all this as mathematical formalities, it is wise to
reflect on the fact that limits of minimizing sequences exist in structural
analysis and have well-defined mathematical properties. However, if the
engineer is seeking to optimize design of a structure, a minimizing sequence
of designs may be obtained, each of which is regular and physically
meaningful, and it may be discovered that the limiting function falls outside
the class of designs of interest. This dilemma is of very real practical concern
if the engineer seeks to use optimality criterion for discovering optimum
designs. It is well known in the structural optimization literature that certain
problems, such as the problem of finding optimum thickness variation for a
plate, may lead to a solution that involves an infinite number of infinitesimal
ribs, which perhaps approximate a fiber composite structure. Thus, the
solution of the plate optimization problem does not exist in the class of
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smooth thickness distributions. If the engineer writes down necessary
conditions of optimality that would have to hold if there were a smooth
solution and attempts to find an optimum design based on these necessary
conditions, a rude shock is forthcoming since no solution exists.

It is interesting to ponder such questions in a pseudotheological setting;
that is, existence of solutions of structural analysis problems are “God given”
(with the help of the mathematician) in spaces of Lebesgue integrable
functions, whereas the “Deity in charge of design has not been so kind as to
provide us with existence of smooth optimal designs.

Without going into a detailed treatment of Lebesgue integration theory, it
is still possible to provide an intuitive introduction to technical results that
are obtainable with Lebesgue integration. For example, the space of
Lebesgue square integrable functions may be defined as

Q) = {u(x), x e Q: J] (u(x)y? dx < oo} (A.2.37)
[¢]

where the integral over Q is the Lebesgue integral, which as noted above
coincides with the Riemann integral when it exists.

It is possible in this space to define a scalar product as the integral of the
product of two functions; that is,

(1, V) = ﬂn u(x)(x) dx (A.2.38)

where the integral is in the Lebesgue sense. Using Lebesgue integration
theory, it is possible to show that properties given by Eqs. (A.2.13)-(A.2.17)
are valid [79]. Therefore, a natural norm is defined on this space as

1/2 '
lull L2y = (u, u)}5q) = [ f fn (u(x))? dx:, (A.2.39)

which automatically satisfies the properties of Egs. (A.2.19)-(A.2.21), in
particular the important inequality known as the Schwartz inequality,

(v, V)20 < Nl L2y 01| L2000y (A.2.40)

The reader who has studied Fourier series will recognize these ideas as
providing the foundation for the theory of construction of series approxi-
mations of functions and their convergence properties.

Using properties of the Lebesgue integral, it is shown that the space L*(Q)
is complete [79]; that is, Cauchy sequences in the L2 norm converge to square
integrable functions. Since the space L%(Q) has a scalar product, it is a Hilbert
space and has all the desirable properties of Hilbert spaces.
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Consider the functional
I(w) = JT S(x)u(x) dQ (A.2.41)
Q

defined by a given function f in L*QQ). For any function u in [*(Q), the
product of f and u is Lebesgue integrable, and the right side of Eq. (A.2.41)
creates a real number. Therefore, I(u) is a functional. To see that this is a
linear functional, standard properties of integration yield

l(ow) = JL ofu dQ = ocf SudQ = al(u) (A.2.42)

o= [[ furode= [ o[ pae=iw+ © a2

To see that the functional is bounded, the Schwartz inequality of Eq. (A.2.40)
may be applied to obtain

(W) = I(f, u)L2(9)| < ||f”L2(n) ”u"LZ(Q) (A.2.44)

Thus, the scalar product of an arbitrary function u with a fixed function f in
L*(Q) [that is, the right side of Eq. (A.2.41)] defines a bounded linear
functional on L*(Q).

Since L*(Q) is a Hilbert space, the Reisz representation theorem guarantees
that every bounded linear functional on the space can be represented as the
scalar product of u with some function in the space; that is, every linear
functional /(u) can be written in the form

(W) = (g, u)2q (A.2.45)

for some function g in L%().

A.2.4 L*(Q); Space of Essentially Bounded,
Lebesgue-Measurable Functions

In Lebesgue integration theory, the measure of a set (its length in R, area
in R or volume in R3) is defined for very general sets of points. Sets whose
measure is zero (e.g., sets of discrete points, line segments in R? or R3, and
plane segments in R?), play key rolls in analysis. A function that has a
property that holds everywhere in the space except on a set of measure zero is
said to have that property almost everywhere (abbreviated a.e.). Functions in
spaces such as I*(Q) are defined based on properties that are expressed in
terms of integral relations. Their values at discrete points do not influence the
integrals. Hence, such functions may have irregular properties at discrete
points or on sets of measure zero.



A.2. BASIC FUNCTION SPACES 361

As an extension of a collection of integrable functions that are bounded by
some finite constant, essentially bounded functions are defined as

L) = {u(x),xe Q: [ux)l <k<ow, ae.in Q} (A.2.46)
A norm on L*(€2) may be defined as
Ul Loy = inf{K: Ju(x)] < K ae.in Q} (A.2.47)

where the term inf denotes least upper bound. It is shown in Lebesgue
integration theory [79] that this defines a norm on L*(Q) and the space is
complete in this norm; that is, Cduchy sequences in this norm converge to
functions in the space. It is also shown that it is impossible to define a scalar
product on this space, hence that the space is not a Hilbert space, even
though it is a Banach space.

Note that for a bounded set Q, C™(Q) is a subset of L®(Q). However,
piecewise-continuous functions are also in L*(Q). The property of L*(Q) that
makes it valuable in considering design problems is that minimizing
sequences of functions that define mechanical properties, such as cross-
sectional area of a beam or thickness of a plate, have the property that if they
converge in the space L*(Q), they remain essentially bounded, which is a
physical property that must be preserved. Once such a limiting function is
defined, it can be modified on only a set of measure zero to cause it to be
finite everywhere.

A.25 H™Q); Sobolev Space of Order m

Because strain energies in structural components are written as integrals of
quadratic expressions in first or second dertvatives of displacement fields and
since strain energy must be finite for any physically meaningful displacement
field, it is natural to define spaces of functions that can be displacement fields
in such a way that strain energy is guaranteed to be finite. Since derivatives of
displacement fields define strain, and strain must be integrable, the regularity
of such functions must at least allow for evaluation of strain energy. These
considerations then make it natural to define a Sobolev space of order m as

|k|
H™Q) = {u e LXQ): 6_ e LA(Q), |k < m} (A.2.48)
Such a space may be considered as a space of candidate displacement fields in
elasticity for m = 1 and for displacement of a beam or plate with m = 2.
A scalar product may be defined on this Sobolev space as

Iklu 5Iklv
m A.2.49
(u, U)H o = W J:[ ax" Ox Ak ( )
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It is reasonably direct to show that this bilinear functional has the properties
of Eqs. (A.2.13)-(A.2.17) and is therefore a scalar product [36]. A norm on
the Sobolev space can therefore be naturally defined as

a|kiu 2 1/2
|Mmm»=[z.ﬂ(5;>aq (A.2.50)
kl<m JJa\ 0%

It is proved in the literature on Sobolev spaces [36] that an equivalent
definition of the Sobolev space can be given in terms of Cauchy sequences of
functions in {u € C™(Q): [u||gmey < o0} as follows:

H™Q) = {u: for some Cauchy sequences
' {7 in {ueC™QY: |ulpmg <o},
lim (¢ = ulljmq = 0} (A.2.51)

Thus,
{ue C"Y): Nl gmay < 0}

is dense in H™Q). It is also shown in the literature [36] that H™(Q) is
complete, hence it is a Hilbert space.

Since convergence of a sequence of functions in the H™(QQ) norm involves
L*(Q) convergence of derivatives up through order m, it appears reasonable
that such convergence should preserve m derivatives of the limit function. As
will be seen later, this is indeed the case and provides a natural setting for the
study of boundary-value problems using modern variational techniques.

A26 HJ(Q); Sobolev m-Space
with Compact Support

A function u(x) is said to have compact support on Q if there is a compact
set S = Q such that u(x) = 0 for x ¢ S. Much as in the alternative definition
of Sobolev space of Eq. (A.2.51), a new space may be defined as a similar limit
of Cauchy sequences of functions that have compact support; that is,

H3(Q) = {u e H"(Q): for some Cauchy sequence {¢'} of C=(Q)

functions with compact support  lim [[¢* — ul|gmgq, = 0}
e (A.2.52)

Since, as noted above, it might be expected that limits of functions in
Sobolev space preserve properties of derivatives, functions and some of their
derivatives that appear in HZ(Q) should be zero on the boundary of Q. As will
be shown later, this and more is true.
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A.2.7 The Sobolev Imbedding Theorem

Although the proof is not easy, it is shown in the literature [36] that if Q is
a bounded domain in R" with a smooth boundary and if 2m > n, then

Hi*™Q) « CiQ) (A.2.53)

Furthermore, the identity mapping from H/*™(Q) to C¥(Q) is continuous;
that is, there exist constants K; < oo such that for all u in Hi*™Q),

lulciqy < K; llell g1+ mcay (A.2.54)

This theorem gives valuable information concerning properties of func-
tions in Sobolev spaces. In particular, it was noted earlier that functions that
are defined as limits of sequences in the I2 norm need not have finite values
at isolated points. The Sobolev imbedding theorem, however, guarantees
that in Sobolev spaces these functions are continuous and in many cases
continuously differentiable due to the introduction of L?>-norm convergence
of the derivatives of such functions in the Sobolev norm.

As an example, consider the displacement of a string on the interval [0, 1]
in R To assure finite strain energy, it must be in H'(0, 1). By the Sobolev
imbedding theorem, Eq. (A.2.53) guarantees that

HY0,1) = C°[0,1] (A.2.55)

and boundary conditions such as 4(0) = u° and u(1) = u' will be preserved in
convergence of sequences of functions in H(0, 1).

Similarly, in the case of a beam on the interval [0, 1], finiteness of strain
energy demands that displacement functions be in H?(0, 1). Thus, by the
Sobolev imbedding theorem,

H2(0,1) < C'[0,1] (A.2.56)

Thus, admissible beam displacements must be continuously differentiable, and
boundary conditions of the form u(0) = u° and (du/dx)(0) = «'® will be
preserved if limits of sequences of such functions are taken in the H* norm.

If 2m > n and if u € H{*™Q), it is a C{(Q) limit of smooth functions that
are zero on the boundary I' of Q. Thus,

My
¥_0 k<j on T (A.2.57)
0x
For example, if u € HZ(0, 1), then since
H2(0,1) = H¥0,1) < C'[0, 1] (A.2.58)

u must be a C![0, 1] limit of functions that are zero in the boundary. Hence,

_ du(0) _ du(1) _

A.2.59
dx dx 0 ( )

u(0) = u(1)
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A.2.8 Trace Operator

The operation of projecting a function defined on the interior of a set Q to
its boundary I is the process of evaluating the function on the boundary, if
the function has a regular extension to the boundary. In general, such a
projection is called the trace of the function. In particular, for u € H™(Q), the
trace is defined as

w=[pW - @] on T (A.2.60)

That is, it contains the projection of the function and its first m — 1
derivatives to the boundary T of Q, where y{u) = ¢/u/on’ and n is the outward
normal to I
The nature of functions projected onto the boundary is somewhat more
complicated than has been encountered in spaces of functions on the domain
Q. In particular, it is shown in the literature [36] that y is a mapping from
H™Q) to a product space (see Section A.2.9) of boundary values of the
function, which are fractional-order Sobolev spaces on the boundary; that is,
m-—1
y: H™Q) - [[ H™ '~ V4D) (A.2.61)
ji=1
Due 'to technical complexity associated with even defining the fractional-
ordered spaces on the boundary, no attempt to describe these spaces is given
here (see Adams [36]). This theory, however, makes precise the regularity
properties required of functions appearing in boundary conditions of
boundary-value problems [9].
Of specific interest here is the anticipated result that boundary evaluations
of functions appearing in H3(Q) are zero. Even more, it is shown that every
function in HF(Q) is of this kind; that is,

HY(Q) = {ue H"Q): yu = 0} (A.2.62)

Thus, the space HF(€Q) is exactly the space of candidate solutions of Dirichlet
boundary-value problems in which homogeneous boundary conditions are
specified for a differential operator equation of order 2m to include zero
values of the function and its first m — 1 derivatives on the boundary. This
precisely defines the space of candidate solutions of such a boundary-value
problem and provides substantial information on the nature of solutions.

A.2.9 Product Spaces

As a final topic in considering function spaces, it is helpful to define a
function space whose elements are groupings of functions of quite different
character. For example, consider two function spaces denoted X and Y.
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Their product space is defined as the collection of all pairs of functions, one
from X and one from Y,

XxY={[uv]: ueX,veY} (A.2.63)
A norm on this product space can be defined as
I vllixxy = llullx + loly (A.2.64)

As an example of a product space, consider the design of a plate of variable
thickness, in which the function h, defining the thickness in L*(Q), and
Young’s modulus E € R are the design variables. The design space can be
defined as the product space of these two spaces of different types of design
variable as

U=L"(Q)x R'={[hE]: he L*(Q), EeR'} (A.2.65)
and will have the norm
(A, E]lly = Al iy + |E] (A.2.66)

Use of this product space idea is essential in establishing the regularity of
dependence of solutions of boundary-variable problems on design variables.

A.3 DIFFERENTIALS AND DERIVATIVES
IN NORMED SPACES

The purpose of this section is to summarize the definitions of properties of
differentials and derivatives of nonlinear mappings or functions, which
extend the classical idea of differential and derivative to the calculus of
variations and its generalizations. The value of these abstract differentials
and derivatives is both practical and theoretical. Practically, the theory
allows for first-order approximation or “linearization” of nonlinear func-
tionals that arise in structural design. From a theoretical point of view,
differentials and derivatives are used heavily throughout the text to prove
existence results and properties of dependence of structural response meas-
ures on design variables.

A.3.1 Mappings in Normed Spaces

Consider vector spaces X and Y, with norms |- | x and | - ||y, respectively.
These spaces may be any of the normed spaces that are discussed in Section
A.2. A function ®(x) that defines a vector in Y, once a vector x in X is
specified, may be viewed as a mapping from X into Y denoted as

O XY (A.3.1)
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A special case is X = R! and Y = R/, in which ® is a real-valued function of
a single real variable. If, on the other hand, X = L*Q) is a space of designs
and Y = [HY(Q)]? is the Sobolev space of displacements of an elastic solid,
then @ may be defined as a mapping from the space X of designs to the space
Y of solutions of boundary-value problems of elasticity, where ®(x) is the
solution of the boundary value problem for design x.

The concept of continuity of a mapping between normed spaces is a direct
extension of the concept of continuity of scalar functions of scalar variables.
More specifically, the mapping @ is continuous at x if, for every ¢ > 0, there
exists a 6 > 0 such that

[P(x + ) —Ox))y<e (A3.2)
for all # € X such that
Inllx < & (A3.3)

If @ is continuous at every x € X, then it is said to be continuous on X.

An algebraic property of the mappings that is of some importance in
design sensitivity analysis concerns linearity. A mapping @ is said to be
homogeneous of degree n if

O(ox) = a"®(x) (A34)

where o is any real number. If Eq. (A.3.4) holds only for o > 0, then ® is said
to be positively homogeneous of degree n. A more important concept is
linearity of a mapping. More specifically, @ is said to be a linear mapping if

Dlax + fz) = ad(x) + O(2) (A.3.5)

for all x and z in X and for all real « and f. Note that a linear mapping is
homogeneous of degree one.

A.3.2 Variations and Directional Derivatives

The idea of derivative or differential of a scalar function of a scalar variable
can be profitably extended to general mappings. First, one may define the
one-sided Gateaux differential as

@405, 1) = lim [0(x + ) — O] (A3.6)

>0

providing the limit on the right side exists. The term ®%(x,#) is called the
“one-sided Gateaux differential of ® at point x in the direction #.” This
differential exists for large classes of mappings, but it may not possess some of
the nice properties usually attributed to derivatives in ordinary calculus. A
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direct calculation shows that for all o > 0,

@, an) = lim - [@(x + 7an) — O]

>0

.1
=0 alfl-% E[(D(x + aty) — O(x)]

>0
= ad' (x, 1) (A3.7)

which verifies that the one-sided Gateaux differential is positively homo-
geneous of degree one.

To relate this idea of the differential to a simple function, consider the real-
valued function of a single real variable x,

D(x) = x| (A3.8)

A simple check will show that while this function is continuous, it does not
have an ordinary derivative at x = 0. The one-sided Gateaux differential,
however, is defined using Eq. (A.3.6) as

o1
(0, ) = lim—[len| - 0 = b (A39)
t>0
Note that
20, —n) = [—n| = [n| # —©L(0,n) (A.3.10)

so the one-sided Gateaux differential is not linear in # and in fact is not
homogeneous of degree one. Nevertheless, it predicts the change in the
function ® due to a perturbation # in the independent variable x.

If the limit in Eq. (A.3.6) exists for both ¢ > 0 and 7 < 0, then @ is said to
have a Gateaux differential (often called the differential or variation) at x in
the direction #, given by

D'(x,n) = 11_{13%[(I)(x + 1) — O(x)] (A.3.11)

where the limit may be taken with t either positive or negative. In this case,
the calculations of Eq. (A.3.7) are valid for both positive and negative a,
hence the Gateaux differential is homogeneous of degree one.

An example of the Gateaux differential that often arises in structural design
sensitivity analysis and in the calculus of variations involves mapping @ from
the space L*(Q) into the real numbers (a functional), defined as

D(x) = JL F(x) dQ (A3.12)
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where the scalar-valued function F is presumed to be continuously differen-
tiable. The Gateaux differential of this functional may be calculated as

1
@) = lim - J L [F(x + ) — F(x)] 42
= J:[ liml[F(x + 1z) — F(x)] dQ

0 =0T

=ﬂ Z—indﬂ (A3.13)
Q

which may be recognized as the first variation of the functional ® in the
calculus of variations. Note that in this special case, ®'(x, -) is a linear
mapping from L*(Q) to the real numbers.

As will often be the case, the mapping ®'(x, ) from X into Y may be
continuous and linear, in which case it is called the Gateaux derivative of ®
at x.

A.3.3 Fréchet Differential and Derivative

Let the mapping ® be given as in Eq. (A.3.1). Then ® is said to be Fréchet
differentiable at x if these exists a continuous linear operator ®'(x, -): X - Y
such that

im TI®(c + 1) — O(x) — O, n)lly/lnllx] =0 (A3.14)
holds for any n € X. The operator @'(x, n) in Eq. (A.3.14) is called the Fréchet
differential of ® at x. The mapping ®'(x, -) from X into Y is called the Fréchet
derivative of ® at x and is a continuous linear mapping from X to Y.

It is obvious that if @ is Fréchet differentiable at x, then @ is Gateaux
differentiable at x. It is interesting to note that the Gateaux and Fréchet
derivatives are equivalent for functions defined on R, but are not equivalent
on higher-dimensional spaces. To see this, consider an example with X = R?
and Y =R! Define ®: RZ->R! as &(x;,0)=0 and ®(x,,x,) =
(x1/x5)(x? + x3), if x, # 0. It is easy to check that the Gateaux derivative
exists at (0, 0) and is the zero operator. However, a Fréchet derivative does
not exist at (0, 0). In fact, @ is not even continuous at (0, 0).

Dieudonne [80] showed that if the Gateau derivative ®'(w, -) exists for all
w in a neighborhood of x and

lim | @'(w, -) — ®(x, -)|| =0, (A.3.15)

then the Fréchet derivative exists. Note that the norm in Eq. (A.3.15) is for
the space of continuous linear mappings £L(X, Y) [81].
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Consider again the mapping of Eq. (A.3.12) from L}Q) to the real

numbers, with the Gateaux differential defined by Eq. (A.3.13). In order to
check whether @ is Fréchet differentiable, for evaluation of Eq. (A.3.14),

Mx+m—Mw—wmm=[LPu+m—Fm—%§ﬂﬂ:

(A.3.16)
By the remainder form of Taylor’s formula,
dF 1d%F
F — = ———()n? A3.17
(x +m) = Flx)=-—n+3 2z on ( )

where X = x + an and 0 < a < 1. If the second derivative of F is bounded
by some finite constant K, that is, if

d*F

then from Egs. (A.3.16)-(A.3.18),
/ K 2 K 2
06 +1) = () — x5 [[ w22 = F il (A3.19)
Q

Dividing both sides by [|%]|.» and taking the limit as ||#|,. goes to zero, it is
seen that Eq. (A.3.14) is satisfied and that @ is Fréchet differentiable.

A.3.4 Partial Derivatives and the Chain Rule
of Differentiation

Very often in structural design sensitivity analysis, several variables appear
in the same expression. Consider a mapping of ® that depends on a variable
from normed space X and a variable from normed space Z, denoted as
®: X x Z—> Y. As in ordinary calculus, ze Z may be held fixed and the
Gateaux differential of ® calculated as a function of xe€ X and similarly
hold x € X fixed and calculate the Gateaux differential of @ as a function of
z € Z to obtain

Dx,n;2) = ling%[d)(x + m; 2) — O(x; z)]
: (A.3.20)
Dlx; z,v) = lin(})-r—[(l)(x;z + 1) — ®(x; 2)]
which are called partial Gateaux differentials of ®.

An important result (proved by Dieudonne [80] and Nashed [81]) relates
the Gateaux differential of ® to its partial Gateaux differentials. More
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specifically, if @, and @, of Eq. (A.3.20) exist and are continuous and linear in
n and v, then @ is Fréchet differentiable on X x Z and

Y(x, 152, v) = Olx, 15 2) + Vx:2,) (A.3.21)

This powerful result permits calculations with individual variables and,
providing the hypotheses are checked, yields the Gateaux differential of a
mapping as the sum of its partial Gateaux differentials.

A related concept extends the classical chain rule of differentiation.
Consider a mapping ®: X — Z and a mapping ¥: Z - Y, both of which are
Fréchet differentiable. Then, the composite mapping ®(x) = P(O(x)) is
Fréchet differentiable and

O'(x, ) = Y(O(x)O(x, 1) (A.3.22)

This result was proved by Dieudonne [80] and its properties were developed
and analyzed by Nashed [81]. The chain rule, however, is not valid for
Gateaux derivatives [81]. The concept of chain rule differentiation is used
extensively in structural design sensitivity analysis, since structural perfor-
mance measures are often stated as functionals involving the displacement
field, which is itself a function of design.

A4 NOTATION

a,z,2) Energy bilinear form; a,(z, z) or ag(z, z) is twice the strain
or dgz, Z) energy associated with displacement z
A,  Friedrichs extension of the operator A4,
A, Formal linear differential operator
b Design variable vector b = [b, -+ b,]", whose com-
ponents are parameters (real constants)
B, Friedrichs extension of the operator B,
B, Formal linear operator for eigenvalue problem
c(z,zZ)  Bilinear mapping such that ag(z, 2) = [[{q c(z, 2) dQ
CiM Modulus tensor for linear elasticity
c™Q) m-times continuously differentiable functions on Q
d (v, y) Bilinear form associated with geometric stiffness and
or dg(y, ¥) mass matrices
D (D, Reduced (generalized) geometric stiffness matrix
D(4,) Domain of the operator 4,
D(B,) Domain of the operator B,
D(u)  Flexural rigidity of the plate
DV Jacobian matrix of the velocity field V(x)
e(y,y)  ‘Bilinear mapping such that do(y, 7) = {{{q e(y, 7) dQ
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Young’s modulus

Reduced (generalized) force vector or function
Curvature of the boundary I'

Sobolev space of order m

Sobolev m space with compact support
Jacobian of the mapping T(x, 1)

Reduced (generalized) global stiffness matrix
Virtual work due to virtual displacement z

Space of Lebesgue square integrable functions on
Space of essentially bounded, Lebesgue measurable func-
tions on Q

Characteristic function of the set Q,

Reduced (generalized) global mass matrix

External unit normal to the boundary I'

k-dimensional Euclidean space

Unit tangent to the boundary I

Transformation mapping

Space of the design variables u

Design velocity field

Norm of the vector x

Scalar product of the vectors x and y

Mode (generalized mode) vector or function for vibra-
tion and buckling

Displacement (generalized displacement) vector or
function

Kinematically admissible virtual displacement (general-
ized displacement)

Space of kinematically admissible displacements

Weight density of the material

Kronecker delta

Dirac measure at x = 0

Strain tensor due to the displacement z

Eigenvalue (the square of natural frequency or buckling
load)

Adjoint variable (generalized adjoint variable)

Lamé’s constants

Poisson’s ratio

Mass density of the material

Stress tensor due to the displacement z

Cost or constraint functional

Finite difference of the functional
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Q

Q= + O
QP

Q, =T, 1)

~

APPENDIX

Open domain in R" (n = 1, 2, 3) with boundary I
Transformation of domain by mapping F(x)

Open subset of Q with boundary T,

Transformation of domain Q by mapping T(x, 7)
Denotes a variable that is held constant for a partial
differentiation

Differential (or variation) of a function or a functional (in
Chapters 3 and 4, this notation is used for partial
derivative with respect to 1)

Material or total derivative
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A

a.e., see almost everywhere

Adjoint dynamic problem, 173

Adjoint equation, 28, 108, 156, 171, 205

Adjoint load, 31, 206

Adjoint problem, 104, 123

Adjoint structure, 113, 174

Adjoint variable, 27, 31, 108, 205

Adjoint variable method, 28, 30, 33, 104,
201, 315

Almost everywhere (a.e.), 85, 360

Average stress, 112, 212

B

Babuska paradox, 239

Banach space, 356, 361

Beam, 100, 180

Beam element, 2

Beam-truss, 302, 316

Bending stress, 8, 112

Body force, 95

Body-fixed coordinate system, 11
Boolean transformation matrix, 12
Boundary element method, 250
Boundary layer, 254

Boundary method, 266
Boundary operator, 298
Boundary velocity, 197

Bounded invertibility, 190
Bounded linear functional, 354
Buckling load, 20

Buckling mode, 21

Buckling of a column, 101, 181
Built-up structures, 296

c
C=(Q), 356
Ck.regular open set, 192
c™(Q), 354

Calculus of variations, 105
Cauchy sequence, 353

Chain rule of differentiation, 370
Characteristic function, 112, 212
Clamped beam, 85

Clamped plate, 90, 185
Compact support, 88, 362
Complete, 359

Complete vector space, 353, 356
Completion, 92

Compliance, 110

Connecting rod, 303, 320
Conservative, 17

Constrained derivative, 79
Constrained design sensitivity analysis, 78
Constrained steepest descent, 79
Continuity of a mapping, 366
Continuity of eigenvalues, 159
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Continuous linear mappings, 368 E
Continuously differentiable functions, 355
Convergence, 353

Coordinate functions, 126

Cost function, 26

Courant topology, 280

Cross-sectional area, 3, 85

Cubic spline, 257

Curvature, 199

Eigenfunction, 98

Eigenvalue, 20, 98

Eigenvalue design sensitivity, 49, 136, 139,
343

Eigenvalue shape design sensitivity, 269

Eigenvector, 20

Eigenvector expansion, 75

Elastic modulus tensor, 186

Element displacement functions, 2

Element geometric stiffness matrix, 6

D Element mass matrix, 5
Element stiffness matrix, 3
Dam, 261 Energy bilinear form, 22, 86, 91
Dense, 86, 356, 362 Energy norm, 98
Derivative, 64, 103, 153 Equilibrium equations, 93
of domain functional, 294 Essentially bounded function, 85, 361
of simple eigenvalue, 160 Euclidean space, 351

Design sensitivity analysis, 26
Design sensitivity coefficients, 104, 202, 238

Design sensitivity finite elements, 128 F
Design shape functions, 127
Design trajectory, 191 Fillet, 255
Design variables, 4, 85 Finite difference, 35
Design variation, 31 Finite element, 2
Design velocity, 191 First variation, 105, 368
Design weighting matrix, 79 Flexural rigidity, 184
Differentiability Formal differential operator, 98
of eigenvalues, 136, 156, 160, 291 Formal first variation calculation, 150
of energy bilinear forms, 149 Fractional order Sobolev spaces, 364
of inverse state operator, 149, 152 Fréchet derivative, 64, 153, 368
of state, 104 of simple eigenvalue, 162
of static response, 154, 288 Fréchet differentiability of inverse state
with respect to shape, 279 operator, 149
Differential, 30, 150, 367 Fréchet differential, 150, 368
Differential operator, 86 Free edge, 185
Dirac 6 function, 107 Free vibration, 301
Dirac measure, 112 Friedrichs extension, 89, 150, 190
Direct differentiation method, 27, 30, 32 Function space, 85, 351, 355
Direct stress, 8 Functional, 107, 353
Directional derivative, 29, 64 Functional analysis, 88

Directional derivatives of a repeated
eigenvalue, 61, 145, 162, 273

Directionally differentiable, 30, 60, 139 G

Dirichlet boundary conditions, 96, 364

Displacement coordinates, 2 Galerkin method, 84, 126
Displacement function, 86 Gateaux derivatives, 281, 368
Distributed parameter formulation, 83, 96 Gateaux differential, 367

Distributional derivatives, 87, 181 Generalized eigenvalue problem, 21, 99

Domain method, 250, 251, 253, 266, 314 Generalized global mass matrix, 13
Domain of operator, 89, 149 Generalized global stiffness matrix, 12
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Generalized Hooke’s law, 186
Generalized solution, 87, 99

Global coordinates, 12

Global displacement vector, 11
Global geometric stiffness matrix, 18

H

H™(Q), 361

H3(Q), 362

Hamilton’s principle, 297
Harmonic vibration, 301

Hermite bicubic, 128

Hilbert space, 353, 359
Homeomorphism, 192
Homogeneous of degree n, 65, 366

Implicit function theorem, 27

Implicitly generated elements, 35

Inf, 361

Initial conditions, 21

Initial-value problem, 71

Initial-boundary-value problem, 168

Interactive computer aided design, 80

Interface problem of linear elasticity, 187,
234, 266, 297

Invariant subspace, 164

Jacobian, 194

K

Kinematic boundary conditions, 90, 97,
149, 297

Kinematic degrees of freedom, 4

Kinematic interface conditions, 298

Kinematically admissible displacements, 18,
84,97, 298

Kinetic energy, 5, 299

Kronecker delta, 61

L=(Q), 361
L¥Q), 357

379

Lagrange equations of motion, 19, 70
Lagrangian, 19

Lame’s constants, 93

Lax-Milgram theorem, 23, 98
Lebesgue integral, 357

Lebesgue square integrable functions, 359
Linear elasticity, 92, 186

Linear functional, 354

Linear mapping, 366

Linear operator, 84

Linearly independent, 23

Load linear form, 22, 87, 92

Locally averaged stress functional, 113

M

M (b)-orthonormal basis, 63

Mappings in normed spaces, 365

Mass density, 99

Material derivative, 190, 193, 197, 200, 201
Material semiderivative, 294

Matrix calculus, 348

Matrix norm, 285

Mean curvature, 199

Mean stress constraint, 228

Measure, 360

Membrane, 102, 182

Membrane analogy, 184

Minimizing sequence, 358

Minimum total potential energy, 18, 87
Mode shape, 21

Moment of inertia, 4, 85

Multipoint constraint, 17

N

Natural boundary conditions, 90, 149
Natural frequency, 21, 99

Nodal displacement coordinates, 7
Nonhomogeneous initial conditions, 76
Norm, 352, 356, 359, 361, 362, 365
Norm of matrix, 284

(o]

Objective function, 26

One-sided Gateaux differential, 366
Optimal Gauss points, 239
Outward unit normal, 91



380

Parameterization

of boundary, 237

of design, 124
Partial derivative, 192
Partial Gateaux differential, 369
Permutation symbol, 195
Piecewise linear boundary, 238
Plane elasticity, 187
Plane strain, 94
Plane stress, 94
Plate, 102, 184
Plate element, 7
Pointwise material derivative, 192
Poisson’s ratio, 8, 91
Portal frame, 68
Positively homogeneous of degree n, 366
Potential energy, 17
Prandtl stress function, 183
Principal stresses, 122
Principle of virtual work, 84, 97, 300
Product rule of differentiation, 349
Product spaces, 364
Projected gradient, 79

Rk 351

Rayleigh quotient, 54

Reduced displacement vector, 20

Reduced global mass matrix, i3

Reduced global stiffness matrix, 12
Regular open set, 192

Reisz representation theorem, 354, 360
Relatively bounded perturbations, 150, 287
Repeated eigenvalues, 55, 64, 138, 272, 345
Riemann integral, 357

Rigid body degrees of freedom, 4

Rotation matrix, 11

Rotation parameter, 64

S

Scalar product, 87, 352, 359, 361
Schwartz inequality, 89, 359
Second order design sensitivity, 35
Self-adjoint, 149

Sensitivity vectors, 79

INDEX

Set of measure zero, 360

Shape design, 180

Shape design sensitivity analysis, 180, 202
Shape functions, 7, 128

Shape variation, 180

Shear modulus, 183

Simple box, 305

Simple eigenvalue, 50, 137

Simply supported plate, 185
Simultaneous buckling failure modes, 55
Sobolev imbedding theorem, 88, 193, 363
Sobolev norm, 97

Sobolev space, 88, 97, 361

Space of bounded operators, 158

Span, 23

Specific strain energy, 8

Spline function, 257

St. Venant theory of torsion, 183

Stable equilibrium, 20

Static response design sensitivity, 25, 104
Strain, 8

Strain energy, 3, 98, 215, 298

Strain tensor, 92, 98, 186

Stress, 8

Stress constraint, 112

Stress~strain relation, 8, 93

String, 99

Strong ellipticity, 89, 149, 190
Structural response functional, 70

Sturm ~Liouville problem, 140

Surface traction, 93

T

Ten-member cantilever truss, 45
Terminal condition, 171
Terminal-value problem, 73, 74
Thin elastic slab, 95

Three-bar truss, 43
Three-dimensional elasticity, 94
Torque arm, 133, 259

Torsion angle, 308

Torsion of an elastic shaft, 183
Torsional rigidity, 184

Total differential, 349

Total potential energy, 18
Trace operator, 96, 298, 364
Traction free, 93

Trade-off determination, 78
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Transient dynamic response, 70, 167
Truss element, 3
Truss-beam-plate, 331

U
Undamped structures, 74

\

Variation, 30, 367
Variation in design, 71
Variation in shape, 190
Variational eigenvalue equation, 181, 301
Variational equation, 87, 97, 99, 181
of buckling, 24
of equilibrium, 22
of vibration, 25

381

Variational form
of Hamilton’s principle, 300
of Lagrange’s equations, 19
Variational formulation of structural
dynamics, 167
Variational identity, 181
Vector space, 352
Velocity, 191
Virtual displacement, 19, 22, 97
Virtual work, 22, 299
Von Mises stress, 120, 224, 255

Y

Young's modulus, 3

Z-¢llipticity, 89
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